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Abstract

Polyfolds and Persistence
by
Benjamin Filippenko
Doctor of Philosophy in Mathematics
University of California, Berkeley

Associate Professor Katrin Wehrheim, Chair

This thesis contains polyfold constructions with applications to symplectic topology, as
well as Kiinneth formulas for persistent homology of various filtrations with applications to
Topological Data Analysis.

In symplectic topology, we provide a polyfold version of the Piunikhin-Salamon-Schwarz
proof of the Arnold conjecture — our proof holds for general closed symplectic manifolds.
This proof relies on the polyfold regularization of moduli spaces with a finite dimensional
constraint imposed on evaluation maps, for which we provide multiple polyfold constructions
that can be applied as black boxes in general situations. One of these black boxes can be
viewed as an implicit function theorem: we construct a polyfold structure on the subset
of a polyfold cut out by a submersive finite dimensional constraint, and then we prove the
sc-Fredholm property for the restriction of a sc-Fredholm section to this subset. We go on
to further investigate when an implicit function theorem holds in polyfold theory: We give
explicit counterexamples to a general implicit function theorem for sc-smooth maps, and we
show how the novel notion of a sc-Fredholm map overcomes this difficulty, justifying the
technical complexity of polyfold theory.

In Topological Data Analysis, we prove a Kiinneth formula in low homological dimensions
for the persistent homology of a Cartesian product X xY of finite metric spaces equipped with
the sum metric dx + dy. In all homological dimensions, we bound the interleaving distance
between the prediction from the Kiinneth formula and the true persistent homology. As
preliminary results of independent interest, we prove Kiinneth formulas in all homological
dimensions for the persistent homology of the Cartesian product of R, -filtered simplicial
sets and also for the homology of the graded tensor product of simplicial xR, ]-modules.



To my parents, Reka and Ivan Filippenko.
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Abstract:

We introduce tame sc-Fredholm sections and slices of sc-Fredholm sections. A slice is a
notion of subpolyfold that is compatible with the sc-Fredholm section and has finite locally
constant codimension. We prove that a sc-Fredholm section restricted to a slice is a tame
sc-Fredholm section with a drop in Fredholm index given by the codimension of the slice.
Moreover, we prove that the subspace of a tame polyfold that satisfies a transverse sc-smooth
constraint in a finite dimensional smooth manifold is a slice of any tame sc-Fredholm section
that is compatible with the constraint. As a corollary, we obtain fiber products of tame sc-
Fredholm sections. We describe applications to Gromov-Witten invariants, the construction
[16] of the Piunikhin-Salamon-Schwarz maps for general closed symplectic manifolds, and
avoiding sphere bubbles in moduli spaces of pseudoholomorphic curves of expected dimension
0 and 1.

1.1 Introduction

Polyfold theory, developed by Hofer-Wysocki-Zehnder [28] [29] [30] [31] [32] [33] [34], is an
analog of classical nonlinear Fredholm theory designed to realize compact moduli spaces,
e.g. Gromov-Witten moduli spaces and Floer trajectory spaces, as zero sets of sc-Fredholm
sections of polyfold bundles. See the polyfold survey [14] for an overview and a discussion
of applications. The abstract polyfold machinery provides perturbations such that the per-
turbed sc-Fredholm section is transverse to zero, and hence the perturbed solution space has
smooth structure by a polyfold implicit function theorem. Crucially, the perturbations can
be chosen so that the perturbed solution space remains compact. This process, beginning
with the description of the compact moduli space as the zero set of a sc-Fredholm section
and ending with the smooth compact perturbed solution space, is colloquially referred to as
“polyfold regularization” of a moduli space.

Often in symplectic topology we wish to constrain moduli spaces of pseudoholomorphic
curves to consist of those curves satisfying intersection conditions with submanifolds. For
example, Gromov-Witten invariants can be defined as counts of curves whose marked points
evaluate to submanifolds. Any fiber product of moduli spaces over evaluation maps is another
example of such a constraint. The evaluation maps are usually not transverse on the moduli
space, however they extend to the ambient polyfold and here they are submersive. Using
this transversality, we construct in this paper the constrained polyfold and the constrained
sc-Fredholm section. This provides an abstract tool to regularize constrained moduli spaces,
whenever the original moduli space is given as the zero set of a sc-Fredholm section.

We state our theorems in Section Then in Section we explain applications
to Gromov-Witten invariants (Section[1.1.2.1]), constructing the Piunikhin-Salamon-Schwarz
maps (Section[1.1.2.2)) to prove the weak Arnold conjecture (see [16] for details), and avoiding
sphere bubbles in perturbed moduli spaces of expected dimension 0 and 1 (Section .
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1.1.1 Results

The main goal of this paper is to prove the M-polyfold and ep-groupoid (with boundary
and corners) versions of the following classical Facts from non-linear Fredholm
theory over Banach manifolds.

Fact 1.1.1. (Restrictions of Fredholm sections to sub-Banach manifolds) Consider
a Banach manifold B, a smooth Banach bundle p : E — B, and a Fredholm section s :
B — E with Fredholm index ind,(s) for x € B. If B C B is a codimension-n sub-Banach
manifold, then the restriction p : E = p‘l(é) — B is a smooth Banach bundle and the
restricted section § 1= s|p : B — E is a Fredholm section with Fredholm index satisfying

ind,(3) = ind,(s) —n for x € B. O

The proof of Fact is an exercise in differential topology and functional analysis.
Then Fact follows from Fact together with the codimension-n Banach manifold
charts provided by the normal form of a C! local submersion to R", for which we provide a
proof (in the context of boundary and corners) in Lemma for later use.

Fact 1.1.2. (Transverse preimages are sub-Banach manifolds) Consider a Banach
manifold B, a finite dimensional smooth manifold Y together with a codimension-n subman-
ifold N C'Y, and a smooth map f : B —Y. Assume that f is transverse to N.

Then, B = f~Y(N) is a codimension-n sub-Banach manifold of B. In particular, if
s: B — FE is a Fredholm section of a smooth Banach bundle p : E — B, then the restriction
p: E:=p Y (B) — B is a smooth Banach bundle and the restricted section 3 := s|5 : B — E
is a Fredholm section with Fredholm index satisfying ind,(5) = ind,(s) —n for x € B. O

The M-polyfold versions (with boundary and corners) of the above facts are our main
theorems, Theorem (1.1.3| and Theorem [1.1.5] which we state in this section and prove in
Sections [I.5.2] [[.5.3] The generalizations of these theorems to the ep-groupoid case, which
are required in applications to handle nontrivial isotropy groups, are Corollary and
Corollary [1.6.8f We obtain fiber products of tame sc-Fredholm sections as Corollary

Throughout, we denote M-polyfolds B, strong M-polyfold bundles p : &€ — B, and
sc-Fredholm sections o : B — £.

The central objects developed in this paper are tame sc-Fredholm sections o : B — &
(Definition and slices B € B (Definition of sc-Fredholm sections. A tame
sc-Fredholm section is a new notion that is stronger than a sc-Fredholm section (Defini-
tion . To be tame, we require the change of coordinates that brings the local sc-
Fredholm fillers into basic germ form to be a linear sc-isomorphism on the base. A slice is a
new notion of a finite codimension M-polyfold B embedded in B. These notions are related
by our main Theorems [I.1.5] Roughly, given a tame sc-Fredholm section o : B — &
and a sc-smooth map f : B — Y to a finite dimensional manifold Y that is o-compatibly
transverse (Definition to a submanifold N C Y, then f~}(N) is a slice of o. More-
over, given a slice B C B of a sc-Fredholm section o : B — &, the restriction o|g is tame
sc-Fredholm. In Section , we explain why the Cauchy-Riemann section 9; : B — £ is
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tame sc-Fredholm and why evaluation maps ev : B — Y at marked points are 0 j-compatibly
transverse to every submanifold N C Y.

Before we state the theorems, we briefly recall some polyfold notation. See Section
for more detail. Given a M-polyfold B, there is a filtration B = By D By D - - - induced by
the sc-structures in local charts. Each filtration level B,, has its own topology which is not
the subspace topology, but the inclusions are continuous and dense. The smooth points of
B are the subset B, := Ny, >0B8,,, which is also dense in B.

For x € B, the degeneracy index dg(z) is the number of distinct local boundary faces of
B intersecting at x.

The following result is the M-polyfold analog of Fact[L.1.1} see Section[L.5.2]for the proof.
See Corollary [1.6.7] for the generalization to ep-groupoids.

Theorem 1.1.3. (Restrictions of sc-Fredholm sections to slices)

(I) Consider a tame M-polyfold B and a slice B C B (Definition |1. . Then, B is a tame
M -polyfold with atlas induced by the sliced charts with respect to B C B. Forz € By, the
codimension codlmx(B C B) is well-defined and locally constant in B, i.e. it is equal to
codzmx(B C B) in an open neighborhood of x in B. For x € Bu, the degeneracy index

satisfies dg(x) = dp(z).

(IT) Consider, in addition, a tame strong bundle p : € — B. If B C B is a slice of p, then
the restriction p = p|g : E:=p (B) — B is a tame strong bundle with atlas induced by
the sliced bundle charts for p with respect to B C B.

(I11) Consider, in addition, a sc-Fredholm section o : B — £. If B C B is a slzce of o,
then the restriction 6 = olg : B — € is a tame sc- Fredholm section (Deﬁmtzon 4) of p
with tame sc-Fredholm charts induced by the sliced sc-Fredholm charts for o with respect to
B C B. For x € By, the index satisfies ind,(6) = ind,(0) — codim,(B C B). If 0=*(0) is

compact and Baog C Boo is closed, then 5(0) is compact.

Remark 1.1.4. There are three notions of a slice B C B (Definition |1. appearing in
Theorem _ (I) a slice B C B of a tame M-polyfold, (II) a slice B C B of a tame
strong bundle p : & — B, and (III) a slice B C B of a sc-Fredholm section o : B — &.
Each successive notion requires further compatibility of the subset B C B with the additional
structure. This is in contrast to the Banach manifold situation in Fact[1.1.1] where bundles
and Fredholm sections automatically restrict to any finite codimension sub-Banach manifold
BCB.

The required compatibilities are roughly as follows. (I) There are charts on B to R"-
sliced sc-retracts O (Deﬁm’tz’on that locally identify B C B with the induced tame
sc-retract O C O from Lemma . (II) There are bundle charts on p to R"-sliced bundle
retracts K (Deﬁmtzon covering R"-sliced sc-retracts O. In this case, p~ (B) 1s locally
identified with the induced tame bundle retract K C K from Lemma and the restriction
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p~(B) — B is locally identified with the induced tame local bundle model K — O. (III)
There are sc-Fredholm charts for o at every x € Bo to R"-sliced sc-Fredholm germs O — K
(Definition . In this case, the restriction oz : B — & is locally identified with the
induced tame sc-Fredholm germ O — K from Lemma .

The reason for the further requirements in the M -polyfold setting is the non-trivial sc-
retractions and sc-Fredholm fillings: compatibility of B with the sc-retractions on B does not
imply compatibility of B with the bundle retractions on & or with the local fillings of o.

We now state our main theorem, which is the M-polyfold analog of the classical Fact[I.1.2}
see Section for the proof, and Corollary for the generalization to ep-groupoids.
See the following Remark for a discussion of the technicalities in the statement. Given
a M-polyfold B, there is a m-shifted M-polyfold B™ for each m > 1 which is obtained by
forgetting about the filtration levels By, ..., B,,_1 of B discussed above.

Theorem 1.1.5. (Transverse preimages are slices of sc-Fredholm sections)

(I) Consider a tame M -polyfold B, a smooth manifold Y together with a codimension-n
submanifold N C'Y, and a sc-smooth map f : B — Y. Assume that f is transverse to N

(Definition [1.5.8).

Then, there exists an open neighborhood
Bc fY(N)NB,

of f7(N) N By such that B is a slice of B' with codim,(B C B') = n for every x € By =
BNBs. In particular, B is a tame M -polyfold with degeneracy index satisfying ds(z) = dg(z)
for all z € B.

(IT) Consider, in addition, a tame strong bundle p : & — B. Then, there exists a possibly
smaller neighborhood B in (I) that is a slice of the bundle pler : EY' — B. In particular,
the restriction

pi=plg: €= (pler)'(B) = B

1$ a tame strong bundle.

(II1) Consider, in addition, a tame sc-Fredholm section o : B — & (Definition [1.5.4) of
p. Assume that f is o-compatibly transverse to N (Defintion . Then, there exists
a possibly smaller neighborhood B in (II) that is a slice of the tame sc-Fredholm section
olp : Bt — EY. In particular, the restriction

Gi=olg:B—E

is a tame sc-Fredholm section of p with inder satisfying ind, () = ind,(o) —n for all
T € By. If N is closed as a subset of Y and o=*(0) is compact, then ¢1(0) is compact.
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Remark 1.1.6.

(i) The notion of o-compatibly transverse (Deﬁm’tz’on requires compatibility between
the tangent map D, f at x € f~*(N) N By with the change of coordinates on the base
of the local sc-Fredholm filling of o at x that brings the filling into basic germ form.
See Section |1.5.1] for an explanation why evaluation maps f = ev at marked points are
compatible with the Cauchy-Riemann section o = 0, in applications.

(ii) The reason Theorem holds only in some neighborhood B of the smooth points of
the preimage f~Y(N)NBxy is as follows. The tame sc-retracts modeling B are built from
the subspace of the tangent space T,B at x € f~Y(N) that is mapped by the tangent
map Dy f : ToB — T)Y onto TN, and this tangent space T, B has the structure
of a sc-Banach space only at smooth points x € By,. So we can only hope to construct
a sc-retract modeling a neighborhood of x in f~*(N) around smooth points x.

(iii) The neighborhood B is open only in the 1-level of the preimage fYN)N By because, in
the proof of the local submersion normal form in sc-calculus (Lemma , we must
1-shift the sc-Banach space to obtain C' reqularity in order to use the classical C* local

submersion normal form (Lemma :

Remark 1.1.7. All manifolds Y and submanifolds N C 'Y in this paper are smooth, finite
dimensional, and without boundary:

ON =0 and 0Y = 0.

This suffices for our initial intended applications to evaluation maps with target a closed
symplectic manifold Y .

It is possible to generalize our theorems to the case where both N and Y are smooth
finite dimensional orbifolds with boundary and corners. This generalization will be useful
in applications. For example, polyfolds B constructed for reqularization of moduli spaces of
pseudoholomorphic curves in symplectic topology come with an everywhere submersive sc-
smooth forgetful map B — Y to the Deligne-Mumford space Y consisting of all domains of
curves in B. The Deligne-Mumford space Y usually has an orbifold structure with non-trivial
1sotropy, and when the domains have boundary, Y has boundary and corners.

1.1.2 Applications

We discuss applications of our polyfold results to pseudoholomorphic curves in symplectic
manifolds.

First, we provide an alternative construction of the Gromov-Witten invariants, defined
using polyfold theory in [33] as integrals of differential forms over a perturbed moduli space,
as counts of points in a 0-dimensional constrained moduli space, where the constraints are
evaluation maps at marked points that are required to evaluate to submanifolds. Then we
describe the construction of the Hamiltonian Piunikhin-Salamon-Schwarz maps for general
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closed symplectic manifolds, which is carried out in detail in [I6] using our theorems to
construct the fiber product of Morse moduli spaces and Symplectic Field Theory polyfolds
[18], providing a proof of the weak Arnold conjecture. Last, we describe a method for
perturbing expected dimension 0 and 1 moduli spaces so that the perturbed moduli space
does not contain any curves with a sphere bubble.

The applicable polyfold results in this paper are the ep-groupoid generalizations of the
theorems presented above, because in applications there will be nontrivial isotropy groups.
The ep-groupoid results are in Sections [I.6)[1.7]

Throughout, let (Y,w) be a closed symplectic manifold of dimension 2n.

1.1.2.1 Gromov-Witten invariants

The Gromov-Witten invariants are defined in [33] for general closed symplectic manifolds as
integrals of differential forms over the solution set of a perturbed sc-Fredholm section. The
results in this paper provide an alternative construction as counts of O-dimensional perturbed
moduli spaces of curves satisfying intersection conditions with submanifolds.

For a given homology class A € Hy(Y) and integers g,m > 0 satisfying 2¢g + m > 3,
the Gromov-Witten invariant with respect to the fundamental class [M,,] of the Deligne-
Mumford space ﬂgm of closed genus g curves with m marked points is a multilinear map

Upgm: H (V;R)®™ — R,

This map is defined for oy, ..., a,, € H*(Y;R) with degrees satisfying |a1| + -+ + |am| =
2¢1(A) + (2n — 6)(1 — g) + 2m as follows, and for other choices of «; it is defined to be 0.
For an w-compatible almost complex structure J on Y, a sc-Fredholm section

0y: Xagm — E

of a polyfold bundle E — X 4, ,, with Fredholm index ind(d;) = 2¢1(A)+(2n—6)(1—g)+2m
is constructed in [33] such that the solution set

_71 _

0; (0) =Myn(Y,A,J)

is the Gromov compactified moduli space of J-holomorphic curves in Y of genus g with m
marked points that represent the class A. Then the abstract perturbation theory in [34]
provides a sct-multisection A of the bundle so that the perturbed solution space S(9;, A) is
a smooth compact oriented weighted branched orbifold of dimension dim S(d;, A) = ind(d,)
over which we can integrate differential forms using the integration theory from [31]. For
lo| + -+ 4 |oyn| = ind(0;), the Gromov-Witten invariant is defined by

Upgm(ar @ @ ) := / evi(a) A+ Aev) (o),

5(94,4)

where
evy : Xagm — Y
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is evaluation at the k-th marked point.

We now explain how to use the results in this paper to construct the Gromov-Witten
invariant as a count of points in a O-dimensional moduli space of curves evaluating to
submanifolds of Y. For k = 1,...,m let L, C Y be an oriented submanifold such that
[Ly] = PD(ay) € H.(Y;R), where PD denotes the Poincaré dual. Then the codimension of
Ly in Y is equal to the degree |ay|, and so Ly X - - - X Ly, is a codimension-ind(d;) submanifold
of Y™. The total evaluation map

evy X - X eyt Xagm — Y™

u— (evy(u), ..., evy,(u))
records the positions of all the marked points. Consider the subspace

Xﬁlg";ﬁ’ ™= (evy X -+ X €Up) H(Ly X -+ X Lyy,)
of X4 gm, which consists of those curves whose k-th marked point evaluates to Ly for every
k=1,...,m. Then

-1

""" (YA J) =0, (0) N X5okm

A,g,m
is the compactified moduli space of J—holomorphic curves u € /\/lg,m(Y, A, J) satisfying the
point constraints evy(u) € Ly, for all k = 1,.

To perturb this constrained moduli space ./\/l """ (Y A, J) so that it is cut out trans-

versely, we first apply Corollary |1.6.8] to obtain a descrlptlon of M """ (Y, A, J) as the
zero set of a sc-Fredholm section of a polyfold bundle, as follows. The hypotheses of Corol-
lary are satisfied because the total evaluation map evy X --- X evy, + Xggm — Y™
is submersive, and moreover it is 0 -compatibly transverse to Ly X --- X L, as explained
in Section m Hence, applying the corollary, there exists an open neighborhood X C

Mt Lm(Y, A, J) such that the restricted section
0] : X — E|; is sc-Fredholm and has Fredholm index 0. Moreover, the solution space

leg";ﬁ’ of the constrained moduli space M

Ay131(0) = My " (Y, A, )

is the constrained moduli space. The perturbation theory in [34] then provides a sct-
multlsectlon/l of the restricted bundle E|; — X so that the perturbed solution space
S(0y] Xl( ), /) is a smooth compact oriented weighted branched orbifold of dimension 0.

Notice that, even after perturbation by A, all curves u € S(0 J|)_~(1<O), A) are guaranteed

to satisfy the constraints evi(u) € Ly for k = 1,...,m since S(5J|;~(1(O),/I) is contained
in leg";;b . Morally, the weighted count #S5(0 J|)_~(1(0), A) is the Gromov-Witten invariant,

however to prove the equality #S(EJ\;(O), /I) =Yy gm(a; @+ ® ) one would need to

construct the perturbations so that A = A|g; see [46][A7] for a precise treatment of this
comparison.
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1.1.2.2 The Piunikhin-Salamon-Schwarz morphism

Let H : S' x Y — R be a nondegenerate Hamiltonian and (f,g) a Morse-Smale pair of
a Morse function f : ¥ — R and a Riemannian metric g. The original application that
motivates this project is the construction of the Piunikhin-Salamon-Schwarz (PSS) morphism

PSS : HY™(Y; f,9) — HI"(Y; H),

where HMos¢(Y': f, g) is the Morse homology of (f, g) and HF"¢"(Y'; H) is the Floer homology
of H. This was originally done under the assumption that (Y,w) is semi-positive in [44],
where it is proved that this map is an isomorphism, proving the weak Arnold conjecture.
In [16], we carry out a version of this construction, joint with Katrin Wehrheim, for general
closed symplectic manifolds, proving the Arnold conjecture in full generality.

The moduli spaces from which the PSS morphism is constructed are as follows. Consider
a critical point p of f, a 1-periodic orbit ~ of the Hamiltonian vector field associated to H,
and a singular homology class A € Hy(Y). Let M(p,Y) denote the compactified moduli
space of half-infinite gradient flow lines 7 : (=00, 0] — Y that limit to p on their infinite end
and evaluate to ev(7) := 7(0) in the unstable manifold of p. The compactification includes
broken flow lines that start at p, break at finitely many other critical points, and end in a
half-infinite flow line originating from the final critical point at which breaking occurs and
evaluating to its unstable manifold. Then M(p,Y) can be given the structure of a smooth
compact manifold with boundary and corners (see for example [53]) equipped with a smooth
evaluation map

ev, : M(p,Y) =Y.

Fix smooth capping discs on each periodic orbit of H and an w-compatible almost complex
structure J on Y. Then let M(, A) denote the moduli space appearing in Symplectic Field
Theory [I3] consisting of smooth maps C — X satisfying the Cauchy-Riemann equation
07 near 0 and the Floer equation near oo (with a fixed interpolation in between given by a
cutoff function that turns off the Hamiltonian term in Floer’s equation near 0), and such that
the map glued to the capping disc on v represents the homology class A. The compactified
moduli space M (v, A) also includes configurations with broken Floer trajectories and sphere
bubble trees. There is an evaluation map

evy : M(v,A) =Y
given by evaluating at 0 € C. The PSS moduli spaces are then the fiber products
M(pv v A) = m(p7 Y) evp X ey ﬂ('% A)

See Figure for a diagram of an element of M(p,~, A).

If all choices can be made so that M(p, vy, A) is smooth (and of the expected dimension),
then the coefficient of PSS(p) on the generator (7, A) is defined to be the count #M(p, v, A)
if the expected dimension is 0, and the coefficient is 0 otherwise. Now, for general Y, the
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Figure 1.1: An element (7,u) in the moduli space M(p,v, A). The red lines represent an
element 7 € M(p,Y’) consisting of a Morse trajectory from p to p’ and a half-infinite Morse
trajectory starting at p’ and evaluating to ev,(7) in the unstable manifold of p’. The green
near ev.,(u) represents the neighborhood of 0 € C on which the map C — Y satisfies the
J-holomorphic curve equation. As the map limits to the Hamiltonian orbit +/, the J-curve
equation interpolates in the blue region to Floer’s equation represented in magenta. A Floer
trajectory from ' to v has broken off. The green circles represent bubbled off J-holomorphic
spheres. The evaluations ev, () = ev,(u) agree since M(p,v, A) is a fiber product.

compact moduli space M (7, A) will not be cut out transversely for any .J, and hence has no
reason to be smooth. Moreover, even if M(7y, A) is cut out transversely, there is no reason
to expect that the fiber product with M(p,Y) is transverse.

In [16], these transversality issues are overcome using the results in this paper as follows.
The Symplectic Field Theory polyfolds in [I8] include polyfold bundles E(vy, A) — X (v, A)
and sc-Fredholm sections

o(v,A): X(v,A) = E(y,4)

with solution set the SF'T moduli space
(7, A)7H(0) = M(y, A).

Here X (v, A) is the polyfold of broken and nodal maps of the same form as those in My, A)
but not necessarily satisfying any equation, and the section (7, A) is the equation that maps
in M(7, A) are required to satisfy. Moreover there is a sc-smooth evaluation map

evy : X(v,A) =Y

which evaluates at 0 € C. This evaluation map is a submersion on the ambient space

X (v, A), and it restricts to the evaluation map on the moduli space ev, : M(y, A) = Y.
Applying the fiber product result Corollary to the zero section of the rank-0 bundle

over the Morse moduli space M(p,Y) and the sc-Fredholm section o (7, A), we obtain an

open neighborhood X (p, v, A) of the zero set of the fiber product section

M(D,Y) ¢, X, X (7, A) = E(7,4)
(1,u) = oy, A)(u)
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such that the restricted section

o(p,v,A): X(p,v,A) = E(p,v,A) = E(v, A)| x(pr,4)

is sc-Fredholm with index ind(o(p, v, A)) = dim M(p,Y) +ind(o(y, A)) — 2n. Its zero set is
compact and equal to the PSS moduli space

o(p,7,A)~1(0) = M(p, 7, A).

The perturbation theory in [34] then provides a sc™-multisection A of the polyfold bundle
E(p,v,A) — X(p,v,A) so that the perturbed solution space S(o(p,~, A), A) is a smooth
compact weighted branched orbifold; see Figure for an element of S(o(p,7, A), A). The
weighted count of points in this perturbed moduli space provides the definition of the
PSS map. That is, the coefficient of PSS(p) on (v, A) is given by (PSS(p),(v,A)) =

#S(o(p, v, A), A).

Figure 1.2: An element (7,u) in the perturbed moduli space S(o(p,v,A),A) C
M(p,Y) eo, X ev, X (75 A). The red lines represent the broken Morse trajectory 7 € M(p,Y)
with finite end evaluating to ev,(7). The region from ev,(u) to 7' is a map C — Y limiting
to the Hamiltonian orbit 7/ at co. The region in between +' and ~ represents a cylinder
limiting to these orbits on its two ends, and the circles represent attached sphere bubbles.
Together the white regions represent the element u € X(vy,A). They are colored white,
in contrast to Figure [I.T] to indicate that they do not necessarily satisfy any equation due
to the perturbation A. The evaluations ev,(7) = ev,(u) still agree since S(o(p, v, A), A) is
contained in the fiber product.

1.1.2.3 Avoiding sphere bubbles in expected dimension 0 and 1

A common mantra in symplectic topology is that “sphere bubbling is a codimension-2 phe-
nomenon” and hence sphere bubbles do not appear in regularized moduli spaces of dimension
0 and 1. The notions of a sliced sc-retract (Definition and a sliced sc-Fredholm germ
(Definition introduced in this paper provide a method for making this precise in the
context of polyfold theory.

For simplicity, we consider the case of a curve with 1 interior node, for example a curve
with a single sphere bubble. This curve naturally sits inside a R2-sliced sc-retract (O, R? x
C,R? x E) which locally models a neighborhood of the curve in an ambient polyfold. The R2-
sliced sc-retraction r : U — U with image the sc-retract r(U) = O is (roughly) the splicing
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[34, Def. 2.18] obtained from pregluing at the node. In particular, O is homeomorphic to
the image of the pregluing map, so conceptually we identify them. Since pregluing with
gluing parameter 0 € R? preserves the node, the induced tame sc-retract O = O N ({0} x C)
(Lemma consists of the curves in O that have 1 interior node. This formalizes the
notion that a curve with 1 interior node sits inside a codimension-2 stratum consisting of
nearby nodal curves.

Moreover, the Cauchy-Riemann section 9 : @ — K of the local bundle model KX — O is
a R2-sliced sc-Fredholm germ, and hence by Lemma its restriction to O is sc-Fredholm
with index satisfying ind(0,|5) = ind(9,;) — 2. If the original section satisfies ind(d;) < 1,
i.e. the expected dimension of the moduli space is < 1, then its restriction to the nodal curves
in O satisfies ind(d 7la) < 0. So, after perturbing the restricted section, the transversely cut
out zero set must be empty as a smooth object with negative dimension. Extending this
perturbation over all of @, the perturbed zero set will not intersect O, meaning that the
perturbed zero set will not contain any nodal curves.

This perturbation extension result will be part of a future work, which to be applied
must include an inductive procedure that perturbs and extends starting with the highest
codimension strata corresponding to solutions with the most nodes. Indeed, a curve with
k > 1 nodes sits inside the intersection of k distinct codimension-2 strata, and this intersec-
tion is a codimension-2k stratum. One must perform the local perturbations and extensions
coherently with respect to the intersections of these nodal strata.

Acknowledgments: [ am deeply grateful to my PhD advisor, Katrin Wehrheim, for
warmly inviting me into this area of research, leading me to fruitful areas to explore, keeping
my vision clear as I navigate, and teaching me how to write. Katrin’s support throughout
my graduate studies was fundamental to my completion of this research. Additionally, I'd
like to thank Helmut Hofer, Wolfgang Schmaltz, and Zhengyi Zhou for useful comments,
conversations, and feedback that resulted in improvements to this paper.

1.2 Sc-calculus: the normal form of a local sc-smooth
submersion to R”

The purpose of this section is to establish the normal form (Lemmall.2.3)) of a sc-smooth local
submersion f : [0,00)*x[E — R", where E is a sc-Banach space. This is a sc-calculus analog of
the classical local submersion normal form (Lemma in the case where E is an ordinary
Banach space E. In the Banach case, the normal form follows from the inverse function
theorem for C'! maps between open subsets of quadrants [0,00)* x E. The inverse function
theorem does not hold in sc-calculus [I7], however, using relationships between classical
differentiability and sc-differentiability, we leverage the classical normal form to prove the
normal form in sc-calculus. The key ingredient is that the target of these submersions is
finite dimensional R", on which all sc-structures are trivial (i.e. all levels are isomorphic to
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the infinity level).

For completeness, we now provide a proof of the normal form in the classical Banach
case. We view a quadrant [0,00)* X E as a Banach space with boundary and corners. It
suffices to consider neighborhoods in [0,00)* x E of a point z that sits in the maximally
degenerate corner z € {0} x E.

Lemma 1.2.1. (Normal form of a C' local submersion to R") Consider a Banach
space E, an open subset U C [0,00)* X E for some s > 0, and a C' map f : U — R".
Suppose that, for some x € U N ({0}° x E), the tangent map (dof)|joy:xe : E — R™ of the
restriction to the corner f\Um({o}st) 18 surjective.

Then, for any complement L of K := ker(d, f)|oysx £ in E, there exist open neighborhoods

zeUcU and U CR" x [0,00)* x K such that, writing v € [0,00)° and e € E, the map
g: U—U
(v,e) = (f(v.€),v,pr(e))

is a C*-diffeomorphism, where pr - E = K ® L — K 1is the projection along L.

Proof. Denote the restriction of f to the corner by

f = flunqoyxey : UN ({0} x E) — R™.

Then d,f : E — R" is surjective by hypothesis. Let L be any complement of K = kerd, f
in F. In particular, note that this means the restriction

doflp: L —R" (1.1)
is an isomorphism. Writing v € [0,00)° and e € E, define the map

g:U—=R"x[0,00)° x K
(v,€) = (f(v,e),v,pr(e)),

where pr : E = K @& L — K is the projection along L. Note that ¢ is C* since f is C* and
pris C'°.
We claim that the tangent map

dyg :R*x EFE— R" xR’ x K
(v,e) = (dof(v,€),v,pr(e))

is an isomorphism. To verify injectivity, suppose (0,0,0) = (d.f(v,e),v,pr(e)). Then e €
ker(pr) = L, and moreover 0 = d,f(0,e) = d,f(e) means e € K, hence e = 0. To verify
surjectivity, let (p,v, k) € R" x R®* x K. Since the map is an isomorphism, there exists
I € L such that d, f(I) = p—d. f(v, k). It follows that d,f(v,k+1) = d.f(v, k) +d. f(I) = p



CHAPTER 1. POLYFOLD REGULARIZATION OF CONSTRAINED MODULI
SPACES 14

and hence d,g(v,k + 1) = (d.f(v,k +1),v,pr(k+1)) = (p,v,k). So d,g is an isomorphism,
as claimed.

Since g is a C* map whose tangent map d,g at  is an isomorphism, the inverse function
theoremﬂ for C* maps between quadrants of Banach spaces applies: There exists an open
neighborhood U C U of z and an open set U’ C R™ x [0, 00)* x K such that the restriction
qlg - U — U is a C'-diffeomorphism, as claimed. O

We briefly review basics about sc-calculus on sc-Banach spaces from [34, Sec. 1.1] to
prepare for Lemma A sc-Banach space [34, Def. 1.1] is a sequence of Banach spaces
and continuous linear injections

E .= (E0<—’E1<—’)
such that the map E,, 1 — E,, is a compact operator for every m > 0 and the intersection
Eoo = mmzoEm

is dense in every FE,,. We call E,, the smooth points of E. By a subset S of a sc-Banach
space & we mean a subset Sy of Ey, which then induces subsets

Sm:=SNEkE, CE, forall m >0,
Seo =SNE C E.

In particular, if U is open in Ey then U,, C F,, is open for all m > 0, so we say that U is
open in the sc-Banach space E.

A sc-subspace F C E [34, Def. 1.4] is a closed subspace F' C Ej such that the induced
subsets F,,, := F'N E,, define a sc-Banach space F = (Fy <= Fy <= ---). Given sc-subspaces
F,F" C E such that, for every m > 0, the Banach space E,, splits as a direct sum E,, =
F,, & F! , we say that there is a sc-splitting E = F & F’ and that F,F’ are sc-complements
in E. Given a sc-subspace F C E, the quotient space E/F has the structure of a sc-Banach
space with m-level E,,/F,,; see [34, Prop. 1.2]. The following fact is established in the proof
of [34, Prop. 1.4]. We reproduce the proof here for completeness.

Lemma 1.2.2. Consider a sc-Banach space E and a sc-subspace B C E such that the
quotient B/F is finite dimensional. Then, there exists a sc-complement F & L = E and
moreover L C E.

Proof. Consider the sc-continuous quotient map p : E — E/F. Since E,, C Ej is a dense
linear subspace and p : Ey — Ey/Fy is surjective, it follows that p(F.) is a dense linear
subspace of the finite dimensional space Ey/Fy, and so we have p(E) = Ey/Fy. Hence,
choosing any basis of Ey/Fy, there are preimages of the basis elements in F.,, and these
preimages span a subspace L C FE,. We claim that L is sc-complementary to F in [E.
Indeed, for every m > 0 the subspace E,, C Ej is dense and so p,, : F, — Ey/F, is
surjective. Moreover, we have F,, = ker(p,,) and the restriction p,, : L — FEy/F, is an
isomorphism, so F,, & L = F,, holds. O]

1See, for example, [39, Thm. 2.2.4].
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For every [ > 0 there is a [-shifted sc-Banach space defined by
E' = (E < Epq = --+),

that is,
(BN = Epyq for all m > 0.

Conceptually, we are forgetting about finitely many levels. Note that [-shifting does not
change the co-level. Analogously, for any subset S C E, we define S' C E! by (S%),, := Spi1.
In particular, if U C E is open, then U' C E' is open for all [ > 0.

A Cartesian product [E x F of sc-Banach spaces has a natural sc-structure with m-level
given by (E x F),, := E,, x F,, equipped with any standard Banach norm on a Cartesian
product. In this paper, we use the convention that all norms on Cartesian products are the
sum norm ||(+, )| g.xr, = || - |l&, + || - ||F,, which is equivalent to all standard choices.

The finite dimensional space E = R™ has a canonical sc-structure given by FE,, = R"”
equipped with the standard Euclidean norm for every m > 0, and where every inclusion
E,,.1 — E,, is the identity map.

The tangent space |34, Def. 1.8] of a sc-Banach space E is the sc-Banach space

TE := E! x E,

with sc-structure given by (TE),, = E,+1 X E,, for m > 0. Given an open subset U C
[0,00)* x E for some s > 0, its tangent space is

TU :=U" x (R* x E).

Consider sc-Banach spaces E, F, and open subsets U C [0,00)* x E and V C [0,00)* x F.
Then a map

FiU—SV

is called sc® or sc-continuous [34, Def. 1.7] if, for all m > 0, we have f(U,,) C V;, and the
map f : U,, — V,, is continuous. A sc® map f: U — V is called sc* with tangent map [34,
Def. 1.9]

Tf:TU =TV (1.2)

defined by
Tf:U'x (R* xE) = V! x (R x F)
(z,8) = (f(x), Daf(§))
if, for every x € U!, there exists a bounded linear operator
D,f:R*x Ey — R x F
such that, for £ € Fy satistying x + & € Uy,

i @O =50 - Dap(@h _
|€[1—0 I35
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holds, and moreover such that T'f is sc’. Iterating the definition of sc! yields the notions of
sc® for k> 0 and sc-smooth (denoted sc™); see the discussion after [34, Def. 1.9].

An important note is that, for a sc! map f : U — V and 2 € U!, the bounded linear
operator D, f : R®* x Ey — R*¥ x Fj is not necessarily sc-continuous when considered as a
map between sc-Banach spaces D, f : R®* x E — R¥ x F; that is, continuity on levels higher
than 0 can fail. However, if z € U, is a smooth point, then by [34, Prop. 1.5] the map
D, f is indeed a sc-operator |34, Def. 1.2], i.e. a sc-continuous linear map. For this reason,
we consider only smooth points z in the following lemma so that the kernel of D, f is a
sc-Banach space as the kernel of a sc-operator.

Lemma 1.2.3. (Normal form of a sc-smooth local submersion to R") Consider a
sc-Banach space E, an open subset U C [0,00)* X E for some s > 0, and a sc-smooth map
f U — R"™. Suppose that, for some smooth point x € Uy, N ({0} x E), the tangent map
(D2 f)|qoyxe : E = R™ of the restriction to the corner flunqoixr) is surjective.

Then, for any sc-complemenﬂ L of K :=ker(D, f)|oyxk in E, there exist open neighbor-
hoods z € U € U' and U' € R" x [0,00)* x K' such that, writing v € [0,00)* and e € E,
the map

g: U—U
(v.e) = (f(v,e),v,pr(e))
is a sc-diffeomorphism, where pr : E =K ® L — K s the projection along L. Moreover, for
all m >0, the map gl Uy — Uy, is a C™ L _diffeomorphism.
In particular, the following statements hold:
e The composition fog~!:U" — R" is projection onto the R"-coordinate.

e g preserves the [0,00)°-coordinate.

Proof. We claim that the Banach space E; (the 1-level of the sc-Banach space E), the open
subset U; C [0,00)* x E}, and the C*-map

fl = f|U1 : Ul — Rn

satisfy the hypotheses of Lemma (the local submersion normal form in the classical
Banach case) at the given point z. First of all, the map f; is indeed C* by [34, Prop. 1.7].
By [34, Prop. 1.5], we have d, f1 = (D.f)|rsxp, -

We now deduce the surjectivity of the tangent map

(d:t:fl)|{0}><E1 = (Dxf)‘{O}XEl DBy — R™ (13)

By hypothesis, the map (D, f)|{0}X B, 1s surjective. Then since E; C Ej is dense, it follows
that (Dgf)|{0yxE,(£1) is a dense linear subspace of R™ and hence is equal to R™, proving the
claimed surjectivity of the map (|1.3]).

2A sc-complement L of K exists by Lemmam since the surjection (D, f)[{0}xk : E — R™ induces an
isomorphism E/K =~ R™.
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Let L C F. be any sc-complement of K = ker(Dxf)|{0}XE in [E, which exists by
Lemma since the surjection (Dgf)|{oyxe : E — R" induces an isomorphism E/K = R".
In particular, on the 1-level, we have Ky & L = F;. Notice that K; is the kernel of the map
3.

We have shown that the map f; satisfies the hypotheses of the classical local submersion
normal form (Lemma , yielding an open neighbhorhood U C U of z and an open
subset U’ C R"™ x [0,00)* x K; such that, writing v € [0,00)® and e € Fy, the map

g:U—=U
(v.e) = (fi(v,€),v,pr(e))

is a Cl—diffeomorppism, where pr: By = Ky & L — K; is the projection along L.
We may view U and U’ as open neighborhoods in the sc-calculus sense, i.e.

U c[0,00)° xE' and U’ € R" x [0,00)° x K.

We claim that g is a sc-diffeomorphism. First of all, it is sc-smooth since f; is sc-smooth by
hypothesis and since the projection pr : E! = K! @ L — K! is sc-smooth.

To show that g~! is sc-smooth, we show that it satisfies the conditions of [34, Prop. 1.8].
Let m,{ > 0. We must show that ¢g=! induces a map g_l‘inz UL — U,, that is C*1.

m

It suffices to show that, for all m > 0, ¢! restricts to a C™map ¢~y U, — Upn,

because then glven m,l > 0 the composition U} ——> Um+l — Um is O™+ since the

inclusion Um+l — Um is continuous and linear hence C*°. So, to complete the proof of the
lemma, it suffices to show that

g: U, — U,
is a C™*l diffeomorphism for all m > 0.
By [34, Prop. 1.7], the restriction

-
)
e
X
=
£
1
=

f|Um U,
is C™*+1 Tt follows that the restriction
g‘Um : Um — U:n

is O™+,

To see that g\Um - Uy — U/, is a bijection, note first that injectivity holds since it is a
restriction of the bijection g. To see surjectivity, note first that, since g is surjective onto all
of U, it suffices to show that g(v,e) € U, = (v,e) € Uy,. Note that U/, C R" x [0, 00)* x
K 41. So, from the definition of g, we have g(v,e) € U}, = pr(e) € K41 C Epqq. Since
e—pr(e) € L C E., we conclude that e € E,, 1. Hence indeed (v, e) € Uy, = UN(R X Eppy1)
holds, proving surjectivity of g|; ~onto U;,. The same reasoning shows that the classical
tangent map

d(glp,.) : Un X (R® X Epy1) = Uy, X (R" X R® X Kpny1)
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The inverse A
(97 Dlvg, = (glg, )™ = Upy = Un
is Cmt1 because it is the inverse of a C™*! map with invertible derivative. We have shown
that gl U, — Uy, is a O™+l diffeomorphism, completing the proof of the lemma. m

We briefly review general partial quadrants, which up to a linear change of coordinates
are the same as the standard quadrants (L.5), i.e. of the form [0, 00)* x E for some sc-Banach
space [E. This level of generality makes constructions more convenient and is equivalent to
working with standard partial quadrants only.

A partial quadrant [34, Def. 1.6] in a sc-Banach space E is a closed convex subset C' C E
such that there exists another sc-Banach space E’ and a linear sc-isomorphism

VU E — R® x E' satisfying ¥(C) = [0,00)* x E’ for some s > 0. (1.4)

That is, all partial quadrants come from applying a linear change of coordinates to a partial
quadrant in the standard form:

C=[0,00)°xE CR*xE =E. (1.5)
The degeneracy index [34, Def. 1.10] d¢ : C' — Ny is defined for = € C' by
de(x) == #{i € {1,..., s} |the i-th coordinate of ¥(x) is 0},

which is independent of the choice of ¥ by [34, Lem. 1.1]. Conceptually, the degeneracy
index of a point in a partial quadrant is the local notion of boundary and corner index in a
M-polyfold.

Later, we need the following properties of the degeneracy index. Let C' be a partial
quadrant of a sc-Banach space E and n > 0. Then R" x C' is a partial quadrant of R” x E

and
dgrnwo(p, ) = do(x) for all (p,z) € R" x C. (1.6)

Let C; be a partial quadrant of E; for ¢ = 1,2. Then C4 x Cs is a partial quadrant of E; x Eq

and
dClXCz(ZL‘l,Ig) = d01 (ZEl) + dC2(ZL’2) for all (1'1,1'2) € C; x Cs. (17)

We recall from [34, Def. 2.16] the following linear sc-subspace E, C E associated to a
point = in a partial quadrant C' C E. First assume that C' is in the standard form (1.5 and
write © = (x1,..., 25 ¢e;) € C. Then, the sc-subspace

E, :={(v1,...,v5,) ER*XE' | v, =0if 2;, =0} CE (1.8)

conceptually is the tangent space of the intersection of all of the faces of C' that contain x.
For a general partial quadrant C' C E and = € C, the subspace E, C E is given by

E, = U (R x B )ym)), (1.9)

where ¥ is any linear isomorphism of the form ([1.4)).
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1.3 Slices: the local picture

1.3.1 Sliced sc-retracts

In this section, we introduce the new notion of R"-sliced sc-retracts (Definition |1.3.2)), which
we use later as the local models in our definition of a slice B C B (Deﬁnitio of a
tame M-polyfold B (Definition [1.5.1)). We prove in Lemma that a R"-sliced sc-retract
O induces a tame sc-retract O C O which has codimension-n tangent spaces T,,0 C T, O at
every z € Op. The global definition of a slice B C B is then a subspace such that around
every point x € B there is a M-polyfold chart to a R™-sliced sc-retract O that locally
identifies B with the induced tame sc-retract O.

We first recall the local structure of tame M-polyfolds: tame sc-retracts (Definition[1.3.1)).
Consider a relatively open subset U of a partial quadrant C' in a sc-Banach space E. A sc-
smooth map r : U — U satisfying ror = r is called a sc-smooth retraction (or sc-retraction)
[34, Def. 2.1] on U, and the image O := r(U) of such a map is called a sc-smooth retract (or
sc-retract). The triple (O, C,E) is also called a sc-retract [34, Def. 2.2].

We note that the notion of a smooth retract makes sense in the classical Banach space
setting, i.e. given an ordinary Banach space E, we can define a smooth retract O to be
any image © = r(U) of a smooth map r : U — U that satisfies r or = r, where U C
[0,00)° x E is open. However, modeling spaces on these smooth retracts reproduces the
definition of a Banach manifold because, by [34, Prop. 2.1}, a smooth retract O is a C'*°-sub-
Banach manifold of E. The sc-retracts can have much more complicated structure, including
locally varying dimension. This is a key difference between classical differentiability and
sc-differentiability which allows M-polyfolds to have local dimension jumps and other non-
manifold-like structure. Polyfolds arising in applications have these local dimension jumps
near broken and nodal curves.

A map ¢ : O — O between sc-retracts (O, C,E) and (O, C",E') is called sc-smooth [34,
Def. 2.4] if the composition por : U — O C E' is sc-smooth as a map U — E’, where U C C
is open and r : U — U is any sc-retraction onto r(U) = O. This definition is independent
of the choice of open set U and sc-retraction r by [34, Prop. 2.3]. The chain rule holds for
sc-smooth maps between sc-retracts; see [34, Thm. 2.1].

The tangent space [3], Def. 2.3] of a sc-retract (O,C,E) is the image

TO :=Tr(TU), (1.10)

where r : U — U is any sc-retraction on some open subset U C C' with image r(U) = O and
Tr: TU — TU is the tangent map (see (1.2))) of r. The tangent space T'O is well-defined,
i.e. independent of U and r, by [34, Prop. 2.2]. The tangent space at x € Oy is

1,0 = Dyr(T,U). (1.11)

For a smooth point = € O, the tangent space T,0 is a sc-Banach space since D,r is a
sc-operator. The reduced tangent space [34, Def. 2.15] is the subspace of T,O defined by

TEO .= T,0NE,, (1.12)
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where E, C [E is the subspace from . Conceptually, TEO consists of those tangent
vectors that point in directions that preserve the degeneracy index, i.e. they lie along the
intersection of all of the local faces that contain x. Note that in [34] Def. 2.15] the reduced
tangent space is only defined at smooth points z € O,,. This is because T2O can be proven
to be invariant under sc-diffeomorphisms ¢ : O — O, i.e. D,p(T;'0) = T, O" holds, only
for smooth points z; see [34, Prop. 2.8]. This invariance proves that the reduced tangent
space at a smooth point in a M-polyfold is well-defined, i.e. independent of the chart. The
invariance is proven using the characterization [34, Lem. 2.4] of the reduced tangent space
TEQO at smooth points x € O as the closure of the space of derivatives of sc-smooth paths
v : (—€,€6) = O satisfying v(0) = x. This only works for smooth points z € O since the
image of any sc-continuous map (—e,¢) — O is contained in O, because (—¢,¢) C R has
the trivial sc-structure where all levels are equal.

As discussed in [34], we must require sc-retractions to be well-behaved with respect to the
boundary faces of the partial quadrant C' in the following way in order for the full polyfold
machinery to work as required in applications.

Definition 1.3.1. [3], Def. 2.17] Consider an open subset U of a partial quadrant C' of a
sc-Banach space E. A sc-retraction r : U — U is called a tame sc-retraction if it satisfies
the following conditions:

(1) de(r(x)) = de(x) for allx € U.

(2) At every smooth point x € Oy = ON Ey, there ezists a sc-subspace A C E such that
E=T.0® A and A C E, (see for E, ).

If so, then the sc-retract O = r(U) is called a tame sc-retract (and so is the triple

(0,C,E)).

We introduce the following new notions of R"-sliced sc-retractions and R"™-sliced sc-
retracts.

Definition 1.3.2. Consider a partial quadrant C' of a sc-Banach space & and an open subset
U CR"xC for somen > 0. A tame sc-retraction r : U — U s called a R™-sliced sc-
retraction if it satisfies

Tgn O T = Tgn 0N U, (1.13)

1.e. v preserves the R"™-coordinate.
If so, then the tame sc-retract O = r(U) (and the triple (O,R" x C,R™ x E)) is called a
R"-sliced sc-retract.

In the following lemma, we show that for any R"-sliced sc-retract O in R" x C', the set
O = 0N ({0} x O) is a tame sc-retract. Later, we use the inclusion @ C O to define the
local models for a slice B C B (Definition , which is our new notion of a M-polyfold B
embedded with finite codimension in an ambient M-polyfold B.

Lemma 1.3.3. Consider a partial quadrant C' of a sc-Banach space E and a R™-sliced sc-
retract (O,R" x C,R"™ x E).
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Then, for any open subset U C R" x C' and R"-sliced sc-retraction v : U — U such that
r(U) = O, the set U :=U N ({0} x C) is open in C' and the restriction

=7y U—U
is a tame sc-retraction onto O := #(U). We call 7 the tame sc-retraction induced by 7.
Moreover,

O=0n{0} xC) (1.14)

holds, so in particular O does not depend on the choices of U and r. We may view @)
as a subset of C, and we call (@, C,E) the tame sc-retract induced by the R"-sliced
sc-retract (O,R"” x C,R" x E).

At every x € @1, the inclusion O C O induces an inclusion of tangent spaces 7.0 Cc T,0
satisfying

7,0 = T,0 N ({0} x E), (1.15)
TREO = TEO N ({0} x E), (1.16)

and 3
T,0/T,0 = R". (1.17)

We say that O is codimension-n in O. .
If v € Oy is a smooth point, then the inclusion T,,O — T,O induces a linear isomorphism

T,0/TRO = T,0/TFO. (1.18)

Proof. The defining property of the R"-sliced sc-retraction r implies T(U ) C U, so
indeed the map 7 := r|5 : U — U takes values in U. Moreover, 7 inherits sc-smoothness
and the retraction property 7 o7 = 7 from the corresponding properties of r. So 7 is a
sc-retraction onto the sc-retract ©. We prove the other statements in the lemma before
showing that 7 is tame.

We now verify that holds. The forwards inclusion is immediate from the definitions
of the sets involved. To prove the reverse inclusion, let z € ON ({0} x C). Then since O C U
we have x € U and so 7(z) € O. We claim that = #(x), proving (I.14). Indeed, since
x € O and r is a retraction with image O, it follows that z = r(x) = 7(z).

We now verify and . Let 2 € O;. By definition of tangent space (1.11)) of a

sc-retract, we have
T.0 =D, r(R" xE) C R" x E.

Since r preserves the R"-coordinate by the sliced retraction property (|1.13]), the same is true
for D,r, from which it follows that D,r(R" x E)N ({0} x E) = D,r({0} x E). Hence we have

T,0 N ({0} x E) = D,#({0} x E) = T, 0,
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proving . Moreover, the projection 7 : T,0O — R" to the first factor of R" x E is a
surjection. Since ker(m) = 7,0 N ({0} x E), we conclude that 7w induces an isomorphism
TIO/Tx@ >~ R", proving .

To verify 7 first note that by ,, we have

(R" x E), N ({0} x E) = ({0} x E),, (1.19)

and hence we have TR0 = T,0N ({0} x E), = T,0N (R" x E), N ({0} x E) = 1,0 N (R" x
E), N ({0} x E) = TEO N ({0} x E), as required.

To verify (1.18)), it suffices to consider the case z = 0 and C' = [0,00)* xE' C R*xE' = E
is in standard form (L.5). By (L.8), we have (R" x R® x E'), = R™ x {0}* x E’. Since r
preserves the degeneracy index by Definition [1.3.1} we claim it follows that

D,r(R" x {0}* x E') C R" x {0}® x E'.

Indeed, given a smooth point £ € R™ x {0}* x E’_, there exists a sc-smooth path « : (—¢,€) —
Un(R™x {0} x E) satisfying a(0) = = and o/(0) = £. Since r preserves degeneracy index
we have r o a((—¢,¢€)) C R" x {0} x E', and hence we have D,r(¢) € R™ x {0}* x E’. For
an arbitrary point £ € R x {0} x E’ the result follows by considering a sequence {&; }x>0 of
smooth points that converges to &, which exists by density of the inclusion E/ C E{. Note
that this essentially uses the fact that x is a smooth point.

Since by definition (1.12)) we have TR0 = D,r(R® x R®* x E') N (R™ x {0}* x E’) and
moreover the retraction property D,r o D,r = D,r holds, it follows that

TEO = D,r(R" x {0} x E).

Hence, since D,r preserves the R"-coordinate, the projection 7 : T, — R" restricts to a
surjection 7 : T2O — R™. The kernel of this surjection is 72O by (L.16). So we have a
short exact sequence of sc-Banach spaces 0 — T2O — TEO 5 R™ — 0 that includes into
the short exact sequence 0 — 7,0 — T,0 5 R". This implies .

To prove the lemma, it remains to show that 7 is tame. The R"-sliced sc-retraction r
is tame by definition. Hence, for all © € U, we compute, using and property Defini-

tion [1.3.1)(1) of r,
dioyxc(F(7)) = draxc(7(x)) = druxc(r(z)) = droxe(r) = diyxc(®),

verifying property Definition (1) for 7.

To verify that 7 satisfies property Definition (2), let 2 € Oy. Then x € O, and so
by the corresponding property of r and by [34, Prop. 2.9], the sc-subspace A := (idgnyr —
D,r)(R™ x E) of R" x E satisfies

R"xE=T,00A (1.20)

and A C (R" x E),. By the sliced retraction property ([1.13)) of » and the definition of A, we
conclude that A C {0} x E holds. Then we have A C (R” x E), N ({0} x E) = ({0} x E),
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by (T.19). We claim that {0} x E = 7,0 & A holds, completing the proof that 7 is tame.
Indeed, it follows from (1.15)), (1.20), and A C {0} x E that we have

{0} xE=(T,0N ({0} xE)) 3 A=T,0& A.

1.3.2 Sliced bundle retracts

In this section, we introduce the new notion of R™-sliced bundle retracts (Definition [1.3.4).
We prove in Lemma that a R"-sliced bundle retract K covering a R"-sliced sc-retract
O induces a tame bundle retract K C K covering the induced tame sc-retract @ ¢ O from
Lemma m The global definition of a slice B C B of a bundle p : £ — B (Definition
is then a subspace such that around every point & € B there is a bundle chart for p to
a R™sliced bundle retract K that locally identifies p~'(B) with the induced tame bundle
retract K.

We first recall the local structure of tame strong bundles: tame bundle retracts. Consider
a relatively open subset U of a partial quadrant C' of a sc-Banach space E, and another sc-
Banach space F. Then the trivial bundle

U<F—U (1.21)

has total space U <IF = U x [ as a set, and the map is projection onto U. The triangle <
signifies the extra structure of a double filtration on the set U xF. That is, for 0 < k < m+1,
we have

(U < ]F)me =U,, & F.

Then, for i = 0,1, we define the sc-structure (U < F)[i] by
(U <F)[i]))m = Up, & Fpsi, m > 0. (1.22)

The purpose of defining these two filtrations is that they correspond to the two notions of
smoothness of a section of a bundle that are important for polyfold theory. Precisely, a
section s : U — U < F is called sc-smooth if it is sc-smooth as a map to (U < F)[0]. If,
moreover, we have s(U) C (U < F)[1] and the map s : U — (U < F)[1] is sc-smooth, then s
is called a sct-section. See [34], Def. 2.24] for a detailed discussion.

A strong bundle map @ : U <F — U’ < F' [34, Def. 2.22] is a map which preserves the
double filtration and is of the form @(x,&) = (p(z), ['(x,€)), where the map I" : U <F — [’
is linear in £. In addition, for ¢ = 0, 1, we require that the maps

& (UaF)[i] — (U <F)[i]

are sc-smooth. A strong bundle isomorphism is an invertible strong bundle map whose
inverse is also a strong bundle map.
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To extend ([1.21]) to a notion of a trivial bundle over a sc-retract, we employ the following
notion of a retraction in the fibers. A strong bundle retraction is a strong bundle map
R:U < F — U <F satisfying Ro R = R. As a consequence, the map R has the form

R(z,§) = (r(z), ['(z,£)), (1.23)

where r : U — U is a sc-smooth retraction and I'(z,-) : F — F is a linear projection
for every x € U. If r is tame, then R is called a tame strong bundle retraction. The
image K := R(U < F) of R is called a strong bundle retract [34, Def. 2.23], as is the triple
(K,C < F,E <F). We say that K covers the sc-retract O = r(U). If R is tame, then K is
called a tame strong bundle retract. The projection U <<IF — U induces a mapping K — O,
which we call a strong local bundle model.

We now introduce the new notion of a R"-sliced bundle retract.

Definition 1.3.4. Consider a partial quadrant C' of a sc-Banach space E, an open subset
UCR"xC for somen >0, and another sc-Banach space F.

A tame bundle retraction R: U QF — U < F is called a R™-sliced bundle retraction
if the tame sc-retraction v : U — U covered by R (see ) is a R"-sliced sc-retraction
(Definition [1.3.9).

If so, then the tame bundle retract K = R(U <F) (and the triple (K,R"x C<F,R" xE<
IF)) is called a R™-sliced bundle retract and the tame local bundle model K — O :=r(U)
15 called a R™-sliced local bundle model.

In the following lemma, we show that for any R"-sliced bundle retract K in R" x C' < F,
the set K := KN ({0} xC QJF) is a tame bundle retract. Later, we use the inclusion K ¢ K
to define the local models for the restriction of a bundle to a slice (Definition |1.5.7)).

Lemma 1.3.5. Consider a partial quadrant C of a sc-Banach space E, another sc-Banach
space B, and a R"-sliced bundle retract (K,R" x C <F,R" x E < F) covering a R"-sliced
sc-retract (O,R" x C,R™ x E). Let 7 : K — O denote the local bundle model given by
restriction of the projection along the fiber R x C' qF — R" x C.

Then, for any open subset U C R™ x C' and R™-sliced bundle retraction R : U <1F — U <F
covering a R"-sliced sc-retraction v : U — U such that r(U) = O and R(U < F) = K, the
set U := U N ({0} x C) is open in C' and the restriction

R:=R|gy:U<F > U<F

is a tame bundle retraction onto K := R(U <A F) covering the induced tame sc-retraction
7: U — U onto the induced tame sc-retract O = O N ({0} x C) (see Lemma . We call
R the tame bundle retraction induced by R.

Moreover,

K=Kn{0}xC<F) =7"40) (1.24)
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holds, so in particular K does not depend on the choices of U and R. We may view K asa
subset of C <F, and we call (f(, C <F,E<TF) the tame bundle retract induced by the
R"-sliced bundle retract (K,R" x C 9F,R" x E < F).
In particular, the R™-sliced local bundle model w : K — O restricted to K is a tame local
bundle model
fo=nlg: K =0, (1.25)

which we call the induced tame local bundle model.

Proof. The map R is a strong bundle map and satisfies R o R = R, by the corresponding
properties of R, so R is a strong bundle retraction. Moreover, R is tame because it covers
the tame sc-retraction 7.

We now verify that the first equality in holds. The forwards inclusion is immediate
from the definitions. To see the reverse inclusion, let (z <§) € K N ({0} x C < F). Then
r=m(z<E € ON ({0} x C) = O, where 7 : K — O is the local bundle model given
by restriction of the projection along the fiber 7 : R" x C <F — R" x (. In particular,
x < ¢ is in the domain of R = R|j_. Since R is a retraction onto K, it follows that

(x<é) =Rx<é =R(x< € im(R) = K, as required. The second equality in ([1.24)

holds from the definitions and O = O N ({0} x C). O

1.3.3 Sliced sc-Fredholm germs

In this section, we review the standard notion of a local sc-Fredholm germ (Definition
and we introduce the new notions of a tame sc-Fredholm germ (Definition and a R"-
sliced sc-Fredholm germ (Definition[1.3.8). We later use tame sc-Fredholm germs as the local
models for our new notion of a tame sc-Fredholm section o : B — £ (Definition of a
tame strong bundle p : £ — B, and we use R"-sliced sc-Fredholm germs as the local models
in our definition of a slice B C B (Definition of a sc-Fredholm section o.

We prove in Lemma that a R"-sliced sc-Fredholm germ o : O — K of a tame
local bundle model K — O induces a tame sc-Fredholm germ & := 0|5 : O — K of
the induced tame local bundle model K — O from (1.25). The sc-Fredholm index (L.27)
satisfies ind(5) = ind(c) —n. The global definition of a slice B C B of a sc-Fredholm section
o : B — & is then a slice of the bundle such that around every smooth point z € B, there
exists a chart in which o is a R™-sliced sc-Fredholm germ and such that the restriction
ol : B — p~1(B) is locally identified with the induced tame sc-Fredholm germ.

All currently known sc-Fredholm sections arising in applications are tame sc-Fredholm
by construction; see Section for a discussion of the tame sc-Fredholm property of the
Cauchy-Riemann section 0.

We now briefly review sc-germ language. Let C' be a partial quadrant of a sc-Banach
space E. Then a sc-germ of neighborhoods around 0 € C' [34, Def. 3.1], denoted

U(C,o),
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is a sequence
U=U0)>U(1)DU22)D---

where U(m) is a relatively open neighborhood of 0 in C'N E,,,. We often write U = U(C,0)
for brevity. A sc®-germ h : U(C,0) — F [34, Def. 3.2] into the sc-Banach space F is a
continuous map h : U(0) — F such that h(U(m)) C F,, and h : U(m) — F,, is continuous
for all m > 0. A sc'-germ h : U(C,0) — F is a sc’-germ which of is class sc! in the same
sense as for a usual map except that the sc-differential D,k is required to exist only for
x € U(1) (where U(1) can be smaller than U(0) N E; in the germ case); see [34, Def. 3.2]
for a precise definition. We can in turn define a tangent map on the tangent of a germ and
then iterate the notion of sc! to define a sc-smooth germ.

It is convenient to denote any section of a trivial bundle by A(z) = (z, h(x)) : U — U <F.
We refer to h : U — F as the principal part of h.

Recall the standard notion of a local sc-Fredholm germ.

Definition 1.3.6. [3], Defs. 3.5, 3.6, 3.7] Consider a tame strong bundle retract (K,C <
F.E <) covering the tame sc-retract (O,C,E) and a sc-smooth section o : O — K of the
local bundle model K — O. Assume 0 € O.

Then o is called a local sc-Fredholm germ if the following conditions hold:

(a) There exists a sc-germ of neighborhoods U(C,0) around 0 € C' and a tame sc-retraction
r:U — U ontor(U) = O covered by a tame bundle retraction R : U <F — U QF onto
R(U<F)=K.

(b) The principal part o : O — F of o has the property that the composition
ocor:U(C,0)—»F
possesses a filling
h:U(C,0)— U(C,0)<T,

which is a section of the trivial bundle U(C,0) < F — U(C,0) whose principal part h :
U(C,0) — F is a sc-smooth germ and such that the following conditions (i) — (iii) hold.
Recall that R is of the form R(x,§) = (r(x),[(x,€)) where I'(x,—) : F — F is a linear

projection.

(i) o(x) = h(x) for x € O.
(i) If v € U and h(z) = I'(r(x),h(z)), then z € O.
(i1i) The linearization of the map x — (idp — I'(r(z),-))h(x) at the point 0, restricted to
ker Dyr, defines a linear sc-isomorphism ker Dor — ker I'(0, -).

(c) There exists a sct-section s : U — U < satisfying s(0) = h(0), a sc-Banach space W,
a sc-germ of neighborhoods

U =U'(C",0) C C"=1[0,00)° x RF¥* x W
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centered around 0 € C" for some k > s > 0, and a strong bundle isomorphism
V:U<F - U <R x W
(for some k' > 0) covering a sc-diffeomorphism
U — U
satisfying ¥(0) = 0 and such that the principal part of the section
b:=Wo(h—s)otp™ U - U <R xW
1s a basic germ. This means that the principal part
b:U —RY xW

of b is a sc-smooth germ satisfying b(0) = 0 and having the following property: Letting
P :R¥ x W — W denote projection onto W, the germ Pob : U — W is of the form

Pob(a,w) =w— B(a,w),

for (a,w) € ([0,00)° x R¥=*) x W, where B is a sc-smooth germ and B(0) = 0. Moreover,
B satisfies the contraction property: for every e > 0 and integer m > 0 there exists 6 > 0
such that

(@, w)lm, (@, w)]|m <0 = [[B(a,w) = Bla,w)|lm < €lfw — w'[|m. (1.26)

The notation || - ||, means the Banach norm in the m-level of the sc-structure. We use the
convention| that the m-norm || - ||, on (R¥ x W),,, = R* x W,,, is the sum of the standard
Buclidean norm on R¥ plus the W,,-norm.

The index of the local sc-Fredholm germ o is the integer
ind(o) ==k —k, (1.27)

where k and k' are the dimensions of the finite dimensional spaces split off in the domain
U’ ([0,00)% x RF=*) x W and codomain R* x W, respectively, of the basic germ b.

We now introduce a new class of sc-Fredholm germs, called tame sc-Fredholm.

Definition 1.3.7. A local sc-Fredholm germ o : O — K is called a tame sc-Fredholm
germ if the structures that exist by Definition[1.5.6 of local sc-Fredholm germ can be chosen
such that the partial quadrant C' is in the standard form (1.5), i.e. C = [0,00)* x E' C

3This convention is equivalent to using any norm on R¥ and any standard norm on a Cartesian product
that is equivalent to the sum norm.
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R x E' = E for some sc-Banach space E' and integer s > 0, and such that the re-
quired sc-diffeomorphism 1 : U — U’ in Definition (c) is the restriction of a linear
sc-isomorphism of the form
Y =idjpoeys X P :[0,00)° x E' — [0,00)* x RF* x W,
(v,€) = (v, 9(e))
for some linear sc-isomorphism
P E — R x W,

The following new class of sc-Fredholm germs, called R"-sliced sc-Fredholm, is defined
for sections of R™-sliced local bundle models K — O (Definition [1.3.4)).

Definition 1.3.8. Consider a R"-sliced bundle retract (Definition
(K,R" x C 9F,R" x E < F)
covering the R™-sliced sc-retract
(O,R" x C,R" x E).

Assume 0 € O and that the partial quadrant is in the standard form ((1.5)), i.e. C' = [0, 00)* x
E CcR* xE' =E for some s > 0 and sc-Banach space E'.

Then a local sc-Fredholm germ
c:0—-K

of the R"-sliced local bundle model K — O is called a R™-sliced sc-Fredholm germ if the
structures that exist by Definition of local sc-Fredholm germ can be chosen such that
the sc-Banach space W and sc-diffeomorphism ¢ : U — U’ from Definition[1.5.6(c) have the

following form: First, we have )
W =W x R"

for some other sc-Banach space W. Moreover, the sc-diffeomorphism 1 : U — U’ is of the
form
PR % [0,00)* xE' DU — U’ C [0,00)° x RF* x W x R" (1.28)
(p,v,€) = (v, 9(e), A(p, v, )

for some linear sc-isomorphism

P E - RO W

and such that the map
(p,v,e) — A(p,v,e) € R"

is C' on all levels R™ x [0,00)* x E! form > 0.
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Remark 1.3.9. Given a local sc-Fredholm germ o : O — K of a local bundle model K — O,
all essential properties of the setup are preserved after restricting to the m-level of the sc-
structure for any m > 0. Precisely, the m-shifted map K™ — O™ is a local bundle model
and olom : O™ — K™ is a local sc-Fredholm germ [34, Cor. 5.1] with the same index
ind(o|om) = ind(o).

In particular, if a local sc-Fredholm germ o : O — K satisfies the properties required of
a R"-sliced sc-Fredholm germ except for the C' reqularity of the map (p,v,e) — A(p,v,e),
then the 1-shift o|or : O — K is R"-sliced sc-Fredholm since the map X has the required
C' regularity on all levels m > 1 by [34, Prop. 1.7].

In the following lemma, we prove that a R"-sliced sc-Fredholm germ of a R™-sliced local
bundle model K — O (Definition [1.3.4) restricts to a tame sc-Fredholm germ of the induced
tame local bundle model K — O from ({1.25]).

Lemma 1.3.10. Consider a R"-sliced bundle retract (K,R" x C <F,R" x E<F) covering a
R"-sliced sc-retract (O, R x C,R" x E). Recall the induced tame local bundle model K — O
from .

Leto : O — K be a R"-sliced sc-Fredholm germ. Then, the restriction & := ol : O—K
is a tame sc-Fredholm germ with index satisfying ind(6) = ind(o) — n.

We call 0 the tame sc-Fredholm germ induced by the R"-sliced sc-Fredholm
germ o.

Proof. Since o is a R"-sliced sc-Fredholm germ, the partial quadrant is in the standard form
C =[0,00)°* x E' C R* x E' = E and there exists an open subset U C R" x C' and a R™-sliced
sc-retraction r : U — U onto r(U) = O that satisfies the conditions of Definition and
Definition [1.3.8], which we recall as we use them.

Since r satisfies the properties in Definition [1.3.6| of local sc-Fredholm germ, we can
assume that there exists a sc-germ of neighborhoods U (R" x C', 0) around 0 satisfying U(0) =
U (i.e. the 0-level open set in the germ is the open set U from above) such that r is covered
by a tame bundle retraction R : U <9F — U <F such that o or : U(R" x C,0) — F posesses
a filling

h:UMR" x C,0) = UR" x C,0) <F.

Since r is a R"-sliced sc-retraction covered by R, it follows by Definition that R is
a R"-sliced bundle retraction. As in Lemma [1.3.5] set

U:=Un({0}" xC)
and denote the induced tame sc-retraction and tame bundle retraction by
— U,
aF - U <F,

T =
T
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and the induced tame sc-retract and tame bundle retract by

O=#U)=0n{0}" x ),
K =R(U<F)=Kn ({0} x C<aF).

Also, let U (C,0) be the sc-germ of neighborhoods given on level-m by U (m) := U(m) N
({0}™ x '), or more concisely

U(C,0) := UR" x C,0) N ({0} x ).

We claim that the restriction

h = h|g(c) : U(C,0) = U(C,0) < F
is a filling for the composition & o 7 : U(c, 0) — F. It is a section of the trivial bundle
U(C,0)<F — U(C,0) and its principal part h is a sc-smooth germ, because we have

h = h|U(c,o)

and the corresponding properties hold for h. It remains to verify that the filler properties in
Definition (b).(i)-(iii) hold for & and h. These follow from the corresponding properties
of o and h, as we now describe. Property (i) is immediate since & and h are restrictions of
o and h, respectively. Write R(z, &) = (r(z), '(z,§)), as in (1.23). Consider the restriction
I := I'|g_z Then we have R(z,&) = (#(x), ['(z,€)). To verify (ii), let 2 € U and assume
h(z) = I'(7(z),h(z)). It follows that h(z) = I'(r(x), h(z)), which implies 2 € O by property
(i) for h. Hence z € UNO = O, as required. It remains to verify (iii) for h. We claim that

ker Do7 = ker Dyr. (1.29)

The forwards inclusion follows from 7 being the restriction of r. To see the reverse inclusion,
let £ € ker Dyr. By the defining property of a R™-sliced sc-retraction, we see that Dyr
preserves the R™-coordinate of ¢ and hence £ € {0}" x R® x E'. In particular, £ is in the
domain of Dyr, and moreover Dy7(§) = Dor(§) = 0. Hence holds. We now verify
that Definition M(iii) holds for h. From the corresponding property of h, the linearization
DyL at 0 of the map

L:U—F
x> (idg — I'(r(z),-))h(x)

restricts to a linear sc-isomorphism ker Dyr — ker I'(0, -). We must show that the lineariza-
tion at 0 of the map
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restricts to a linear sc-isomorphism ker Do — ker 1'(0,-) = ker I'(0,-). This follows from
and since L and 7 are the restrictions of L and r, respectively, to U. This completes
the proof that A is a filling for & o 7, as claimed.

To show that & is a local sc-Fredholm germ, it remains to verify the properties in Def-
inition m(c) Since ¢ is a R™-sliced sc-Fredholm germ, the corresponding properties in
Definition m(c) hold for ¢, and in addition the stronger properties in the definition of R™-
sliced sc-Fredholm germ (Definition hold: There exists a scT-section s : U — U < F
satisfying s(0) = h(0), a sc-Banach space of the form W = W x R" for some other sc-Banach
space W, a sc-germ of neighborhoods

U’ around 0 € ([0, 00)° x RF™*) x (W x R"),
and a strong bundle isomorphism
:U<F — U <R x (W x R")
covering a sc-diffeomorphism ¢ : U — U’ satisfying 1(0) = 0 and of the form
YR x [0,00)° xE DU = U’ C[0,00)° x RF* x W x R"
(p.v,€) = (v,9(e), A(p, v, €))

for some linear sc-isomorphism

P E - RS x W
such that, on all levels R™ x [0,00)* x E! for m > 0, the map
(p,v,e) = A(p,v,e) € R" (1.30)
is C''. Moreover, the principal part of the section
b:=Wo(h—s)oyp: U = U <aR¥ x (W x R") (1.31)

is a basic germ, which means that, for all @ € [0,00)* x RF"* and 2 € W x R” such that
(a,z) € U’, we have
Pob(a,z) =z— B(a,z2), (1.32)
where P : R¥ x (W x R") — (W x R") is projection onto W x R" and B : U’ — W x R" is
sc-smooth, satisfies B(0) = 0, and satisfies the contraction property .
Now, to verify that ¢ = 0|5 inherits the local sc-Fredholm germ property, consider the
restricted sct section

5:=s|;:U—U<F,
the linear sc-isomorphism given by

P :[0,00)° X E' = [0,00)* x RF™ x W
(v,€) = (v,9(e)),
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the open set
U= 9(0),
and the strong bundle isomorphism given by
U:U<F - U < (R xR*) x W
((v,€) <€) = (d(v,e) Qn(T((v,e) CE)),
where 1 : R¥ x (W x R") — (R¥ x R") x W is the reordering of factors map.

We claim that the principal part of the section

b:=Wo(h—38 oyt :U = U <(R" xR") x W (1.33)

is a basic germ, where now W plays the role of the sc-Banach space W in Definition M(c)
Let the maps

P:(R¥ xR") x W — W,
Ty - R" % W — W,
be the projections onto the W factor in their respective domains. Notice that we have
P=mz5oPo n—t. )
We write a € [0,00)° x R¥"* and w € W. Define the map
U = U
( w) = (0,97 (a,w)),

and from the definitions observe
7(a,w) = (a,w,M0,¢7" (a,w))). (1.34)
From the definitions and (|1.32)),(1.34]), we compute

P ob(a,w) = m5 0 Pomgw guyw oW o (h—35) o (a,w)
= T 0 P 0 g e © W 0 (h = 5)(0,7"
= My © P o Mgat siiyymn © W 0 (h = 5) 0 (97
=m0 Pobow(0,47 (a,w))
=Ty o Pobor(a,w)
= 7 ((w, A0, ¥} (a,w))) — B o7(a,w))

:w—ﬂ'WOBOT(CL,w).
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So, setting

BZ:WWOBOT:UW%W,

we have P o b(a,w) = w — B(a,w). Hence to complete the proof that b is a basic germ it

remains to show that B satisfies the contraction property ((1.26)).
Recall from ({1.34)) the map

AU —R”

(a,w) — N0,07 (a, w)).
For all m > 0, this map restricted to the m-level U,’n — R" is C! since the map A from
(1.30) is C* on every level by definition of R™-sliced sc-Fredholm germ, and since 1) is a

linear sc-isomorphism and hence C™ on every level. So, there exist constants 6/, > 0 and
Cr > 0 such that, for all ||(a, w)||m, ||(a,w")||m < 6;,, we have the C"-estimate

[1A(a, w) = A(a, )

gr < Chy - ||(a, w) — (a, W) || = C - [|w — W] - (1.35)

Then by ((1.34) and our convention that the norm on a Cartesian product is the sum norm
(which is equivalent to any standard Banach norm on the product), we have the estimate
||T(a7 w) - T(CL, w/)Hm = ||<a’ w, )‘(a’ w)) - (CL, w/’ /\(a’ w,))Hm
= [|A(a, w) = Aa, w')|[gn + [[w — w'[|m,
< (Cpn+1) - ||lw— |- (1.36)
We now verify the contraction property ((1.26) for B. Let ¢ > 0 and m > 0. By the
contraction property which is satisfied for B, there exists ¢/, > 0 such that (1.26)) holds for

B and
e, =¢/(Cpn+1).

Shrink 9/, > 0 to be smaller than the 4, for which ((1.36)) holds. We claim that
O =0, /(Cpy + 1)

satisfies (T.26) for B and e. Indeed, consider some ||(a,w)||m,||(a,w')||m < 6m. Then by
7(0) = ¢(0,v71(0)) = 0 and ((1.36)), we have

||T(aa w)Hma ||7‘(a, w,)Hm < (Cm + 1) Oy = (xn-
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We compute, using the contraction property (1.26) for B and the estimate ([1.36)),

1B(a,w) = B(a,w)||m = |7 0 Bo7(a,w) = m 0 Bor(a,uw)||n
<||Bot(a,w) — Bort(a,w)||m
= ||B(a, w, \a,w)) — Bla,w', \a, w))||m
<€, - [|(w, Aa, w) = (W', Ma, w))||m
= €, - [|(a,w, Aa, w)) = (a,w', ANa,w"))|[m
= € ||7(a,w) — 7(a, 0')||m
S (Cn+1) e lw—w|n

= c-Jlw — /||

This completes the proof that holds for B, and hence that b is a basic germ.

We have shown that ¢ is a local sc-Fredholm germ. Moreover, ¢ is a tame sc-Fredholm
germ because we have b= idjp,00)s X 1 by definition of ¥, where 1 : E' — RF~ x W is the
linear sc-isomorphism given by the R"-sliced sc-Fredholm germ property of o.

The claimed index formula holds because, by definition of the sc-Fredholm index (|1.27)
and the form of the basic germs b (1.31) and b (1.33), we have ind(c) = k — k' and
ind(c) =k — (K +n). O

1.4 Slice coordinates for local submersions to R"

The purpose of this section is to prove Lemma |1.4.2] which generalizes the local submersion
normal form (Lemmal[l.2.3)) for sc-smooth maps f : U — R™ where the domain U C [0, 00)® x
E is open to maps f : O — R™ where the domain is a tame sc-retract (O, [0,00)* X E, R* x E).
This means that the set O = r(U) is the image of a tame sc-retraction r : U — U (see
Defintion , which can have much more complicated local structure than the open set
U, for example locally varying dimension. In this case, the local submersion normal form
is obtained by a change of coordinates around any smooth point x € O, at which f is
submersive and satisfies f(z) = 0 such that the sc-retract in the new coordinates is a R"-
sliced sc-retract (Definition with induced tame sc-retract (see Lemmall.3.3)) identified
with a neighborhood of z in f~1(0)NO. For this reason, we call the sc-diffeomorphism with
this R"-sliced sc-retract slice coordinates around x.

Moreover, given a tame local bundle model K — O and a tame sc-Fredholm germ
o : O — K (Definition , and assuming that f is compatible with ¢ as explained in
Lemma [1.4.2[III), we prove that o in the new slice coordinates around x is a R"-sliced sc-
Fredholm germ (Definition |1.3.8)) and its induced tame sc-Fredholm germ is identified with
the restriction of o to f~1(0)NO!. See Section for a discussion of why evaluation maps
f = ev at marked points are compatible with the Cauchy-Riemann section o = 9.

For simplicity, in this section we take all partial quadrants C' to be in standard form
C =[0,00)* x E C R* x E. There is no loss of generality because all partial quadrants are
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linearly sc-isomorphic to a standard partial quadrant by definition (see (1.4])) and hence all
sc-retracts are sc-diffeomorphic to sc-retracts in standard partial quadrants.

The notion of submersion that we use in Lemma|1.4.2} as in the local submersion normal
form in sc-calculus (Lemma , requires surjectivity of the tangent map relative to the
boundary: For a point x € O, N ({0} x E), we require that D, f(7,0 N ({0} x E)) = R™
Recall that TRO = T,0 N ({0} x E) is the reduced tangent space at = (see (1.12)). In the
following lemma we interpret 720 as the tangent space at z along the corner O N ({0} x E).

Lemma 1.4.1. Consider a standard partial quadrant [0,00)° x E and a tame sc-retract
(0,[0,00)* x E,R* x E). Then, for any open subset U C [0,00)* x E and tame sc-retraction
r:U — U ontor(U) = O, the restriction of r to Ug := UN ({0} x E) is a tame sc-retraction

ro:=71ly, : Us = Up

onto

Oa =0nN ({0} X E)

In particular, the tuple
(0s,E,E)

18 a tame sc-retract, which we call the boundary sc-retract associated to the tame
sc-retract O.
Moreover, for all x € O}, we have

1,05 = T,0 N ({0} x E) = TFO. (1.37)

Proof. Since r is tame, for @ € Uy we have djg ) xg(r(2)) = djo,c0)sxr(x) = s, and hence
r(x) € Us. Thus r9(Uy) C Uy holds. It is then immediate that ry is a sc-smooth retraction,
as the restriction of the sc-smooth retraction r. Moreover, the domain Uy of ry is an open
subset of a cornerless partial quadrant, i.e. Uy C [E, and hence r trivially satisfies the tameness
hypotheses.

We now prove that the image of ry is Oy. Indeed, if z € im(rp) then z € O and
x € Uy C {0} X E, hence z € Oy. For the reverse inclusion, if z € ON ({0} x E) then x € Uy
and hence z = r(z) = ry(x).

It remains to prove that holds. Let & € T,O0py. Then £ € {0} x E and D,r(§) =
D,ry(&) =&, s0 € € T, O. To prove the reverse inclusion, let £ € 7,0 N ({0} x E). Then we
have D,ry(&) = D,r(§) = £, which implies £ € T,0y, as required. O

In the following lemma, we construct the slice coordinates around a smooth point x in a
tame sc-retract O at which a sc-smooth map f : O — R” is submersive on the tangent space
T,0Oy at x to the associated boundary retract Oy from Lemma , ie. D, f(T,05) = R".

The statement of the lemma is in three parts: (I) provides slice coordinates for f~1(0),
(IT) provides slice bundle coordinates for the restriction of a bundle retract to f~*(0), and
(ITI) provides slice sc-Fredholm coordinates for the restriction of a sc-Fredholm section.
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Lemma 1.4.2.

(I) Consider a tame sc-retract (O, [0,00)° x E,R* x E) and a sc-smooth map f : O — R™.
Let Oy = ON({0}* X E) denote the boundary sc-retract associated to O (see Lemmal1.4.1),
and fa := flo, : Oy — R™ the restriction of f. Suppose that, at some x € (Og)o satisfying
f(z) =0, the tangent map D, fs : T,Oy — R™ is surjective.

Then, there exists an open subset
Oco,

a sc-Banach space K, a R"™-sliced sc-retract

(O, R" x [0,00)° x KI, R" x R® x K), (1.38)
and a sc-smooth diffeomorphism R
g:0—=0
satisfying ) )
g(f7H0)NO) = O N ({0}" x [0,00)* x K!) =: O'. (1.39)

Here, @ is the tame sc-retract induced by O’ (see Lemma .

We view g as providing slice coordinates @' C @' around z with respect to (f7H0)n

o' c 0.

(IT) Consider, in addition, a tame strong bundle retract (K, [0,00)° x E 9 F,R* x E < F)
covering the tame sc-retract O. Let K = 1~ (O) where 7 : K' — O is the 1-shifted local
bundle model. Set

K' = (g <idp )(K).

Then, the tuple
(K',R" x [0,00)* x K < F} R" x R® x K < F!) (1.40)

is a R"-sliced bundle retract covering the R™- slzced sc-retract - In particular, the
induced tame strong bundle retract K' (see Lemma covers the induced tame sc-retract

O/
Moreover,

(9 <idp)(m Y (f7H0) N O)) = K’ (1.41)

holds, so we view (g<Vidg:) as providing slice bundle coordinates K’ C K’ for = around
r with respect to (f~1(0) N O c O

(ITT) Consider, in addition, a tame sc-Fredholm germ o : O — K (Definition . As-
sume that x = 0 and that o has the following property: There exists a choice of sc-Banach
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space W and linear sc-isomorphism 1) : E — RF™5 x W satisfying the conditions in Def-
inition of tame sc-Fredholm germ for o such that, in addition, there exists a sc-
complement L of ker D, fo in T,Oy satisfying

P(L) € ({0} x W). (1.42)

Then, the section
o' = (g<idm)oocogt: 0 = K

1s a R"™-sliced sc-Fredholm germ. In particular, the restriction to the induced tame local
bundle model 3 3
7 =05 :0 =K'

is a tame sc-Fredholm germ with index satisfying ind(é') = ind(c) — n.

We view 6" as being in slice sc-Fredholm coordinates around = with respect to

(f~1(0)NOY) c O,

Proof. Proof of (I): Consider any open subset U C [0, 00)* X E, tame sc-retraction r : U — U
onto r(U) = O, and the associated retraction on the boundary (see Lemma denoted
by rg : Ug — Uy where Uy = U N ({0}® x E).
Set
K :=ker D,(fyory) C T, Us = E.

Let L C E, be a sc-complement of ker D, fy in T,Og, which exists by Lemma [1.2.2] since
the surjection D, fs : T,Oy — R™ induces an isomorphism 7,05/ ker D, fy = R". Note that
the restriction

D.fslr : L - R"” (1.43)

is an isomorphism.
We claim that L is a sc-complement of K in E, i.e.

E=K®& L. (1.44)

First, note that the sc-splitting [E = 7,0y @ ker D,ry holds since D,ry : E — E is a linear
sc-retraction with image 7T,0y. Hence we have

E = (L @ ker D, fs) & ker D,rp.

From this description of E together with the definition of K, we claim that ker D, fy &
ker D,ry = K follows, which then implies . Indeed, write ¢ €e E as € =1+ n+ v for
some [ € L,n € ker D, fs, and v € ker D,ry. Note that D,rg(n) = n and D,rs(l) = [ since
777l € Tx08 Then lff € K we have 0 = Dx(f@ O Ta)(f) = Da:f@(l) + D:L‘f@(n) = Dxf@(l>a
which implies [ = 0 by , and hence £ = n+ v € ker D, fg ® ker D,ry. To prove the
reverse inclusion, observe that if £ = n+ v then D,(fyors)(§) = D.fa(n) =0 and so £ € K.

Hence (1.44]) holds.
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We now prepare to apply the normal form of a sc-smooth local submersion (Lemmall.2.3))
to the map
for:U—R"

Notice that the restriction of for to Ug = U N ({0}* x E) is equal to f5 o ry, and hence by
the hypothesized surjectivity of the map D, fs : T,Os — R™ and the definition of tangent
space 1,0y = D,rs(T,Up), it follows that the map

F .= Dx(f o T‘UO{O}SX]E) E— R"

is surjective with kernel K = ker F'. Hence Lemma [1.2.3| applies to the map f or and the
sc-complement L of K in E. The lemma provides an open neighborhood

UcU'c[0,00) x E!

of z in U', an open set
U CR" x [0,00)* x K,
and a sc-smooth diffeomorphism of the form
g:U—-U
(v,e) = (f or(v,e), v, pr(e)),

where pr : E = L ® K — K is the projection along L, such that on every level m > 0 the
map ¢ : U,, — Ul is a C"™l-diffeomorphism. In particular,

forog™t:U — R™is projection onto the R"-coordinate (1.45)

and also g preserves the [0, c0)®-coordinate.
We shrink the open sets U and U’ in the following way, so that the smaller open set
U c U has the property r(U) C U, making g U — U into a sc-retraction: Set
U=r(UnO)NU,
U= g(U).
The set U is open in U! because U N O is open in O and r : U — O is sc-continuous.

We claim that T(U ) C U, so r restricts to a tame sc-retraction 7 : U — U onto the tame
sc-retract

O = r(0).
Indeed, if y € U then r(r(y)) = r(y) € UN O, and so it follows that r(y) € U. Note that
U CR"x [0,00)* x K
is open since g is a sc-diffeomorphism, and moreover the restricted map

g:U—)U'
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is a sc-diffeomorphism.
The map
r'i=gorogt:U = U

is a sc-smooth retraction since ¢ is a sc-diffeomorphism and r is a sc-smooth retraction.
Indeed, r o r = r implies that " o’ = 7', Set

O =r'(U").

Notice that
O=r(0)=rog'(U) =g or'(U) =g }(O)
holds, so g restricts to a bijection
g:0 0.

This restriction is a sc-smooth diffeomorphism, as required, since gor : U — U’ is sc-smooth
and g tor : U — U is sc-smooth. Indeed, the definition of a map between sc-retracts
being sc-smooth is that these compositions with the sc-retractions are sc-smooth, where
the domain and codomain are now open subsets of sc-Banach spaces and sc-smoothness is
defined as usual.

We now prove that ' is a R™-sliced sc-retraction, and so O is the required R"™-sliced
sc-retract . We must show that r is tame and satisfies the defining property of

a R™-sliced retraction, i.e. that r preserves the R"-coordinate. To prove (1.13)), notice from
the definitions and (1.45]) that we have

(fog™)or = forog™ = ma.
Since r’ o’ =1/, we have
mrn ot = (fog ) or' or = (fog™')or = mgn,

completing the proof of (1.13]).
We now verify that r’ is a tame sc-retraction. The property Definition [1.3.1(1) for »' =

gorog ! holds because it holds for r and since g preserves the [0, c0)*-coordinate. To verify
property Definition (2) for 7/, let o/ € @ and set i := g~ (/) € Ox. Since r is a tame
sc-retraction, there exists a sc-subspace A C R® x E! such that R® x E! = 7,0 @ A and
A C (R* x E'),. We claim that A" := D,g(A) is the required sc-subspace of R" x R* x K.
First, since g is the identity on [0, 00)*®, the tangent map D,g is the identity on R®, and thus
A" C (R" x R* x K'), by (L.§). Moreover, by definition of 7’ and the tangent space of a
retract we have Ty, 0" = D,,'(T,,U") = D,g(Dyr(T,U)) = D,g(T,0). Hence, since D,g is a
linear sc-isomorphism, we have R” x R* x K! = D,g(R* x E') = D,g(T,0® A) = T,0' ® A,
as required. This completes the verification that 7’ is a R"-sliced sc-retraction and hence
(1.38) is indeed a R"-sliced sc-retract.

To complete the proof of (I), it remains to show that (1.39) holds. First, recall from
above that g(O) = O'. Let y € g(f~'(0) N O). Since g~'(y) € O is in the image of the
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retraction r, it follows that 0 = fo g !'(y) = forog'(y), and hence (1.45) implies
y € {0}" x [0,00)* x K!, proving the forwards inclusion in (1.39)). For the reverse inclusion,

let y € O'N({0}" x[0,00)* x K'). Then, again by (1.45)), we have fog~!(y) = forog=!(y) =
mre(y) = 0. This proves the reverse inclusion and hence the equality (1.39).

Proof of (II): After shrinking the original open set U C [0,00)* x E, we can assume that
there exists a tame bundle retraction

R:U<F S U<«F
(y,€) = (r(y), I'(y,€))

onto R(U < F) = K covering r. Since r restricts to a retraction r : U — U onto O as
discussed above, it follows that R resticts to a tame bundle retraction R : U < F! — U < !
with image the tame bundle retract

K =R({U<F') =x710),

where 7 : K — O! is the 1-shifted tame local bundle model.
Set

I'": U «F' - F!
.~ T ()¢

We claim that the map
R =U<F' - U <F'
W, 8 = ("'(y), I"(y.€))

is a R™-sliced bundle retraction onto

A

K':= (g < id[pl)(K),

proving that is a R"-sliced bundle retract covering the R"-sliced sc-retract . It
is then immediate from Lemma [L.3.5 that the induced bundle retract K’ covers the induced
sc-retract O’ , as claimed. Since 7’ = gor o g~!, we can write R’ as a composition of strong
bundle maps

R = (g <idgm)o Ro (g7 <idm),

and hence R’ is a strong bundle map. In addition, R o R" = R’ follows from Ro R = R. Thus
R’ is a bundle retraction covering the R™-sliced sc-retraction r’, which implies that R is a
R"-sliced bundle retraction, as desired. Moreover, by definition of K" we have R'(U’' <F') =
(9 <idg)oR(U<FY) = (g <idg )(K) = K'. Thus K’ is indeed the desired R™-sliced bundle
retract (1.40).
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We now prove . Let 7’ : K’ — O’ denote the R"-sliced local bundle model, which
restricts to the induced tame local bundle model # = 7|z, : K’ — O’ (sce (L.25)). Here
K' = 7'1(0') is the tame bundle retract induced by the R™-sliced bundle retract K’ (see
([1.24)). To prove (L41)), let y € f~1(0) N @~and let & € 7~ !(y). Then, by (1.39), we have
g9(y) € O, and hence (g < idp)(&) € 7'(O') = K, proving the forwards inclusion. To

see the reverse inclusion, let £ € K'. Set y = 7'(£) € O'. Then, again by (1.39), we have

g M y) € f71(0)N O and hence (¢~! <idp)(€) € 71 (f~1(0) N O). This proves (L.41]), com-
pleting the proof of the statements in (II).

Proof of (IIT): To prove that the section

o' = (g<idm)ocogt: 0 = K
is a R"-sliced sc-Fredholm germ (Definition [1.3.8)), we must first show that it is a local sc-
Fredholm germ (Definition . Since the given section ¢ is a tame sc-Fredholm germ
(Definition by hypothesis, by shrinking the original open set U C [0,00)* x E we can
assume that the tame sc-retraction r : U — U satisfies the properties guaranteed by the
definition of a tame sc-Fredholm germ. Moreover, the 1-shifted section o|;m : O — K is
also a tame sc-Fredholm germ (see Remark , and since U C U! is an open subset of
the 1-shift of U, the retraction r : U — U onto r(U ) = O and the tame bundle retraction
R covering r also satisfy the properties required in the definition of tame sc-Fredholm germ
for olg : O — K. We explain these properties as we use them.

There exists a sc-germ of neighborhoods U ([0, 00)® x E!, 0) around 0 such that the 0-level
U(0) in the germ is equal to U and such that the composition o or : U([0,00)* x E!, 0) — F
possesses a filling (see Definition [1.3.6{(b))

h:U([0,00)° x EY,0) = U(]0,00)° x E!,0) < F*,

where o means the principal part in F! of 0. By hypothesis and the construction of @, we
have z =0 € f~1(0) N O, and so it follows from the form of g above that

9(0)=0€ 0. (1.46)

The sc-germ of neighborhoods around 0 given by the image of U ([0,00)* x E!,0) under g,
ie.
U'(R" x [0,00)° x K, 0) := g(U([0,0)* x E,0)),

A~

has 0-level U’(0) equal to the set open set U’ = g(U) above. From now on, we abbreviate
the sc-germs of neighborhoods simply by their 0-level, i.e. by U and U’.
We claim that the map
B = (g<idpm)ohog t:U — U <F.

is a filling of ¢’ o7’ : U’ — F'. The required properties Definition [1.3.6|b).(i)-(iii) of a filling
hold for A’ because they hold for h, as we explain now. To verify (i) for A/, let v € O'.
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Then y := g '(y ) € O, so by (i) for h we have o(y) = h(y), which implies o’(y') = W (3/)
by definition of ¢’ and P/, as required. To verify (ii), let ¢/ € U’ and assume h'(y’) =
I'('(y), W (y)). Then, setting y := ¢~*(/) € U, we have h(y) = h'(y') = I'(r(y), h(y)).
Hence y € O by property (ii) for h, so ¢/ € g(O) = @', as required. We now verify property
(iii) for A'. Property (éiz) for h says that the linearization DyA at 0 of the map

A:U =T
y = (idp — I'(r(y), -)h(y)
restricts to a linear sc-isomorphism ker Dor — ker I'(0, ). We must show that the map
AU —F!
y e (ide = I7(r' (), )0 ()
restricts to a linear sc-isomorphism ker Dgr’ — ker I''(0, -). Note that, by definition of I and
by (1.46)), we have ker I''(0,-) = ker I'(g~'(0), ) = ker I'(0, -). Moreover, from the definition
of h' we have
h'(y) =hog (),
and so by definition of " we have
A=Aocg U —F.
Hence DyA’ restricts to the desired isomorphism since Dyg~! restricts to an isomorphism
ker Dor’ — ker Dyr by definition of ' and (1.46)). Hence A’ is indeed a filling of o’ o 7/, as
claimed.
To verify that ¢’ is a local sc-Fredholm germ, it remains to check the properties in
Defintion [1.3.6{(c). Since o : (’) — K is a tame sc-Fredholm germ, we have the following:

There ex1sts a sct-section s : U — U < F! satisfying s(0) = h(0), a sc-Banach space W, a
sc-germ of neighborhoods

U’ around 0 in [0, 00)° x RF™* x W
for some k£ > s, and a strong bundle isomorphism
U.U<F -5 U <aRY x W,
for some k' > 0, covering a linear sc-isomorphism
(T U—U

of the form B
¥ =idpec)s X P :[0,00)° x E' = [0,00)° x R"* x W

for some linear sc-isomorphism

B 5 RS W,
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such that the principal part of the section
b:=Wo(h—s)oy U U <R xW (1.47)

is a basic germ.

By the hypothesis , we can assume that the subspace L C E. satisfies ¢)(L) C
{0}~ x W. We consider ¥(L) as a sc-subspace of W and let W be any sc-complement
W @ (L) = W which exists by [34, Prop. 1.1] since L is finite dimensional. After fixing any
linear isomorphism (L) — R”, we obtain a linear sc-isomorphism

T W=Wai(L) - W xR"
Define
Y = (idjo,00)sxrE-s X T) 09 © g U —[0,00) x RF* x W x R",
§ = (g<idm)osog U — U <F,
07 = ! (U7) = (idgeyaie X )T
¥ = ((id),00)s xrb—s X T) < (idgw X T))
oWo (gt Qidp): U aF = U" 9RY x W x R™.

We claim that the principal part of the section
Vo=0'o(h —s)o L :U" = U aR" x (WxR") (1.48)

is a basic germ, where here W x R™ plays the role of the space W in Definition M(c) By
hypothesis, the principal part b of the map ([1.47)) is a basic germ, which means that, letting

P:R¥ xW—W
denote projection onto W, we have, for a € [0,00)° x R*"* and w € W,
Pob(a,w) =w— B(a,w),

where B : U' — W is a sc-smooth germ satisfying B(0) = 0 and the contraction property

(1.26). Let i N
P RF x (W x R") - W x R”

be projection onto W x R". Define
B' =170 Bo (idjg)sxri-s X T) " : U" = W x R™.
Notice from the definitions that we have

P =70Px (idgr % 7')71.



CHAPTER 1. POLYFOLD REGULARIZATION OF CONSTRAINED MODULI
SPACES 44

Then, for a € [0,00)* x RF* and z € W x R" such that (a, z) € U”, we compute

P'ob'(a,z) =70 Po(idgw X T)™" 0 Mg iyen © W' 0 (W —5") 09" (a, 2)
=70 Pomp,moWo(h—s)oy (a7 (2))
=70Pob(a,7'(2))
=7(r'(2) = Bla,77(2)))
=2 — B'(a, 2),

so to prove that b’ is a basic germ, it remains to verify that B’ satisfies the contraction
property ([1.26]). Since 7 is a linear sc-isomorphism, for every integer m > 0 there exist
constants c¢,,, C,, > 0 such that, for all w € W, we have

|7 (@)[lm < Con - [|w][m,
and for all (a,z) € ([0,00)* x R¥%) x (W x R") we have

[(idss x 77 (@, )l < e - [1(2, 2]

Fix € > 0 and m > 0. Then since B satisfies the contraction property , there exists
0! > 0 that suffices for B and €, :=¢/(C,, cm) We claim that §,, := ¢/, /¢, suffices for B’
and e. Indeed, given a € [0, 00)° X Rk sand z, 2 € W x R” satistying ||(a, 2)||m, |[(@, 2)||m <
Om, we have ||(a, 77 (2))||m, (@, 772 fm < €m - 6m = d.,. So, we compute

||B/(a,Z)—B’(a7Z’)|Im=IIT( (a,77(2)) = Bla, 7 (2))llm
HB(a 7 H(2) - (a 7 () m
SCm-em-HT W) =77 I
:6/0m-\|7‘1(z—2)||m

< e[|z =2 |m,

as required. This completes the proof that b’ is a basic germ, and hence that ¢’ is a local
sc-Fredholm germ.

We claim that the additional conditions required for ¢’ to be a R™-sliced sc-Fredholm
germ are satisfied by construction. We must check that ¢’ : U’ — U” is of the required form
. Consider the projection

T:-W=WaoylL) W
along ¥(L) C {0}*=* x W. We have L ® K! = E! by (1.44)) and since L C E,,. Hence the

map _, B 3
U = (idge—s x T) 0P| (oyemx : K' = R x W
is a linear sc-isomorphism. Let (p,v,x) € U' C R™ x [0,00)* x K. By the form of the map
g above, we can write
g (p,v, k) =1 (v, ep0,) € [0,00)° x E!
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for some e, € E'. Moreover, we have pr(e,,.) = k, where pr is the projection pr : Et =
Lo K - K! along L. In particular, we have e,, , — & € L, from which we obtain a map
into {0} x R C W x R™ defined by

AU — R
(p7 v, ’i) = T(E(ep,v,n - "1))
This map is C" on every level (U’),, — R for m > 0 because g is a C'-diffeomorphism on
every level and the linear sc-isomorphisms 7 and 1) are C'"*° on every level. Then we compute

V' (p,v, k) =

( ) oo (v, epux)

= ( )o (Zd[()oo e X 1) 0 (v, €pu,n)
= (v, (idgr—s X T) 0 P(€p))
= (

= (

= (v,

ZdOoo)‘ Rk—s X T

ZdOoo)SX]Rk s X T

v, (idgi—s X 7)(0(K) + (epan — K)))
v, (idgi—s X T)((K)), 7((pe — K)))
& (1), A(p, v, ).

This proves that o’ is a R™-sliced sc-Fredholm germ. Hence, by Lemma[1.3.10] the restriction
&' = 0|5 : O — K'is a tame sc-Fredholm germ with sc-Fredholm index ind(5') = ind(o”) —
n. Moreover, by definition of index and by the forms of the basic germs and
(L.48), we have ind(c’) = ind(c). Hence ind(¢') = ind(c) — n. This completes the proof of
the lemma. [

Remark 1.4.3. We note some additional properties of the objects constructed in the proof
of Lemmall.4.2. These properties are required for the construction of quotients of polyfolds
by group actions in [55].

The sc-Banach space K is ker D, (fyory) C E, wherery : UN ({0} x E) - UN ({0} x E)
is the boundary sc-retraction associated to a tame sc-retraction v : U — U onto r(U) = O
from Lemma|1.4.1. There is a sc-complement L of ker D, fy in T,Opy, and moreover L is a
sc-complement of K in E. The change of coordinates g : [0,00)* x B! — R" x [0, 00)% x K!,
which is defined in a neighborhood of x, is of the form g(v,e) = (f o r(v,e),v,pr(e)) where
pr:E =LK — K is projection along L. In particular, in the case x = 0, the sc-differential
of g satisfies Dog({0} x L) = R" x {0} x {0} and Dog({0} x K') = {0} x {0} x K'.

1.5 Slicing tame sc-Fredholm sections with transverse
constraints

The theory of sc-Fredholm sections ¢ : B — £ (Definition [1.5.3) of tame strong bundles
p : € — B (Definition [1.5.2) over tame M-polyfolds B (Definition [1.5.1]) is developed in
[34]. In this section, we introduce the new stronger notion of a tame sc-Fredholm section
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(Definition [L.5.4]), which is the same as a standard sc-Fredholm section with the stronger
condition that the local sc-Fredholm germs (Definition can be chosen to be the tame
sc-Fredholm germs introduced in Definition [1.3.7} roughly, we require that the change of
coordinates that brings the local fillers into basic germ form can be chosen to be a linear sc-
isomorphism on the base. We also introduce the new notion of slices B C B (Definition
of sc-Fredholm sections o, which are subspaces of B in which the local sc-Fredholm germs are
R™-sliced (Definition : roughly, the dependence of the change of coordinates to basic
germ form on the normal directions to B in B splits off into a R"-factor in the codomain.

Tame sc-Fredholm sections and slices are the main objects of interest in this paper. In
this section, we prove our main Theorems [I.1.3] [I.1.5] Roughly, given a tame sc-Fredholm
section o : B — &£ and a sc-smooth map f : B — Y to a finite dimensional manifold Y that
is o-compatibly transverse (Definition to a submanifold N C Y, then f~(NN) is a slice
of 0. Moreover, given a slice B C B of a sc-Fredholm section o : B — &, the restriction ol
is tame sc-Fredholm. The generalizations of the concepts and theorems in this section to
the ep-groupoid case, which are required to handle isotropy in applications, are developed
in Section

In Section we explain why the Cauchy-Riemann section 0; : B — & is tame
sc-Fredholm and why evaluation maps ev : B — Y at marked points are dj-compatibly
transverse to every submanifold N C Y.

We begin with a review of standard M-polyfold notions.

Definition 1.5.1. [3], Defs. 2.6, 2.19]
e A tame M-polyfold chart on a topological space B is a tuple

V., (0, C,E)),

where V. C B is an open set, ¢ : V. — O is a homeomorphism, and (O,C,E) is a tame

sc-retract (Definition :

e A tame M-polyfold B is a Hausdorff paracompact topological space together with an
equivalence class of tame sc-smooth atlases. A tame sc-smooth atlas consists of a
cover of B by tame M -polyfold charts whose transition maps are sc-smooth. Atlases are
equivalent if and only if their union is an atlas.

A tame M-polyfold B carries a filtration by a sequence of topological spaces
B = (Bg<—>81<—7--~)

where the maps B,, — B,,+1 are continuous injections with dense image. This filtration is
provided locally by the sc-structure on the sc-retracts in charts, and it is independent of the
choice of charts due to sc-continuity of the transition maps. The smooth points B, of B are
the subset

Boo = ﬂmzoBm.



CHAPTER 1. POLYFOLD REGULARIZATION OF CONSTRAINED MODULI
SPACES 47

By forgetting about the first m > 0 levels of B, we obtain the m-shift B™ of B, which is the
M-polyfold
B™ := (B <> Bpy1 ¢ -+ +)

with charts given by restricting charts on B to the m-shift ¢ : V,,, =V nB,, = O,, = ONE,,.
Notice that a m-shift does not affect the smooth points, i.e.

By = B

The tangent space T, B at a point x € B; is defined as the set of equivalence classes of
tangent vectors in all charts around x, with the equivalence given by the tangent map of the
transition map between charts, which is a linear isomorphism on every tangent space; see
[34, Def. 2.11] for a precise treatment. The result is a Banach space structure on 7,8 and,
for any chart (V, ¢, (O, C,E)) containing x € V, a tangent map D, : T,V = T,B — T, O
which is a bounded linear isomorphism. If x € B, is a smooth point then ¢(z) € Oy is a
smooth point and T,.B inherits the structure of a sc-Banach space from the sc-Banach space
To@) 0.

The reduced tangent space TEB [34, Def. 2.20] is defined only for smooth points z € By,
as the subspace of T,,B such that

D¢ (TEB) = T4,,0, (1.49)

where Tﬁx)(’) is the reduced tangent space to a sc-retract . Note that, since the
reduced tangent space to a sc-retract is invariant under sc-diffeomorphisms of sc-retracts
only at smooth points, this global notion of reduced tangent space T2B is well-defined only
for smooth points x € By.

The degeneracy indezx dg : B — Ny is defined for z € B as the minimum over all charts
(V, ¢, (O,C,E)) containing € V of the degeneracy index in the chart do(¢(x)); see [34,
Def. 2.13]. For a smooth point x € B, it is explained in [34, Rmk. 2.4] that there is a global
interpretation of this quantity:

dp(z) = dim(T,B/TEB) for v € By. (1.50)
We now recall the definition of a tame strong bundle p : £ — B.

Definition 1.5.2. [3], Defs. 2.25, 2.26]

e (Consider a continuous surjective map p : &€ — B from a topological space £ onto a
topological space B such that, for every x € B, the fiber p~(x) = &, has the structure of
a Banach space. A tame strong bundle chart for p: & — B is a tuple

(p V), ®, (K,C <F,E<F))

in which (K,C <F,E<F) is a tame strong bundle retract (Section[1.3.9) covering a tame
sc-retract (O,C,E), i.e. K — O is a tame strong local bundle model. In addition, V C B
is the domain of a tame M -polyfold chart (V, ¢, (O,C,E)) and

P:p (V)= K
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1s a homeomorphism onto K that covers p, i.e.
TooP=pop (1.51)

holds on p=Y (V). Moreover, @ is linear on the fibers over V, i.e. for all x € V the map
@ : p~H(x) = 75 (¢(x)) is a bounded linear isomorphism of Banach spaces.

e A tame strong bundle p : & — B is a continuous surjective map from a paracompact
Hausdorff space £ onto a tame M -polyfold B such that every fiber has the structure of a
Banach space, together with an equivalence class of tame bundle atlases. A tame bundle
atlas consists of a cover of B by tame strong bundle charts whose transition maps are
sc-smooth. Atlases are equivalent if and only if their union is an atlas.

The tame strong bundle charts on a tame strong bundle p : £ — B induce a double
filtration &,  for m > 0 and 0 < k < m + 1 from the double filtration on the bundle
retracts in the charts. From this we distinguish the M-polyfolds E[i] for ¢ = 0,1, by the
filtrations

Elilm = Emmai, m > 0. (1.52)

Both projections
pli] - E[i] = B

are sc-smooth maps.

There are two notions of smoothness for a section of p (see [34, Def. 2.27]), which cor-
respond to the two projections p[i] for i = 0,1. A section s : B — £ is called a sc-smooth
section of p if s : B — £]0] is a sc-smooth section of the bundle p[0]. The section s is called
a sct-section of p if s(B) C £[1] and s : B — £]1] is a sc-smooth section of the bundle p[1].
The sct-sections become important when perturbating sc-Fredholm sections. They are anal-
ogous to compact operators in classical Fredholm theory. In particular, adding sc*-sections
to sc-Fredholm sections preserves the sc-Fredholm property [34, Thm. 3.2].

We now recall the definition of a sc-Fredholm section o : B — £.

Definition 1.5.3. [3/, Def. 3.8/

o Consider a section o : B — & of a tame strong bundle p : € — B. Let x € By, be
a smooth point. Then a tame strong bundle chart (p~(V),®,(K,C < F,E < F)) for p
covering a tame M -polyfold chart (V, ¢, (O,C,E)) on B is called a sc-Fredholm chart
for o at x if it satisfies v € V and p(x) =0 € O, and if the section

Pocop 0= K

of the local bundle model K — O is a local sc-Fredholm germ (Definition .

e A sc-Fredholm section o : B — £ of p is a section that has the following properties:
(1) o is sc-smooth.

(2) o is regularizing, which means that if x € By, and o(x) € Epmy1 then x € By, i.
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(8) For every smooth point © € By, there exists a sc-Fredholm chart for o at x. The
index ind, (o) of o at x is the index (1.27)) of the local sc-Fredholm germ in any such
chart.

We now introduce the new stronger notion of a tame sc-Fredholm section o : B — £ of
a tame M-polyfold bundle p : &€ — B.

Definition 1.5.4.

o Consider a section o : B — & of a tame strong bundle p : € — B. Let x € By be
a smooth point. Then a tame sc-Fredholm chart for o at x is a sc-Fredholm chart
(Deﬁnitionm) such that the local sc-Fredholm germ @ o o o o=t is in addition a tame

sc-Fredholm germ (Definition .

e A tame sc-Fredholm section o : B — & of p is a sc-Fredholm section (Deﬁm'tz'onm)
such that there exists a tame sc-Fredholm chart for o at every x € B..

Remark 1.5.5. Given a strong bundle p : € — B and a sc-Fredholm section o : B — &, we
obtain their m-shifts p : E™ — B™ and o : B™ — E™ by restricting domains and codomains
to the m-shifts E™ and B™. Performing this shift preserves all essential features of the
polyfold setup. In particular, o : B™ — E™ is a sc-Fredholm section of the strong bundle
p: E™ — B™ and the sc-Fredholm index is preserved [3, Cor. 5.1].

Crucially, the zero set of a sc-Fredholm section is preserved under m-shifts. Indeed, since
o7 10) C By by the regularizing property Definition (2) of o, it follows that c=1(0) =
o 1(0)NB™ = o|zm(0). Moreover, compactness of a=1(0) in the topology of By, for any fived
m > 0 is equivalent to compactness in the topology of B (see [34, Thm. 5.3, Cor. 5.1]).
For this reason, we can unambiguously refer to compactness of o=1(0) without reference to
the levels, and m-shifting preserves this compactness.

We now introduce the new notions of a slice B C B of a tame M-polyfold B, a slice
of a tame strong bundle p : £ — B, and a slice of a sc-Fredholm section ¢ : B — &
(Definition IE . Roughly, a slice is a subspace B such that for every point z € B there
is a tame M-polyfold chart that identifies a neighborhood of z in B with a R"-sliced sc-
retract (Definition [1.3.2)), and such that the induced tame sc-retract is identified with
a neighborhood of z in B. To be a slice of the sc-Fredholm section o, we additionally require
that, at smooth points z € B, = BNBu, we can choose the chart on B such that it is covered
by a bundle chart for p in which o is a R"-sliced sc-Fredholm germ (Definition . In
such a chart, the induced tame sc-Fredholm germ (see Lemma is identified with the
restriction of o to B near z. Globally, the result is that a slice of ¢ is a finite codimension
M-polyfold B embedded in B that is compatible with the local fillers for ¢ in such a way
that o restricts to a tame sc-Fredholm section over B (Theorem maﬂ)).

We first introduce the slice notions in charts.

Definition 1.5.6.
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e Consider a subspace B C B of a tame M-polyfold B. A R"-sliced chart with respect
to B C B is a tame M -polyfold chart on B of the form

V.9, (O, R" x C,R" x E)) (1.53)

where (O,R" x C,R" x E) is a R"-sliced sc-retract (Definition |1.3.9) with induced tame
sc-retract O = O N ({0} x C) (see (T.14)) satisfying

O=p(BNV). (1.54)

e Consider a tame strong bundle p : £ — B. A R"-sliced bundle chart for p with
respect to B C B is a tame strong bundle chart for p of the form

(p'(V),®,(K,R" x C < F,R" x E<TF)) (1.55)

covering a R"-sliced chart with respect to B C B as in (1.53)). In particular, the tame
bundle retract (K,R" x C <F,R" x E<F) is a R"-sliced bundle retract (Definition

covering the sc-retract O from (1.53)).

e Consiuder a section o : B — & of p and a smooth point x € Bs = BN B.. Then a
R"™-sliced sc-Fredholm chart for ¢ at x with respect to B C B is a R"-sliced bundle

chart with respect to B C B as in (1.55) that satisfies x € V' and o(x) = 0, and such that
the section

Pocop 0= K
is a R"-sliced sc-Fredholm germ (Definition .

The following global notions of slices of tame M-polyfolds, tame strong bundles, and
sc-Fredholm sections require covers of B by R"-sliced charts.

Definition 1.5.7.

o Consider a tame M-polyfold B. A subspace B C B is called a slice of B if for every
x € B there exists an integer n, = codzmx(B C B) > 0 and a R" -sliced chart with respect
to B C B that contains x. For x € By = BN By, the integer codim,(B C B) is called the
codimension of the slice at x (and it is well-defined at = and locally constant in B, by

Theorem [1.1.5).

e Consider a tame strong bundle p : € — B. A slice B C B of B is called a slice of the
bundle p if for every x € B there exists a R"*-sliced bundle chart for p with respect to
B C B that contains x.

e Consider a sc-Fredholm section o : B — £ of p. A slice BC B of the bundle p is called
a slice of the sc-Fredholm section o if for every x € Bo, = B N By there ezists a
R" -sliced sc-Fredholm chart for o at x with respect to B C B.



CHAPTER 1. POLYFOLD REGULARIZATION OF CONSTRAINED MODULI
SPACES o1

We are now equipped prove one of the main theorems (Theorem |1.1.3]), which says that
slices of tame M-polyfolds are tame M-polyfolds with locally constant codimension, bundles
restrict to slices, and sc-Fredholm sections restrict to slices with a drop in Fredholm index
given by the codimension. See Section for the proof. The essential point in the proof is
that sliced charts with respect to B C B induce tame M -polyfold charts on B, sliced bundle
charts induce tame bundle charts on the restricted bundle map, and sliced sc-Fredholm charts
induce tame sc-Fredholm charts on the restricted section. This is the M-polyfold analog of
the classical Fact (restrictions of Fredholm sections to sub-Banach manifolds).

We now prepare for the proof of our main theorem (Theorem , which is the M-
polyfold analog of the classical Fact (transverse preimages are sub-Banach manifolds).
The result is roughly as follows. Consider a tame sc-Fredholm section o : B — £ of a tame M-
polyfold bundle p : £ — B. Given a sc-smooth map f : B — Y to a finite dimensional smooth
manifold Y that is o-compatibly transverse (Definition to a submanifold N C Y,
we prove that the restriction of o to the preimage f~'(NN) is a tame sc-Fredholm section.
The notion of o-compatible transversality requires compatibility between the map f, the
submanifold N, and the coordinate changes that bring the local fillers of ¢ into basic germ
form. All necessary compatibility is satisfied in applications. In particular, evaluation maps
f = ev at marked points are 9 -compatibly transverse to every submanifold, where 9 is
the Cauchy-Riemann section; see Section [I.5.1] We now introduce the precise definition of
o-compatibly transverse.

Definition 1.5.8.

o Consider a tame M-polyfold B, a smooth manifold Y together with a codimension-n
submanifold N C 'Y, and a sc-smooth map f : B — Y. Then f is called transverse to
N if, for allx € f~(N) N By,

D, f(TEB) + TyyN = Ty()Y (1.56)
holds.

e Consider a tame sc-Fredholm section o : B — & (Definition of a tame strong
bundle p : € — B. Then f is called o-compatibly transverse to IN iuf, for all
r € f7YN) N By, condition holds and moreover there exists a tame sc-Fredholm
chart (Deﬁnitian for o at x, denoted (p~(V),®, (K,[0,00)* x E<F,R* x E <)),
covering a tame M -polyfold chart (V, ¢, (O, [0,00)* x E,R* x E)) on B such that the tame
sc-Fredholm germ ®ocop™t: 0 = K (Deﬁmtionm satisfies the following property:
There exists a choice of sc-Banach space W and linear sc-isomorphism 1 : E — RF75 x W
satisfying the conditions in Definition [I.5.7 of tame sc-Fredholm germ such that, in addi-
tion, there exists a sc-complement L of (D, f)™ Tty N) N TEB in TEB satisfying

o Dyp(L) C {0} x W, (1.57)

We are now equipped to prove the main theorem (Theorem [1.1.5)). See Section for
the proof.



CHAPTER 1. POLYFOLD REGULARIZATION OF CONSTRAINED MODULI
SPACES 52

1.5.1 Example: The Cauchy-Riemann section and evaluation
maps at marked points

Consider a symplectic manifold (Y,w), a codimension-n submanifold N C Y, and an w-
compatible almost complex structure J on Y. In applications, the M-polyfold B in Theo-
rem m (or, in the presence of isotropy, the ep-groupoid X in Corollary is a space of
maps Y — Y modulo reparameterization of the domain Y, where X' varies in some Deligne-
Mumford space of Riemann surfaces, and o = 9; : B — £ is the Cauchy-Riemann section
associated to J; see for example the Gromov-Witten polyfolds constructed in [33]. We con-
sider the evaluation map f = ev : B — Y at a marked point[]] that varies in the domains X.
The purpose of this section is to explain the following properties of this setup:

e o is a tame sc-Fredholm section (Defintion [1.5.4)),
e fis o-compatibly transverse to N (Definition |1.5.8]).

To see that o is a tame sc-Fredholm section, we consider a smooth point z € B, and
explain why o is a tame sc-Fredholm germ (Definition|1.3.7)) in the chart constructed around
2 when building the polyfold B. The tame sc-retract

O Cl0,00xR'x DxE

is homeomorphic to the image of the pregluing map near x. Here the [0, 0o0)*-factor is gluing
parameters near the broken points of x, the Ri-factor is gluing parameters near the nodal
points of z, the space D is variations of the complex structure on the domain X' of z (i.e.
tangent directions to the Deligne-Mumford space), and the sc-Banach space E corresponds
to varying the map x while preserving the matching conditions at nodes and breaking points.
The tame bundle retract

KcC0,00xR'x DxE<F

is homeomorphic to the image of the pregluing map in the fibers near . From this local
bundle model K — O we obtain a tame M-polyfold chart on B with domain V' C B and
chart map ¢ : V' — O where x € V is identified with p(z) =0 € O. It is covered by a tame
strong bundle chart @ : £y — K.

The section @og o™ : O — K is a local sc-Fredholm germ (Definition , and
moreover the natural change of coordinates of the filling to basic germ form satisfies the
required conditions of a tame sc-Fredholm germ (Definition [1.3.7)). Indeed, a filling

h:[0,00) xR x DxE —[0,00)° x R x DxE<TF

of oo o' is constructed as in [33, Sec. 4.5]. The change of coordinates 1) on the domain
of the filling h that brings h into basic germ form (Definition |1.3.6(c)) is obtained as follows;

4The evaluation map at k marked points B — Y* can be treated similarly; we consider a single marked
point here for simplicity.
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see [33, Prop. 4.8] for details. Let
P :=ker(Doh) N ({0}°*" x {0} x E)

denote the kernel of the linearization of A at 0 in the directions [E. Note that P is finite
dimensional since Dyh is a sc-Fredholm operator. Then, the sc-Banach space W and linear
sc-isomorphism

P:E =R'xDxE— RS xW

required in Definition [1.3.7) are obtained by choosing any sc-splitting E = P & W and linear
isomorphism D x P =2 R¥~=% to obtain the linear sc-isomorphism ¢ : E' = REx Dx P@W —
R! x R¥=t=s x W. That is, the linear sc-isomorphism 1) = id[,00)s X ¢ is a suitable choice
of the sc-diffeomorphism in Definition m(c) of local sc-Fredholm germ, so in particular
dooop!is atame sc-Fredholm germ. It follows that o = 0, is a tame sc-Fredholm section.

Suppose € f~1(N) N By. To show that f is o-compatibly transverse to N at z, we
now construct a sc-subspace L C TEB which satisfies the required conditions, in particular
condition (|1.57)).

Let Z be any complement of T,y N in Ty(,)Y . First we claim that it suffices to construct
L C TEB satisfying

(i) D.f(L)=Z and D, f : L — Z is an isomorphism,
(i) Dawp(L) C {03+ x {0} x E,
(ili) Dyp(L) N P = {0}.

Observe that f is transverse to N at x by (i); indeed, the required spanning property
holds since D, f(L) + Tty N = Ty)Y. Moreover, we claim that L is a sc-complement of
A= (D,f) YTywyN) N TEB in TEB. Note that the linear isomorphism D, f|, : L — Z is
automatically sc-continuous because all norms on finite dimensional spaces are equivalent.
Consider the projection 7 : T(,,)Y = Z®T)N — Z and the composition 7o D, f : TEB —
Z. Then we have A = ker(m o D, f), and moreover m o D, f maps L isomorphically onto Z.
Hence the sc-splitting L & A = TZB holds because the coordinate projections are given by
the sc-operators I1y, := (D, f)|;' o (w0 Dy f) : TEB — L and (idprp — I11) : TEB — A.

Assuming properties (ii) and (iii) of L, we now explain how to choose W and v so that
the required property for o-compatible transversality holds. By (ii) and the definition
of P, we view both D,p(L) and P as subspaces of E. By (iii) and since both D,p(L) and P
are finite dimensional sc-subspaces of E, their span has a sc-splitting D,o(L)@® P. Let W’ be
any sc-complement of D, (L)@ P in E. Then choose any linear isomorphism D x P &2 RF~t=s
and set W = D,p(L) @ W’. Then, the linear sc-isomorphism ) : E' = Rt x D x P& W —
R? x R¥=% x W indeed satisfies ¢ o Do(L) C {0}~* x W, as required.

It remains to construct the sc-subspace L C TRB that satisfies the conditions (i)-(iii).
The space E consists of sections of the pullback tangent bundle of Y along x that have
matching asymptotic conditions at nodes and breaking points. Since P C E is a finite
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dimensional subspace, by Lemma (applied to the smooth component of X' on which
the marked point lies) there exists a neighborhood U of the marked point in X' small enough
such that the following holds: if & € P is a section supported in U, then £ = 0. Moreover,
the marked point is always in the complement of the nodes, breaking, or any other “special
points,” and so we can choose U disjoint from all special points.

Choose any basis {z1,...,2,} of the complement Z of TN in T)Y. For each i =
1,...,n, consider a sc-smooth path v; : (—¢, €) — B through = = +;(0) obtained by deforming
x to move the image f(z) of the marked point in the direction z;, i.e. D, f(7;(0)) = z;, while
only changing x in the neighborhood U. The result is that all special points are preserved
along the path, i.e. nodes and breakings do not get glued, and moreover the complex structure
on the domain of x is not varying along the path. Hence we have D, o(7:(0)) € {0}t x
{0} x E. Define

L := Span({7(0), ..., 1m(0)}).

Then it is clear from the construction that (i) and (ii) hold. Moreover (iii) holds because
every £ € D, p(L) is supported in U by construction of the v; and hence if £ € D, (L) N P
then £ = 0 by our choice of U. Note that L C T2B holds by (ii), since the reduced tangent
space TEB is defined by D,p(TEB) = TEO N ({0}* x R! x D x E).

The following lemma was used in the preceding arguments.

Lemma 1.5.9. Consider a smooth manifold Y and a finite rank vector bundle V- — 3. Let
I'(V) denote smooth sections and let ¢ € X. Then, if P C I'(V) is a finite dimensional
subspace, there exists an open neighborhood U of q in X such that, if ¢ € P is supported in
U, then £ = 0.

Proof. We assume that U does not exist and prove that P must then be infinite dimensional.
We will construct a countable set of linearly independent elements of P.

Consider any open neighborhood Uy of q. Then there exists some & € P supported in
Uy such that & # 0. Since & # 0, there exists an open neighborhood U; of ¢ such that &,
is not supported in U; (because if a smooth section is supported in every neighborhood of a
point then it is identically 0). Note that Uy D U necessarily holds.

Inductively, assume that for some n > 0 we have constructed a nested sequence of open
neighborhoods Uy D --- D U,4; and sections &, ..., &, such that, for all 0 < ¢ < n, the
section &; is supported in U; but is not supported in U;,;. Then by our assumption that the
claimed open set U does not exist, there must exist some &,.1 € P supported in U, ; such
that &,,1 # 0. Then let U, 5 be a neighborhood of ¢ on which &, is not supported. Hence
the inductive hypothesis holds for n + 1.

This inductive process constructs a section &, € P for all n > 0 with support lying
in U, but not in U,;. We claim that the collection {&, | n > 0} is linearly independent,
proving the lemma. Indeed, suppose Y >~ ¢, - &, = 0 for some ¢, € R. Then for every
n > 1 the section &, is supported in Uy, but & is not supported in U;, hence ¢y = 0. Hence
> - & = 0. Inductively, we conclude that ¢, = 0 for all n > 0. O]
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1.5.2 Proof of Theorem [1.1.3

Proof of Theorem [1.1.3, Proof of (I): By Definition [1.5.7] of a slice, for every x € B there is

an integer n, > 0 and a R™-sliced chart with respect to B C B that contains z. We will
show that each of these sliced charts induces a tame M-polyfold chart on B. The transition
maps between the tame charts on B constructed in this way are sc-smooth because they are
restrictions of the sc-smooth transition maps between the sliced charts on B. Hence we have
a tame sc-smooth atlas on l’;’, providing the claimed tame M-polyfold structure.

Given a R"-sliced chart

(Vip, (O,R" x C,R" x E)) (1.58)

with respect to B C B, we must construct the claimed induced tame M -polyfold chart on B.
Use the notation

V:=BnVand ¢ :=o|y:V = oV),
and recall the induced tame sc-retract (O, C, E) from Lemma|l.3.3l We claim that the tuple
(V,%,(0,C,E)) (1.59)

is a tame M-polyfold chart on B. Indeed, the set V is open in B since V C B is open
and B C B has the subspace topology. Since ¢ is a homeomorphism, it follows that its
restriction ¢ is a homeomorphism onto its image, which is O by (1.54] - and definition of V.
This completes the construction of the tame M-polyfold structure on 5.
Let € B;. We now verify that the codimension n, = codim,(B C B) of the slice
B C B at x is well-defined and is locally constant in B. There exists a R™-sliced chart as in
(1.58) with = € V. It suffices to show that, for all y € Vi, we have T, WB/T, B =~ R". Indeed,
this proves that the codimension n, is independent of the sliced chart around z, hence is
well-defined, and moreover that it is constant in the open neighborhood V of z in B. For
every y € V4, the tangent map Dyp : T,V — T, O of the chart map ¢ at y is a linear
isomorphism. Moreover, D,y restricts to a linear 1som0rphlsm D,p T, vV — Ty (9 Hence
D, induces an isomorphism 7, V/T Ve To)O /Ty (9 Thus T,B8/T,B =T, V/T V =R
holds by (1.17 - Hence cod@my(B C B) =n, holds for all y € V1.
We now prove the claimed degeneracy index formula. Let 2 € By. Since z is a smooth
point, the reduced tangent space T2B is well-defined and D, restrlcts to a sc-isomorphism

T;'B — T, O. Hence D,y induces a sc-isomorphism T,B/T"B = T, O /T@(x)(’) Simi-

larly, D,¢ 1nduces a sc-isomorphism 7,8 / TRB T / TR (’) Then by , the inclu-
sion O C O induces an isomorphism T, O/Tx )0 = T O/T o0 Tt follows that the
inclusion B C B induces an isomorphism 7,8/ Tfl’;‘ =~ T.B/TEB. So by the global descrip-
tion (.50 of degeneracy index at smooth points, we conclude dg(z) = dim(T,B/TEB) =
dim(T,,B/TEB) = dg(z). This completes the proof of the statements in (T).
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Proof of (II): By definition of a slice of a bundle, there is a cover of B by sliced bundle

charts with respect to B C B. We will show that each of these sliced bundle charts induces
a tame strong bundle chart for j = p|s : £ := p~'(B) — B. The transition maps between
the tame charts for p constructed in this way are sc-smooth because they are restrictions of
the transition maps between the sliced bundle charts for p. Hence we have a bundle atlas
for p, providing the claimed tame strong bundle structure.

Given a R"-sliced bundle chart

(p~1(V),®,(K,R" x C <F,R" x E <)) (1.60)

for p with respect to B C B that covers a R™-sliced chart with respect to B C B asin (1.58),
we must construct the claimed induced tame strong bundle chart on p. Let (K, C <F, E<F)
denote the induced tame bundle retract from Lemma [1.3.5 and use the notation

D= D| iy pHV) = B(57H(V)).

We claim that the tuple o
(5 1(V), 9, (K,C < F,E <F)) (1.61)

is a tame strong bundle chart for p that covers the induced M- polyfold chart - Since
Too® = pop by - ) it follows by restriction that 750® = Bopjon j~ (V) It follows that
im(®) = 7r01((9) K, where the second equality holds by (1.24). Hence & is a homeomor-
phism onto its image K because it is the restriction of the homeomorphism @, and similarly
@ is linear on fibers as the restriction of @. This completes the proof of (II).

Proof of (IIT): The final statement about compactness of the zero sets holds because

57 1(0) = 07 1(0)N B is the intersection of a compact set and a closed subset of the Hausdorff
space Bo.

We proceed to verify that ¢ = o5 : B — £ is a tame sc-Fredholm section of p. The
section ¢ is sc-smooth and regularizing because it is the restriction of the section o. So
to prove that ¢ is a tame sc-Fredholm section it remains to show that there exists a tame
sc-Fredholm chart (Definition for & at every smooth point = € Bu. Since B is a slice of
the sc-Fredholm section o, there exists a R™-sliced sc-Fredholm chart for o at x with respect
to B C B. This is a R™-sliced bundle chart as in such that the local sc-Fredholm
germ @ o oo ! is R™-sliced and such that p(z) = 0.

We claim that the tame bundle chart is a tame sc-Fredholm chart for ¢ at x. This
requires that the local section @ o650 @1 : O — K is a tame sc-Fredholm germ, which
follows from Lemma since Pocoop ! : O — K is a R™-sliced sc-Fredholm germ.
Moreover, Lemma and Definition [1.5.3|3) provide the sc-Fredholm index formula
ind,(6) = ind(@odop™t) =ind(@ocopt)—n, =ind,(c) —n,. This completes the proof
that & is a tame sc-Fredholm section satisfying the claimed index formula. O]
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1.5.3 Proof of Theorem [1.1.5

Proof of Theorem [I.1.5. Proof of (I): For every x € f~}(N) N By we will construct a R"-
sliced chart (Definition with respect to f~'(N) N B' C B! that contains z. Then we
define B to be the union of the domains of these charts intersected with f~'(N) N B

Let z € f7Y(N) N By. Let Z C Y be the domain of a manifold chart Z = R**4m¥ op
Y containing f(z) € N that identifies N N Z with {0}" x RI™YN Tet v : Z — R™ be the
smooth map given in the chart by the projection R" x R¥mY — R" Then 0 = v(f(z)) is a

regular value of v and
v H0)=NNZ. (1.62)

In particular, we have
Tf(z)N = ker Df(w)’y. (163)

Then f~!(Z) is an open neighborhood of x in B. Choose V' C f~!(Z) so that, in addition,
there is a tame M-polyfold chart

(V,¢,(0,[0,00)° X E,R> x E)) (1.64)
on B satisfying p(z) € {0}* x E. Set

z = p(x).

By definition (L.49) of the reduced tangent space TFB, we have D,o(TB) = T.FO. So since
f is transverse to N, we conclude from ((1.56) that we have

D.f o Dy (T;0) + Tsm)N = Tyw)Y- (1.65)
We claim that the map
i::’yofogp_lzo—HR”

satisfies the hypotheses of Lemmall.4.2(I) at . Let Oy := ON({0}*xE) denote the boundary
sc-retract associated to O (see Lemma|l.4.1)) and consider the restriction Iy = flo,- Recall

from (1.37) that we have TRO = T,05. Then the tangent map D, f, : T, (’)a — ToR" = R"®
is surJectlve by (|1.65] -, - and since 0 is a regular value of 7. Hence the hypotheses
of Lemma [L.4.2(I) are indeed satisfied, yielding slice coordinates around z with respect to
(f1(0) N O') C O'. Precisely, this means that we obtain a sc-Banach space K, a R"-sliced
sc-retract (Definition

(O, R™ x [0,00)* x K}, R™ x R® x K, (1.66)
an open set Oc O!, and a sc-smooth diffeomorphism
g:0 =
such that the induced tame sc-retract

"M ({0} x [0,00)* x K')
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satisfies R .
g(f(0)n0O) = 0" (1.67)
Set A ) X
Vi=¢p ' (O)and p:=gop|y: V= O,
Then R
(V, 5, (O, R" x [0,00)° x K', R" x R® x K')) (1.68)

is a. M-polyfold chart on B!.
At this point, for every x € f~!(N) N By, we have constructed a M-polyfold chart on B'
with domain V, C B! containing x € V,. Define

B:= |J Vinria. (1.69)

z€f~H(N)NBoo

We claim that B C B! is a slice. We must show that the chart is a R"-sliced chart
(Definition (1. with respect to B c B The sc-retract is glven as R"-sliced by
Lemma m(l) so it remains to show that ({ holds Wthh in the notation of this proof
is the statement O' = ¢(BNV). Let p € (’)’ By and the definition of f, we have

P p) =@ tog T p) € (vo f)TH(0) C SN )Henceso (p) €VNSTHN )CBﬂV-Tosee
the reverse inclusion, let p € $(BN V). By (L.67 (L.67)), we must show that f(g~'(p)) = 0. From

the definitions we compute f o g~'(p) =vo fo ¢~ (p) € ¥(f(BNV)) C y(N N Z) = {0},

as required. Hence is indeed a R”—sliced chart with respect to B C B!. This proves
that B C B! is a slice (Definition 1. Hence B is a tame M-polyfold with the claimed
degeneracy index by Theorem |1 - Moreover the existence of a R"-sliced chart around
every y € B proves the claim that codzmy(B C B') = n for every y € Bi. This completes
the proof of the statements (I).

Proof of (II): To prove that B is a slice of the bundle p|g1 : &' — B!, for every = € B

we must construct a sliced bundle chart for p|e1 with respect to B ¢ B!. We can choose the
tame M-polyfold chart (1.64]) so that it is covered by a tame strong bundle chart

(p~Y(V), 8, (K,C <F,E<TF)) (1.70)

for p. Note that this may require shrinking the open neighborhood V' C B of x, and so the
resulting slice B of B! defined by the formula may be smaller than in part (I).

The tame bundle retract (K, C<F, E<F) covers the sc-retract O. Hence Lemmal[1.4.2(1II)
yields a R™-sliced bundle retract

(K',R" x [0,00)* x K <F",R" x R® x K! <F")
that covers the sliced sc-retract (1.66|) and satisfies

(9 Qidm)(K) = K,
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where K C K is the preimage of O in the local bundle model K* — O'. Set
@ = (g <idg) o P| ool Vil (V) = K

Then the desired sliced bundle chart for p|g1 with respect to B c B! is the tuple
(pled (V), @, (K',R™ x [0,00)* x K! 9F!, R™ x R* x K!' < F)). (1.71)

This proves that B C B! is a slice of the bundle p|g1. The restriction j : plz (B 3) — B is then
a tame strong bundle by Theorem [1.1.3|(1).

Proof of (III): To prove that B is a slice of the tame sc-Fredholm section olg : B — &L

for every x € B., we must construct a sliced sc-Fredholm chart for o|p at x with respect
to B C B'. Since f is o-compatibly transverse to N, we can assume that the tame strong
bundle chart is also a tame sc-Fredholm chart for o at z such that we can choose 1), W,
and L C TEB satisfying . Note that this may require shrinking the open neighborhood
V of z, and so the resulting slice B of ple1 defined by the formula may be smaller than
in parts (I) and (II).

We now show that W, v, and L' := D,¢(L) satisfy the hypotheses of Lemma M(IH).
Indeed, by , L is a sc-complement of the sc-subspace

A= (D, f) Ty N) N T,B
in T2B, and so we have the sc-splitting
D,p(L) @ Dyp(A) = TO. (1.72)

Recall from (L.37) that we have T)O = T,0s. Then from the definitions and (L.63), we
compute

Dyp(A) = Dop((Daof) ™ (Ty@)N) N T, B)
= Dyo((Def) " (ker Dy(yy)) N THO
=ker D, f NTJO
=kerDyf,,

and so by the space L' = D,p(L) is indeed a sc-complement of ker D, f, in T, O, as
required. Moreover, the required condition holds for L’ by (L.57).

Hence, Lemma [1.4.2{III) asserts that the section o’ := (g <idm)ocog™t: O — K’
is a R"-sliced sc-Fredholm germ, which means that (| - is a R"-sliced sc- Fredholm chart.
This proves that B is a slice of o|g. The restriction ¢ : B — € is then a tame sc-Fredholm
section satisfying the claimed index formula by Theorem [1.1.3|III).

Since N C Y is closed it follows that f~'(N) C B is closed, so By = f~N) N B
is closed in By. Hence if 07!(0) is compact then it follows from the final statement of
Theorem [1.1.3(I1I) that 5~1(0) is compact. O
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1.6 Handling isotropy: the ep-groupoid case

In this section, we generalize the main theorems (Theorem and Theorem [1.1.5)) to
the case of ep-groupoids in Corollary and Corollary [1.6.8] An ep-groupoid is the
“orbifold version” of a M-polyfold. In applications, we must keep track of finite isotropy
groups of points in the polyfold. The theory of sc-Fredholm sections over ep-groupoids is
the generalization of sc-Fredholm sections over M-polyfolds that incorporates this isotropy;
see [34] for a detailed treatment.

To perform these constructions on polyfolds, it suffices to take representative ep-groupoids
and then perform the constructions to obtain a representative ep-groupoid of a new polyfold.
A polyfold [34, Def. 16.3] is a topological space Z together with an equivalence class of
polyfold structures [34, Def. 16.1]. A polyfold structure for Z is an ep-groupoid together
with a homeomorphism of its orbit space with Z. Polyfold structures are equivalent [34],
Def. 16.2] if they are related by a generalized isomorphism [34, Def. 10.8] compatible with
the homeomorphisms with Z. In particular, every ep-groupoid defines a canonical polyfold
structure on its orbit space.

All of the results in this section follow from the results in the M-polyfold case in the
previous sections. In fact, this is a general polyfold philosophy: the M-polyfold situation is
where all of the analytic data (e.g. the sc-structures on base and bundle and the sc-Fredholm
properties) is stored. So, if an application of polyfold theory works assuming that everything
in sight is a M-polyfold, we expect that there is a suitable upgrade to ep-groupoids by keeping
track of the isotropy using the ep-groupoid machinery.

This philosophy goes deeper: a polyfold theorist thinks through any construction first
assuming that everything is a finite dimensional smooth manifold with boundary and corners.
In particular, sc-Fredholm sections in the finite dimensional setting are the same as ordinary
smooth sections. We expect that any construction that is motivated by regqularization of
some moduli space of pseudoholomorphic curves, and that works assuming everything is
finite dimensional, will go through in the M-polyfold and ep-groupoid case.

We now review tame ep-groupoids (Definition [1.6.1]), bundles over them (Definition[1.6.3),
and their sc-Fredholm section functors (Definition before we introduce the new no-
tion of tame sc-Fredholm section functors (Definition and prove Corollary and
Corollary [1.6.8]

A groupoid X = (X, X) is a small category with object set X and morphism set X such
that all morphisms are invertible. Associated to any groupoid are the following structure
maps. For a detailed description, see for example [34, Def. 7.1]. The source map

s: X —= X

and the target map
t: X=X

send a morphism to its source and target, respectively. The multiplication map

m:X x, X=X
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composes any pair of morphisms such that the source of the first is the target of the second,
and hence m is defined on the fiber product X ;x, X. The unit map

u: X —-X

sends an object to the identity morphism from that object to itself, which exists and is
unique since each self-morphism set is a group. The inverse map

1 X =X

inverts morphisms.

Definition 1.6.1. [3], Defs. 7.3, 7.6] A tame ep-groupoid X = (X,X) is a groupoid
equipped with tame M -polyfold structures on the object space X and on the morphism space
X satisfying the following properties:

(i) (étale) The source s and target t maps are surjective local sc-diffeomorphisms,

(i) The unit map u and the inverse map v are sc-smooth.

(i1i) (proper) Every x € X possesses an open neighborhood V(x) C X of x such that the
map

t:s ' (V(z) —» X

1S Proper.

(iv) The multiplication map m is sc-smooth, where the fiber product X x, X is equipped
with the M-polyfold structure given by [34, Prop. 2.15]. (See Remark([1.6.9 to compare
with the fiber product results in this paper.)

Remark 1.6.2. There is an essential difference between the fiber product results in this paper
and the fiber product in [34], Prop. 2.15] that is used to give X ;x, X a M -polyfold structure
in Definition [1.6.1)(iv).

The result in [34, Prop. 2.15] requires one of the maps in the fiber product to be a local
sc-diffeomorphism. In the case of the fiber product X ,x, X from Definition both the
source map s and the target map t are local sc-diffeomorphisms.

In this paper, we construct fiber products ( Corollary over maps to a finite dimen-
sional smooth manifold. In applications, these maps will never be local sc-diffeomorphisms
because the M -polyfolds have infinite dimensional tangent spaces everywhere.
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For an ep-groupoid X = (X, X), the orbit space
| X| =X/~ (1.73)

is the quotient of the object space X by the equivalence relation defined by x ~ y if and
only if there exists ¢ € X such that s(¢) = = and t(¢) = y. That is, to obtain the orbit
space, we identify any two objects that have a morphism between them.

The degeneracy indices dx : X — Ny and dx : X — Ny are defined as usual on the
M-polyfolds X and X. The induced degeneracy index [34, Def 7.5]

d‘X| : |X| —>N0

on the orbit space |X| is defined by d|x|(|z|) = dx(z), and is well-defined by [34, Prop. 2.7]
as discussed above the definition [34, Def 7.5].

Now we review the notion of a strong bundle over an ep-groupoid X = (X, X); see [34,
Sec. 8.3] for more detail. Consider a strong M-polyfold bundle

P FEF—X

over the object space X of X. Since the source map s is a local sc-diffeomorphism (by defi-
nition), a M-polyfold structure on the fiber product X ,x » E is provided by [34, Prop. 2.15].
Moreover, the projection onto the first factor

m:E=X XxpE—=X
is a strong M-polyfold bundle.

Definition 1.6.3. [3/, Def. 8.4/ A tame strong bundle over an ep-groupoid X = (X, X)
is a pair (P, ) of a tame strong bundle

P:F—-X
over the object M -polyfold X and a strong bundle map
pw:X xXpE—=FE
covering the target map t : X — X, 1.e.
Pop=tom,
and which satisfies

(1) p(lz,e) =€ for allz € X and e € E,,

(i1) p(g o h,e) = u(g,pu(h,e)) for all g,h € X and e € E satisfying s(h) = P(e) and
t(h) = s(g) = P(u(h,e)).
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We call i the strong bundle structure map.

Remark 1.6.4. The standard definition |34, Def. 8.4] of a tame strong bundle requires, in
addition to the conditions in Definition [1.6.3, that the structure map u is a surjective local
sc-diffeomorphism. However, this condition is automatically satisfied, as noted in [33] on
page 37.

Let (P : E — X, u) be a strong bundle over the ep-groupoid X = (X, X). A sc-smooth
section functor o [34, Def. 8.7] of (P, p) is a sc-smooth section o : X — FE of the strong
bundle P : £ — X over the object M-polyfold X satisfying the following compatibility with
w: For all morphisms ¢ € X,

o(t(¢)) = (¢, a(s(9))) (1.74)
holds.

Definition 1.6.5. [3/, Def. 8.7] A sc-Fredholm section functor of a strong bundle (P :
E — X, u) over an ep-groupoid X = (X, X) is a sc-smooth section functor o : X — E such
that, when viewed as a section of the strong bundle M -polyfold bundle P, it is sc-Fredholm

in the M-polyfold sense (Definition .

We introduce the following new class of sc-Fredholm section functors.

Definition 1.6.6. A tame sc-Fredholm section functor of a strong bundle (P : E —
X, 1) over an ep-groupoid X = (X,X) is a sc-Fredholm section functor such that, when
viewed as a section of the strong bundle M -polyfold bundle P, it is tame sc-Fredholm in the

M -polyfold sense (Definition m
We now generalize Theorem to the ep-groupoid case.
Corollary 1.6.7.

(I) Consider a tame ep-groupoid X = (X,X) and a slice X C X of the object M-polyfold
X, in the sense of Deﬁmtzon_ Assume that X is closed under morphisms, i.e. for all
¢ € X we have

s(¢) € X <= t(¢) € X, (1.75)

or equivalently,

sTHX) = LX),

Then, denoting the subset of morphisms X that have source and target in X by

X = s HX)=t"(X), (1.76)

the tuple X = (X,f() is a tame ep-groupoid with the tame M-polyfold atlas on X induced
by the sliced charts (Definition with respect to X C X. Note that X s the full
subcategory of X with object space X.
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For z € X1, the codimension codimg (X C X) (Definition is well-defined and locally
constant in X, i.e. it is equal to codim,(X C X) in an open neighborhood of x in X. For
x € Xoo, the degeneracy index satisfies dg () = dx(x).

(I) Consider, in addition, a tame strong bundle (P : E — X, 1) over X and suppose that
X is a slice of the bundle P in the sense of Definition .

Then, the tuple (P, i) consisting of the restrictions

E =P YX)
P:=Pl;: E— X,
jomplg g X o B B

1 a tame strong bundle over {2, where the bundle atlas for P is induced by the sliced bundle
charts for P with respect to X C X.

(IIT)  Consider, in addition, a sc-Fredholm section functor o : X — E of (P, ) and suppose
ﬁ

that X is a slice of o in the sense of Definition

Then, the restriction 6 := ol : X — E is a tame sc-Fredholm section functor of the bundle
(I5 ft) with tame sc-Fredholm charts induced by the sliced sc-Fredholm charts for o with
respect toX C X. Forz € Xoo, the index satisfies ind, (G ) indy(0) — codimy(X C X).
If |o=1(0)] is compact and | X| C |Xoo| is closed, then |671(0)]| is compact.

Proof. Proof of (I): First we claim that X = (X,X) is a groupoid. Given any subset A of
the object set of a groupoid, say A C X, we obtain a sub-groupoid (A, A) of (X,X) by
defining the morphism set to be A := s71(A) Nt~1(A). Hence, with the set of morphisms X
as defined in (1.76]), the tuple (X,X) is a groupoid.

Since X C X is a slice of the tame M-polyfold X, Theorem M(I) provides a tame
M-polyfold structure on X with the claimed degeneracy index for z € X, and the claimed
locally constant codimension codim,(X C X) for = € X.

We now equip X with a tame M-polyfold structure by pulling back the tame M-polyfold
charts on X through the source and target maps s,¢: X — X on &X'. That is, since s and ¢
are local sc-diffeomorphisms by the étale property (Definition (1)) of X, for every z € X
there exists a neighborhood V' C X of z such that sly : V. — V is a sc-diffeomorphism,
where V := s(V). Then V is a neighborhood of s(z) in X. Since X C X is a slice and
s(z) € X , after shrinkin V we can assume that it is the domain of a sliced chart with respect
toX C X (Deﬁnition . This induces a tame M-polyfold chart on X with domain VNX,
as in the proof of Theorem 1.1.3, Pulling this back through s, we obtain a sliced chart with
respect to X C X with domain V', and since s(VﬂX) VNX, its induced tame M -polyfold
chart has domain V NX. So, we have constructed a tame M-polyfold chart with domain an
open neighborhood of z in X. The analogous construction using the target map ¢ instead of
the source map s produces another such chart. On overlaps between any sliced charts with
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respect to X C X produced in this way, the transition maps are sc-smooth because they are
compositions of the sc-smooth chart maps on X with the sc-smooth source and target maps
(and their local inverses). Hence the transitions between the induced tame M-polyfold charts
on X are also sc-smooth, as restricitons of the transitions on X. Hence covering X with these
M-polyfold charts provides the claimed M-polyfold structure. Moreover, observe from the
construction of the charts that the source § = s|¢ and target f = t|¢ maps on X = (X, X) are
local sc-diffeomorphisms, i.e. X satisfies the étale property (Definition (1)) Similarly,
the unit map, the inverse map, and the multiplication map on X are sc-smooth since they
are restrictions of the corresponding maps on X'. This verifies properties Definition M(u)
and Definition [1.6.1{iv) for X.

To verify that X is a tame ep-groupoid, it remains to check properness Definition M(iii).
Let 2 € X. By properness of X, there exists an open neighborhood V(x) of x in X such
that the map ¢ : s~ (clx(V(x))) = X is a proper map. Shrink V'(z) so that it is the domain
of a sliced chart (Definition [1.5.6) with respect to X C X. Then V() N X is closed in
V() because the chart map that homeomorphically identifies V' (x) with the sliced sc-retract
(O,R"xC,R"xE) sends V (2)NX to the induced tame sc-retract ON({0} xC'), which is closed
in O. Let V'(x) C V(z) be a smaller open neighborhood of = such that clx(V'(z)) C V(x).
Then we have clx(V'(z) N X) = v (V’( )N X) C cy @ (V(z) N X)=V@)nX. In
particular, the closure of V/(z) N X in X and in X agree, i.e.

cdx(V'(z)NX) =cg(V'(z)N X). (1.77)

We claim that the open neighborhood V’(z) N Xofzin X satisfies the required condition,
i.e. the map t|x : s\il(ch(V’(x) N X)) — X is proper. Let K C X be compact. We must
show that the set A := t|;~(1(K) N s\;(l(ch(V’(x) N X)) is compact. We have

A=t"YK)ns " (cdx(V'(z) N X))

by and since by definition X = ¢t~1(X) = s7*(X). Observe that A is closed in X since
K C X is closed as a compact subset of the Hausdorff space X. By our choice of V(z),
the set t1(K) N s (clx(V(x))) is compact. Hence A is compact as a closed subset of the
compact set 1 (K)Ns~(clx(V(z))). This completes the proof that X is a tame ep-groupoid.

Proof of (IT): Since X is a slice of the tame strong bundle P : E — X in the M-polyfold

sense, Theorem mal) provides a tame strong bundle structure on the restriction P. To
prove that the tuple (P, i) is a tame strong bundle over the ep-groupoid X, we must show
that the map i has the required properties. Recall from the lemma statement that p is the
restriction of p, i.e. . . 3

fo=plx 5 X xpE—E.

First of all, /i indeed takes values in E because, since p covers ¢, for any (¢,e) € X X p E
we have Po,u(gb e) =tom (o, e) =t(¢) € X and hence p(p,e) € P~1(X) = E. Moreover [
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covers the target map on X since [t is the restriction of 1 which covers the target map ¢ on
X. Finally, the required properties Definition [1.6.3(i)(ii) of & follow immediately from the
corresponding properties of pu, since fi is the restriction of . This completes the proof that
(P, ji) is a tame strong bundle over X.

Proof of (III): Since X is a slice of the sc-Fredholm section ¢ : X — E in the M-
polyfold sense, Theorem maﬂ) provides the structure of a tame sc-Fredholm section on
the restricted section ¢ := ol : X — F with the claimed sc-Fredholm index. Moreover, the
section & is a section functor because the required compatibility with i is immediate
from the compatibility of ¢ with u. Hence & is a tame sc-Fredholm section functor.

_ The final statement about compactness of the zero sets holds because [¢7'(0)| = |o~'(0)|N
| Xo| is the intersection of a compact set and a closed subset of the Hausdorff space |X|
(recall that the orbit space of an ep-groupoid is Hausdorff by [34, Thm. 7.2]). H

The generalization of Theorem to the ep-groupoid case now easily follows by com-
bining Theorem with Corollary [1.6.7]

Corollary 1.6.8.

(I) Consider a tame ep-groupoid X = (X, X), a smooth manifold Y with a codimension-n
submanifold N C'Y, and a sc-smooth map f : X — Y that satisfies the compatibility with
morphisms

f(s(9)) = f(t(e)) for all ¢ € X. (1.78)
Assume that f is transverse to N (Definition .

Then, there exists an open neighborhood
Xc fYUN)NX,

of 7Y (N) N X such that X is a slice of X in the M-polyfold sense (Definition m
satisfying codimx(X' C X)) =n for every x € X, = X N X,. In particular, the full subcat-
eqory X = (X',X) of X with object space X is a tame ep-groupoid with degeneracy index
satisfying dg (r) = dx(z) for all x € X..

(IT) Consider, in addition, a tame strong bundle (P : E — X, u) over X. Then, there exists
a possibly smaller neighborhood X in I) that is a slice of the bundle P|lg : E* — X' in
the M -polyfold sense (Definition . In particular, the tuple (f’,/]) consisting of the
restrictions
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is a tame strong bundle over X.

(III) Consider, in addition, a tame sc-Fredholm section functor o : X — E of (P,pu).
Assume that f is o-compatibly transverse to N (Definition .

Then, there exists a possibly smaller neighborhood X in (II) that is a slice of the tame sc-
Fredholm section o|x1 : X' — E' in the M-polyfold sense (Definition . In particular,
the restriction

Gg=0|lz: X > E

is a tame sc-Fredholm section functor of the bundle (15, ) with index satisfying ind,(6) =
ind,(0) —n for allx € Xo. If N is closed as a subset of Y and |o=1(0)| is compact, then
|571(0)] is compact.

Proof. We first prove the statements in (I). Since f is transverse to N, Theorem [L.1.5(1)
provides an open neighborhood X c f~1(N) N X of f~ HN) N X, that is a slice of X!
with the claimed codimension at every pomt in X;. The compatibility (1.78) of f with
the morphisms X implies that s~'(X) = ¢~'(X) holds. Hence applying Corollary 1.6.7(I)
to the tame ep-groupoid X' = (X', X') and the slice X c X', we conclude that the full
subcategory X = (X X) of X! with object space X is a tame ep-groupoid with the claimed
degeneracy index.

We now prove the statements in (II). Theorem M(ll) provides a choice of X in (l) that
is in addition a slice of the bundle P|p : E' — X', Hence applying Corollary [1.6.7(II)
conclude that the tuple (P, i) is indeed a tame strong bundle over X, as claimed.

We now prove the statements in (III). Since f is o-compatibly transverse to N, Theo-
rem mall) provides a choice of X in (II) that is in addition a slice of the tame sc-Fredholm
section o|x1 : X! — E'. Hence applying Corollary [1.6.7] - 7(III), we conclude that the restric-
tion ¢ = o|¢ is indeed a tame sc-Fredholm section functor of the bundle (P, i) with the
claimed index.

It remains to prove the final statement about compactness of the orbit spaces of the zero
sets. Assume that |0~1(0)| is compact. It suffices to show that the inclusion of orbit spaces
| Xoo| € (XD)eo| = | Xoo] is closed, because then Corollary [1.6.7] - III) implies compactness of
|c71(0)|, as required. Notice that, by (L.78)), the map f descends to a map on the orbit space
1f| : [Xoo| = V. Then |Xo| = |fl_1(N) is closed in | X | by continuity of |f|, as required.
This completes the proof. O

1.7 Fiber products of tame sc-Fredholm sections
The main result of this section is the construction of fiber products of tame sc-Fredholm

section functors (Corollary [1.7.3). This is a corollary of the construction of restrictions of
tame sc-Fredholm section functors to transverse preimages of sc-smooth maps, which is the
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main result of this paper; see Theorem for the M-polyfold case and Corollary for
the ep-groupoid generalization.

In this section, we index the M-polyfolds and ep-groupoids with parenthesis around the
subscript, i.e. By for i = 1,2, to avoid confusion with the standard notation B, for the
m-level of a M-polyfold B.

We first describe the Cartesian product of tame sc-Fredholm sections over M-polyfolds.

Lemma 1.7.1.

(I) Consider tame M-polyfolds By fori =1,2. Then, the Cartesian product Buy x By is a
tame M -polyfold with charts given by products of charts on the factors, and with degeneracy
index satisfying dp, x5, (x1,79) = dg(l)(xl) + dpy, (x2) for all (x1,22) € (Bay)se X (B(2))oo-

(II)  Consider tame strong bundles p; : £ — By over Byy for i = 1,2. Then, the product
map p1 X py : Eqy X Ey — By X By is a tame strong bundle over By x By with bundle
charts given by products of bundle charts on the factors.

(IIT)  Consider tame sc-Fredholm sections o; : Buy — &y (Deﬁm'tz'on of p; fori=1,2.
Then, the product map o1 X 03 : By X By — &y X &) is a tame sc-Fredholm section of
p1 X py with tame sc-Fredholm charts given by products of tame sc-Fredholm charts on the
factors (after reordering factors in the charts), and with index satisfying indy, z,) (01X 02) =
indy, (01) + indy, (02) for all (z1,22) € (B))so X (B@))oo- If 07 1(0) is compact fori = 1,2,
then (o1 X 03)7(0) is compact.

Proof. Proof of (I): We first show that products of tame M-polyfold charts (Definition|1.5.1)
on the factors B;),i = 1,2, are indeed tame M-polyfold charts on the product By X B(g),
as claimed. For i = 1,2, consider a tame M-polyfold chart

(Vi, i, (O, Gy, Ey)) (1.79)

on By, an open subset U; C C;, and a tame sc-retraction r; : U; — U; with image O; = r;(Uj;).
We claim that the tuple

(‘/1 X ‘/2,901 X ©a, (01 X 02,01 X CQ,El X ]EQ)) (180)

is a tame M-polyfold chart on By x B(g). We equip B(1) x B2 with the product topology
on every level. Recall that the product sc-structure is given by (Eq X Eg),,, = (E1)s X (Eg)pm,
for all m > 0. Then the product set V; x V3 is open in B(;) x Bz and the product map
©1 X @9 1 Vi X Vo — 01 x Oy is a homeomorphism. It remains to show that O; x Oy is a
tame sc-retract. The product map r X ro : Uy x Uy — Uy x U, is a sc-smooth retraction
with image O; x Q5. We now show that r; x 7y is tame. To check Definition (1) for
r1 X 19, let (zq X mg) € U; x Uy and then compute using the corresponding property of
each r; together with that the degeneracy index satisfies deo, xc, ((r1 X 72)(21,22)) =
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deyxey (r(@1), r2(22)) = doy(ri(@1)) + doy (ra(22)) = dey (21) + dey(v2) = deyxe, (21, 22), as
required. To check Definition[1.3.1[2) for ry X 2, let (z1,72) € (O1 X O2)06 = (O1) oo X (02)0o
be a smooth point. Then by the corresponding property of each r;, there exist sc-subspaces
A; C E; such that E; = T,,0; @ A; and A; C (E;),,, where (E;),, C E; is the sc-subspace
(1.9). From the definition (1.9 we have

(E1)zy X (E2)zy = (B1 X E2) (2 0)- (1.81)

So we have A; x Ay C (E; X E3)(5, 4,)- Moreover, we have the sc-splitting

]El X EQ = (TxlOl D Al) X (TIQOQ () Ag)
= T(xlm)((’)l X 02) D (Al X Ag)

because, by definition ([1.10)) of tangent space to a sc-retract, the tangent space to a product
satisfies

T(mm)((’)l X 02) = D(wlm)(rl X T2)(T(1‘1,1‘2)(U1 X UQ)) (182)
= Dxlrl(TxlUl) X D$2T2(TIQU2)
= Tzlol X Tz2(92.

This completes the proof that r; x ry is a tame sc-retraction and hence O; x O, is a tame
sc-retract.

We have shown that the product chart is indeed a tame M-polyfold chart on
B(1y X B(2y. Since product charts of this form cover By x B(2) and have sc-smooth transition
maps due to the transitions on each factor being sc-smooth, the collection of these product
charts forms a tame atlas on B(;) X B(2). Then By x B(g) equipped with this atlas is a tame
M-polyfold.

We now prove the claimed degeneracy index formula. Let (21,22) € (B))oo X (B(2))oo
From the splitting of the tangent spaces in the product retract, we deduce the splitting
Te1,20) By x Bay) = Ty, By x szB(g). Furthermore, by definition of reduced tangent space
in a retract (L.12) together with ( and (1.82)), we conclude Tﬁl (1) 02 (2)) (O1 X (’)2) =

‘pl(zl O x T o (22) (’)2, which 1mphes by the global definition of reduced tangent space

that Tx 2 )(B(l) X Bz ) 18(1) x T 2[3’ by examining any product chart. Hence, by the
global description (|1 of degeneracy index at smooth points, we have dp x5, (1, 29) =
dim(T(xl x2) (B XB(Q))/ (z1,22) (8(1) XB(2))) = dim(TIIB(l)/Tgb’(l))+dim(TmB(2)/Ta§B(2)) =
dp,, (1) + dp, (xg) This completes the proof of (I).

Proof of (II): For i = 1,2, consider a tame M-polyfold chart (1.79) on B covered by a
tame strong bundle chart (Definition [1.5.2)

(07 ' (Vi), @i, (K, C; < By, By < IF)) (1.83)
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for p;. We now construct a tame strong bundle chart for p; X ps over the open set V; x V5.
For ¢ = 1,2, consider a tame strong bundle retraction (|1.23])

R U, <F;, - U; <F,;
(z,8) = (ri(z), Ii(x,€))
with image K; = R;(U; <F;), where
U, <F = F
is a linear projection [;(z,-) for every x € U;. Denote the reordering of factors map by
[:(Ey xFy) x (Eg x Fy) — (Ey x Eg) x (Fy x Fq),
and note that [ is a linear sc-isomorphism. We claim that the tuple
((p1 X p2) *(Vi X Vo), Lo (D1 x Dy), (I(Ky X K3),Cy x Oy <Fy x Fy, By x By <Fy x Fy)) (1.84)

is a tame strong bundle chart for p; X py covering the product M-polyfold chart . Since
for i = 1,2, the map @; : p;l(Vi) — K is a homeomorphism covering ¢; that is linear on
fibers, it follows that the map o (@ x @) is a homeomorphism from (p; x p2)~1(V} x V5) to
[(K; x K3) covering 1 X 9 and is linear on fibers. Moreover, the set (K7 x K3) is a tame
strong bundle retract because it is the image of the tame strong bundle retraction

lo(Ry x Ry)ol™: (Up x Us) < (Fy x Fy) — (U x Up) < (Fy x Fy)
(w1,22,&,&) = (ri(x1), m2(22), I (21, 1), [o(22,&2)).

We have shown that the chart is indeed a tame strong bundle chart for p; x ps.
Sc-smoothness of bundle transitions between charts constructed in this way follows from
sc-smoothness in each factor. Hence the collection of these charts forms a tame bundle atlas
for p; x py. This completes the proof of (II).

Proof of (III): To prove that oy X 0y is a tame sc-Fredholm section (Definition of
p1 X po, first observe that it is sc-smooth and regularizing because o, and oy are sc-smooth
and regularizing, and the double filtration satisfies (B(1) X B(2))m = (B1))m X (B))m and
() X €2))mm+1 = (E))mm+1 X (E2))mm1 for all m > 0 (see )

Consider a smooth point (z1,22) € (Bay)s X (B2))so- Then since each o; is tame sc-
Fredholm there exist tame bundle charts as in that are in addition tame sc-Fredholm
charts for o; at z;. First of all, this means that the partial quadrants C; C [E; are in the
standard form (L.F)), i.e. C; = [0, 00)* X E; C R% x E; = E;. Now, we will prove that a chart
similar to the tame bundle chart is a tame sc-Fredholm chart for o1 X o3 at (x1, z3).
The only issue with is that the partial quadrant C; x Cy C E; x Ey is not in the
standard form. This is easily remedied as follows. Consider the partial quadrant

C :=[0,00)"**? x E| x E,
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of the sc-Banach space
E :=R***? x E| x E,

Then the reordering of factors map
[ iR x E] x R x Ey — R x E] x E),

is a linear sc-isomorphism E; x Ey — E that restricts to an isomorphism C; x Cy — C'. Ap-
plying f to the sc-retract O; x Oy produces a tame sc-retract

O = f(Ol X 02) ccC
with tame sc-retraction

ri=fo(ryxr)ofl:U—=T,
U= f(U, x Uy) C C,

onto r(U) = O. Moreover, the map
p:=fo(pr X)) : Vi xVy—=0O

is a homeomorphism, and so from the tame M-polyfold chart (1.80)) we obtain another tame
M-polyfold chart
(Vi x Va,,(0,C,E)).

Similarly, applying f X idp, xr, to the tame bundle retract I(K; x K3) produces another tame
bundle retract
K = (f X idIF1><]F2) o l(Kl X KQ)

with tame bundle retraction

R = (f X idleFg) olo (Rl X Rg) @) l_l o (f X idFlXFQ)_l
U «aF xFy - U<, x Fy

onto R(U <Fy x Fy) = K. Consider the map
I:= (I x ) ol o(f xidp,wr,) ",
and observe that, for (y,&,&) € U <F; x Fy, we have

R(y,&1,82) = (r(y), I'(y,&1,82)).

The map
= (f X idF1><IF2) olo (¢1 X @2) : (pl X pQ)_l(‘/i X ‘/2) — K

is a homeomorphism that is linear on the fibers and covers ¢. Hence from the tame bundle

chart ((1.84]) we obtain another tame bundle chart
((pl X pg)_l(‘/l X ‘/2),@, (K,C < Fl X ]FQ,]E < Fl X Fg)) (185)
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We claim that the bundle chart ([1.85)) is a tame sc-Fredholm chart for o1 X o9 at (21, x9).
We must show that the section

Ti=0o(o; x0y)0op 0= K (1.86)
is a tame sc-Fredholm germ. Since for each i = 1,2, the section
T :z@ioaiogoi_l:Oi%Ki
is a tame sc-Fredholm germ, we can assume that there is a filling
h; Uy = U; < F;

of ,or; : Uy — F;, where 1; : O; — F; denotes the principal part of 7; in the fiber ;. We
claim that
h = (indIF‘lx]Fz)olo<h1 X hg)Of_l U — U<](]F1 X]FQ)

is a filling of 7 or : U — F; x Fy. The required properties in Definition [1.3.6(b).(i)-(iii)
of a filling follow from the corresponding properties for each h;, as we now verify. Given
y € O, we compute 7(y) = (f X idr, xr,) 0l 0 (D1 X P3) 0 (01 X 02) 0 (P10 @2) "0 fTH(y) =
(f Xidp,xr,)0lo (11 X o) o f7Hy) = (f X idp,xr,) 0lo(hy X hy)o f~1(y) = h(y), which verifies
property (i) for 7. To see property (ii), let y € U and assume h(y) = I'(r(y), h(y)). Then
since the principal parts satisfy h = (h; x hy) o =1, we compute that (h; x hy) o f~(y) =
I(r(y),h(y)) = (I' x Iy) o 17 o (f xidp,xr,) " (f 0 (r1 X 12) 0 f7H(y), (hy x hp) 0 fH(y)) =
(I x Ip) o 7 ((r1 x 12) o f7H(y), (hu x hy) o f7(y)), which implies f~'(y) € O1 x Oz by
the corresponding property of 7 and 7. Hence y € O, proving property (ii) for 7. We now
verify (iii) for 7. By the corresponding property for each 7;, the linearization DyL; at 0 of

yi > (idg, — Ti(ri(yi), -))ha(y:)

restricts to a linear sc-isomorphism from ker Dor; to ker I5(0,-). We must show that the
linearization at 0 of the map

L:U—TF, xTF,
y = (idp,xr, — I'(r(y),))h(y)

restricts to a linear sc-isomorphism from ker Dyr to ker I'(0, -). This follows from the obser-
vations that L = (L; X Ly) o f~* holds, the map f~! is a linear sc-isomorphism that restricts
to an isomorphism ker Dor — ker Dy(fo(rq X 19)) = ker Dy(r1 X r3) = ker(Dgry) X ker(Dgrs),
and ker I'(0, -) = ker I'1(0, -) x ker I5(0,-). Thus h is a filling of 7 o r, as claimed.

We now verify the properties of 7 required in Definition M(c) of a local sc-Fredholm
germ. We in addition show that 7 satisfies the stronger properties of a tame sc-Fredholm
germ (Definition [1.3.7)).
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Since each 7; is a tame sc-Fredholm germ, the corresponding properties hold: There exists

a sct-section
5; - Ul — Uz < Fz

satisfying 5,(0) = h;(0), a sc-Banach space W;, a sc-germ of neighborhoods
U/ around 0 in [0, 00)* x R¥™5 x W,
for some k; > s; > 0, and a strong bundle isomorphism
W U; <F; — Ul <R x W,
covering a linear sc-isomorphism
Wi = idjy ooy X ;1 Uy = U]

satisfying 1,;(0) = 0, where B
Y Bl — RFs x W,

is a linear sc-isomorphism, and such that the principal part of the section
by =W 0 (h; —s;)op ! - Ul — U <R x W, (1.87)
is a basic germ. This basic germ property means that the principal part
b : U — RF x W,

is a sc-smooth germ satisfying b;(0) = 0 and such that, for a; € [0, 00)%, d; € R¥ =% w; € W,
we have
P o bi(a;, di, w;) = w; — Bi(a;, ds, w;)

where P, : R¥ x W, — W, is projection onto W; and B; is a sc-smooth germ satisfying
B;(0) = 0 and the contraction property (|1.26)).

The section
5= (f X idp,xr,) 0l o (51 X 53) 0 f1:U — U< (Fy x Fy)

is sc™ because each s; is sct and the other maps in the composition are linear sc-isomorphisms.
Denote the linear sc-isomorphisms given by reordering the factors by
q: ([0,00)° x RF751 x W) x ([0, 00)%2 x R¥2752 x W,)
— [0, 00)* 1152 x RF=s1Hk2=s2 5 Wy, 5 W,
Q : (RM x W) x (RF2 x W) — RF*F2 5 Wy x W,
I (U <aRM x W) x (U, <RF2 x W)
— (Ul x U5) < (RF x Wy x R*2 x W,).
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Set

U' = q(U] x Uy),

w::qo(wlxzﬁQ)of*l:U%U',

U= (¢<Q)ol o (W x¥y)o 17 o (f x idp,xr,) "
U < (Fy x Fy) = U < (RFFF2 x Wy x W,).

We claim that the principal part b of the section
b:=Wo(h—s)oypt: U — U < (RMF2 x W, x W,) (1.88)
is a basic germ. Observe that the principal parts satisfy

b = Q o WRkll XWlXRkéXWQ o (Wl X WQ) ¢} ((hl X hg) — (51 X 52)) o (@Z)l X wg)—l o q_l
=Qo (b xby)oqg .

Let P : RFtR Wy x Wy — W, x W, denote the projection onto W; x W,. Notice that
P = (P, x P;)oQ " Then, for (a1,as) € [0,00)%" X [0,00)%2, (dy,ds) € RF~1 x R*752 and
(wy,wy) € Wy x Wy, we compute

Pob(ar,a,dy,do, wi,ws) = PoQo(by x by)og ay,as, dy,dy, wy,ws)
= (P; X P2) o (by X by)(ay,dy,ws,az,ds, ws)
= (wy — Bi(ay,dy, wy), ws — Ba(ag, da, wy))

= (w17w2) - (Bl(a17d17w1)7 B2(a2,d2,w2))

= (

wy, wa) — (By X Ba) o ¢ '(ay, az, dy, da, wy, ws),
so to prove that b is a basic germ, it remains to verify that the map
B = (Bl X Bg) o q_l : [0, OO)SH_S2 X Rk1_81+k2_52 X Wi X Wy — W; x Wy

satisfies the contraction property . Recall our convention that Banach norms on Carte-
sian products are chosen to be the sum norm (which is equivalent to choosing any standard
choice of norm on a product). The contraction property for B then follows from the
contraction property for each B;, as we now verify. Let € > 0 and m > 0. Then, for i = 1, 2,
there exists 9; > 0 such that holds for B; with the same choice of €. Set ¢ := min(dy, d2).

Then, given ||(a17a27d17d2:w1aw2)||m7 ||(a17a27d17d27w/17w/2)||m’ < 0 we have

(@i, diy wi)lm, [[(ai, di wi)|[m < 6
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for i = 1,2, from which we compute, using property (|1.26)) for the B;,

|| B(ay, ag, dy, ds, w1, ws) — Blay, as, dy, dg, w}, w)||m
[(Bi(a1, dv,wn), Ba(ag, dz, w2)) — (Bi(ar, di,wy), Ba(az, dz, ws))||m
|(B1(a1,dy,wr) — By(ar,dy, w}), Ba(ag, da, ws) — Ba(ag, da, wg)]|m
[(Bi(ar, di,wi) — Biar, di, wi)|lm + || Ba(az, d2, wa) — Ba(az, dz, wh)||m
e(|Jwr — wi||m + [Jwa2 — whl|;m)

= ¢ |[(w1 — wi, wa — wy)l|m

= € |[(wr, w2) — (W, wh)][m,

IN

as required. This completes the proof that 7 is a local sc-Fredholm germ.

We claim that, in addition, 7 is a tame sc-Fredholm germ. We must show that v is
in the form required by Definition [1.3.7 Given (a;,e;) € [0,00)% x E] for i = 1,2, write
P;(es) = (di,w;) € RF x W; and compute

¢(a1,G2, 61762) =4qo° Wl X wz)(ah@l,am@)
= qo (idjpseyr X 1y X idjsey2 X 1y)(a1, €1, a2, €2)

= (al,ag,dl,dg,wl,wg).

So indeed 1 = idjy noysi+=2 X ¥ is of the required form, where ¢ : Ey x Ey — RF—s1tha=sz
W, x W, is the linear sc-isomorphism given by v(eq, e3) = (dy, dy, wy, wy).

We have verified that o; x o5 is a tame sc-Fredholm section of p; X ps. To verify the
claimed index formula, note first that by definition of sc-Fredholm index (|1.27)) of a local sc-
Fredholm germ and the forms of the basic germs (1.87)) and (1.88) we have ind(r;) = k; — ki
and ind(7) = (k1 + k2) — (k] + k%) = ind(11) +ind(m2). Then by definition Definition [1.5.3((3)
of index, for (z1,22) € (Ba))so X (B(2))e We have ind(y, 4,)(01 X 02) = ind(1) = ind(m1) +
ind(1) = indy, (01) + indy, (09).

The final statement about compactness holds because the zero set (o1 x 09)71(0) =
o71(0) x 051(0) C (By)oo X (Bez))eo is equipped with the product topology in every level
(B1y X B(2))m = (Ba))m % (B2))m, and for i = 1,2, the subspace o;1(0) C (B(s))m is compact
for all m > 0 (see Remark for a further discussion about compactness in the different
levels). O

We now generalize the above Cartesian product construction to the ep-groupoid setting.
Lemma 1.7.2.

(I) Consider tame ep-groupoids Xy = (X ), X)) fori=1,2. Then, the Cartesian product
Xy x Xo) = (X1y x X(2), X1y x X(2)) s a tame ep-groupoid with degeneracy index satisfying
dx )% X (T1,T2) = dx,, (21) + dx, (22) for all (21, 22) € (X(1))oo X (X(2))o0-
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(II)  Consider tame strong bundles (P; : Eu — Xg), ;) over Xy for i = 1,2. Denote the
reordering of factors map by

L (X X X@) sxs X pixp, (B) X E) = (X o, Xp, En) X (X@) % p, E@)
and set
= (1 X pra) ol (X1y X X(2)) ;585X pyxpy (E(1) X E2)) = Eqy X Eg).
Then, the tuple (Pyx P, : EqyxEg) — X1)yxX(2), ) is a tame strong bundle over X)X X(2).

(IIT)  Consider tame sc-Fredholm section functors o; : X — Eu (Definition of
(P;, ;) for i = 1,2. Then, the product map o1 X 02 : X1y X Xy = Eqy x Eg) is a
tame sc-Fredholm section functor of (Py x Py, i) with index satisfying ind g, 2.)(01 X 02) =
indy, (01)+indy, (02) for all (z1,22) € (X(1))eo X (X(2))oo- If |0;(0)| is compact fori = 1,2,
then |(o1 x 02)~1(0)| = o7 1(0)] x |5 *(0)] is compact.

Proof. We prove the statements in (I). The product &{;) x X(9) is a groupoid with structure
maps (source, target, multiplication, unit, and inverse) as we describe below. First note that
Lemma m(l) provides tame M-polyfold structures on the object space X1y x X(9) and
on the morphism space X1y x X(9) with the claimed degeneracy index. So, to prove (I), it
remains to describe the structure maps on &(;) x Xg), verify that they are sc-smooth, and
verify the étale property Definition [L.6.1](i) and properness Definition [1.6.1]iii).

For i = 1,2, let (s;,t;, m;, u;, ;) denote the structure maps on Xj;). The source s; x s :
X(l) X X(g) — X(l) X X(g), target t1 X to : X(l) X X(Q) — X(l) X X(g), unit wq X ug :
X(l) X X(g) — X(l) X X(g), and inversion L1 X Ly X(l) X X(Q) — X(l) X X(g) maps on the
product are products of those in each factor, so sc-smoothness follows from sc-smoothness
in each factor. Moreover, the étale property Definition [1.6.1{(i) holds because products of
surjective local sc-diffeomorphisms are surjective local sc-diffeomorphisms.

To see that the multiplication map on the product is sc-smooth, first note that the
reordering of factors map (X(l) X X(g)) X (X(l) X X(g)) — (X(l) X X(l)) X (X(g) X X(g)) is
sc-smooth. It restricts to a bijection

q: (X X Xz) Xy x X)) = (X

which is sc-smooth by [34, Prop. 2.15] and [34, Prop. 2.6(1)]. The multiplication map on
X1y X X{2) is the composition

X X)) X (X2) 5%, X@2)s

81><82><t1><t2 ( S

(m1 X ma) o q: (X)X X(2)) g Xty (K1) X X2)) = X1y X X2),
hence is sc-smooth.
We now check properness Definition [1.6.1[(iii). Let (z1, %) € X1y X X(9) and let V/(z;) C

X (i) be open neighborhoods of z; such that t; : s;'(V(x;)) — X(;) are proper maps. Then
V(x1) x V(z2) is an open neighborhood of (z1,22) in X1y x X(2) and we have

(1% 82) 1 (V(w1) x V(w2)) = s (V (1)) x 55 (V(22)).
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Hence t; Xty : (51 % 82) 1V (1) X V(22)) = X(1) X X(9) is proper, as the product of proper
maps. This completes the proof that &{;) x X2y is a tame ep-groupoid, and so the statements
in (I) are proved.

We now prove the statements in (II). For i = 1,2, the map P, : E; — X;) is a tame
strong bundle over the M-polyfold X(;), so Lemma m(H) provides a tame strong bundle
structure on the product map Py X P, : By X Eg) — X(1) X X(2). The map p is a strong
bundle map as the composition of the strong bundle maps p; x ug and [, and the required
properties Definition [1.6.3(1)(ii) of x follow immediately from those of p; for ¢ = 1,2. Hence
(P, X Py, ) is a tame strong bundle over X1y x &(2), as claimed.

We now prove the statements in (III). For ¢ = 1,2, the tame sc-Fredholm section functor
o; © X — Ey is in particular a tame sc-Fredholm section of the bundle F;, in the M-
polyfold sense. So Lemma M(HI) provides the product map oy x oo with the structure
of a tame sc-Fredholm section of the bundle P; x P, with the claimed sc-Fredholm index.
Moreover, o, X 09 satisfies the required property of a section functor of (P, x Py, uu) by
the corresponding property of the sections functors o; of (P}, 11;). Indeed, for all morphisms
(qbl X (;52) € X(l) X X(g), we compute

(o1 X 09) o (t1 X t2)(P1, P2) = (01(t1(91)), o2(t2(02)))
= (1(d1, 01(51(01))), pa(d2, 02(s52(92))))
= (1 X pi2) 0 U1, P2, 01(51(91)), 02(52(2)))

= (1, P2, (01 X 02) 0 (51 X 82) (b1, P2)).

This completes the proof that o1 X o3 is a tame sc-Fredholm section functor of (P; X Pa, pt).

The final statement about compactness holds because the orbit space of X{;) x &{9) is
equal to the Cartesian product of the orbit spaces of the &(;) equipped with the product
topology. O

We proceed to construct fiber products of tame sc-Fredholm section functors over ep-
groupoids. As usual, the result specializes to the case of M-polyfolds by considering a M-
polyfold B as an ep-groupoid with the trivial groupoid structure: the object space is B and
the morphism space consists of the identity morphisms {1, | € B} which is a M-polyfold
by declaring the bijection = +— 1, with B to be a sc-diffeomorphism.

Corollary 1.7.3.

(I) Consider tame ep-groupoids Xy = (X, X)) for i = 1,2, a smooth manifold Y, and
sc-smooth maps f; : X4y =Y for i =1,2, that satisfy the compatzbzlzty with morphisms

fi(si(9)) = fi(ti(9)) for all ¢ € X

Assume that the product map fi1 X fo : y X X(2) = Y XY us transverse (Deﬁmtzon
to the diagonal A ={(y,y) |y €Y} C Y >< Y, and denote the fiber product of object spaces
by

X(l) flx = {(ZEhxz) S X(l) X X | fl(xl) fQ(.TQ)} C X(l) X X(g)
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Then, there exists an open neighborhood
X € (Xay 1% g Xe) N (X x (X))

of (Xay ,%s, X)) N ((X(1))oo X (X(2))o0) such that X s a slice of X(ll) X X(lz) in the
M -polyfold sense (Definition |1.5.7) satisfying codimg,(X C X(ll) X X(12)) = dimY for ev-
ery x € X1 = X N (X2 x (X(2))2). In particular, the full subcategory X = (X, X)
of X(ll) X X(lz) with object space X is a tame ep-groupoid with degeneracy index satisfying
dg (21, 72) = dx,,(21) + dx ) (72) for all (z1,72) € X

(II)  Consider, in addition, tame strong bundles (P; : Eqy — X, ;) over Xy for i =1,2.
Then, there exists a possibly smaller neighborhood X in (1) that is a slice of the bundle

P1]E(11> X PQ\E(12) : E(ll) X E(12) — X(ll) X X(12) in the M-polyfold sense (Definition|1.5.7). In

particular, the tuple (]5, ft) consisting of the restrictions

is a tame strong bundle over X, where 1 : (X1 X X(2)) X (Eqy x Eg)) = (X1y x Eqy) %
(X(2) X E(2)) is the reordering of factors map.

(IIT)  Consider, in addition, tame sc-Fredholm section functors (Definition|1.6.6) o; : Xy —
Euy of (Py, ;) for i = 1,2. Assume that f1 X fy is (01 X 09)-compatibly transverse to A
(Definition [1.5.8).

Then, there exists a possibly smaller neighborhood X in (II) that is a slice of the tame

sc-Fredholm section (01 X 02)|x xx1, X{yy x Xy = Elyy x Ely in the M-polyfold sense

(Definition . In particular, the restriction
Gi= (o1 x0)|3g: X = E
s a tame sc-Fredholm section functor of the bundle (]5, ) with index satisfying
iNd (3, 2,)(0) = indy, (01) + indy, (02) — dim Y
for all (x1,22) € Xoo. If |0, 1(0)] is compact for i = 1,2, then |6=(0)| is compact.

Proof. We prove the statements in (I). Lemma/|1.7.2(I) provides a tame ep-groupoid structure
on X1y x X{9) with degeneracy index satisfying dx ,,xx,, (x1,29) = dX(l)(:zzl) + dX(2)<I'2) for
(21,22) € (X(1))oo X (X(2))oo- We claim that Corollary |1.6.8(I) applies to the product map
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fi x fa 0 Xqy X X9 = Y x Y and the codimension dimY submanifold A C Y x Y.
Indeed, f; x fo is transverse to A by hypothesis and the required morphism compatibility

(f1 X f2) o (s1 X 82) (b1, P2) = (f1 X fa) o (t1 X t2)(¢1, ¢2) holds by the hypothesis f;(si(¢:)) =
fi(ti(¢;)). Since the fiber product is the preimage of the diagonal

Xy pXp, X = (fi X f2)7H(4),

the result of Corollary [1.6.8(I) is exactly the assertions in (I).

Similarly, to prove (II), we note that Lemma [1.7.2(II) provides a tame strong bundle
structure on (Py X P, (j1 X p2) o1), and then Corollary [L.6.8(II) provides the desired result.

We now prove (III). Lemma m(IH) shows that o1 x 03 1 X1y X X2y = Eny X Eg
is a tame sc-Fredholm section functor of (P; X Py, (1 X pg) o l) with index satisfying
ind (s, 1) (01 X 02) = indy, (01) + indy,(02) and with |o7'(0)] x |o5"(0)] compact. Then
by Corollary [1.6.8(III), we conclude that & is a tame sc-Fredholm section functor with index
satisfying indz, 4,)(0) = ind(, 4, (01 X 02) —dimY = ind,, (01) + indy,(02) — dimY and
such that [671(0)| is compact. O
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Abstract:

We give a detailed proof of the homological Arnold conjecture for nondegenerate periodic
Hamiltonians on general closed symplectic manifolds M via a direct Piunikhin-Salamon-
Schwarz morphism. Our constructions are based on a coherent polyfold description for
moduli spaces of pseudoholomorphic curves in a family of symplectic manifolds degenerating
from CP' x M to Ct x M and C~ x M, as developed by Fish-Hofer-Wysocki-Zehnder as
part of the Symplectic Field Theory package. To make the paper self-contained we include
all polyfold assumptions, describe the coherent perturbation iteration in detail, and prove
an abstract regularization theorem for moduli spaces with evaluation maps relative to a
countable collection of submanifolds.
The 2011 sketch of this proof was joint work with Peter Albers, Joel Fish.

2.1 Introduction

Let (M,w) be a closed symplectic manifold and H : S x M — R a periodic Hamiltonian
function. It induces a time-dependent Hamiltonian vector field Xy : St x M — TM given
by w(Xg(t,x), ) = dH(t,-). We denote the set of contractible periodic orbits by

P(H) :={y:S" = M|4(t) = Xu(t,7(t)) and v is contractible} (2.1)

and note that periodic orbits can be identified with the fixed points of the time 1 flow
¢+ M — M of Xz. We call this Hamiltonian system nondegenerate if ¢k x idy, is
transverse to the diagonal and hence cuts out the fixed points transversely. In particular,
this guarantees a finite set of periodic orbits. Arnold [I] conjectured in the 1960s that the
minimal number of critical points of a Morse function on M is also a lower bound for the
number of periodic orbits of a nondegenerate Hamiltonian system as above. In this strict
form, the Arnold conjecture has been confirmed for Riemann surfaces [12] and tori [10].
A weaker form is accessible by Floer theory, introduced by Floer 21} 22] in the 1980s. It
constructs a chain complex generated by P(H ) that can be compared with the Morse complex
generated by the critical points of a Morse function. When Floer homology is well-defined,
it is usually independent of the Hamiltonian, and on a compact symplectic manifold can
in fact be identified with Morse homology, which is also independent of the Morse function
and computes the singular homology. Using this approach, the following nondegenerate
homological form of the Arnold conjecture was first proven by Floer [20] 23] in the absence
of pseudoholomorphic spheres.

Theorem 2.1.1. Let (M,w) be a closed symplectic manifold and H : S* x M — R a
nondegenerate periodic Hamiltonian function. Then

#P(H) > S Mdim H,(M;Q).
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Floer’s proof was later extended to general closed symplectic manifolds [27, [43] 24] [38],
and in the presence of pseudoholomorphic spheres of negative Chern number requires abstract
regularizations of the moduli spaces of Floer trajectories since perturbations of the geometric
structures may not yield regular moduli spaces; see e.g. [41]. Further generalizations and
alternative proofs have been published in the meantime, using a variety of regularization
methods. The purpose of this note is to provide a general and maximally accessible proof
of Theorem — using an abstract perturbation scheme provided by the polyfold theory
of Hofer-Wysocki-Zehnder [34], following an approach by Piunikhin-Salamon-Schwarz [44]
based on [49], and building on polyfold descriptions of Gromov-Witten moduli spaces [33]
as well as their degenerations in Symplectic Field Theory [13] 19].

To be more precise, let CF = @ cp)A{~y) be the Floer chain group of the Hamiltonian
H with coefficients in the Novikov field A (see §2.2)). Let (C'M,d) be the Morse complex with
coefficients in A associated to a Morse function f : M — R and a suitable metric on M (see
§2.3). We obtain a proof of Theorem as consequence of Lemma [2.4.9] Definition [2.5.7
Lemma [2.6.4], 2.6.5] [2.6.6, summarized here.

Theorem 2.1.2. There exist A-linear maps PSS : CM — CF, SSP : CF — CM,
t:CM — CM, and h : CM — CM such that the following holds.

(i) ¢ is a chain map, that is tod =do .
(ii) ¢ is a A-module isomorphism.

(iii) h is a chain homotopy between SSPo PSS and ¢, that is 1 —SSPo PSS =doh+hod.

Here we view the Floer chain group C'F as a vector space over /A — not as a chain complex,
and in particular do not consider a Floer differential. Thus we are neither constructing a
Floer homology for H, nor identifying it with the Morse homology of f. However, the
algebraic structures in Theorem suffice to deduce the homological Arnold conjecture
for the Hamiltonian H as follows.

Proof of Theorem[2.1.1] Denote the sum of the Betti numbers k := Zfi:%M dim H;(M; Q).
Let (CMg,dg) be the Morse complex over Q as defined in . Then by the isomorphism
of singular and Morse homology there exist ¢y, ..., c; € C Mg that are cycles, dgc; = 0, and
linearly independent in the Morse homology over Q. Since the Morse differential d : CM —
CM is given by A-linear extension of dg from CMg C CM the chains ¢i,...,¢; € CM
are also cycles d¢; = dge; = 0 and linearly independent in the Morse homology over A. By
Theorem [2.1.2] (i),(ii), ¢ induces an isomorphism H¢ : HM — HM on homology. This in
particular implies that [¢(c1)], ..., [t(ck)] € HM are also linearly independent in homology,
that is for any Ay, ..., \x € A we have

Zle )\z : L(Ci) € imd — )\1 =...= )\k = 0. (22)

We now show that PSS(cy),...,PSS(cx) € CF are A-linearly independent, proving
#P(H) > k since the elements of P(H) generate C'F' by definition. This proves the theorem.
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Let A1,...,A\x € A be a tuple such that
S oA+ PSS(e;) = 0.
Then we deduce from Theorem (iii) that
SE oA i) = SE oA (SSP(PSS(c:)) + dh(e;) + h(der))
= SSP(Sho A PSS(e)) + Lhg A dhle) = d(Shg A+ hie)),

which implies A\; = ... = Ay = 0 by (2.2). O

This algebraically minimalistic approach of deducing the homological Arnold conjecture
from the existence of maps PSS and SSP whose composition is chain homotopic to an
isomorphism on the Morse complex was developed in 2011 discussions of the second author,
Peter Albers, and Joel Fish with Mohammed Abouzaid and Thomas Kragh. These were
prompted by our observation that any rigorous proof of “Floer homology equals Morse ho-
mology” seemed to require equivariant transversality; see Remark [2.1.3] Since equivariant
transversality is generally obstructed — even for simple equivariant sections of finite rank
bundles — we were looking for a proof that requires the least amount of specific geometric in-
sights or new abstract tools. We ultimately expect the [44]-approach to yield an isomorphism
between Floer and Morse homology, as well as generalizations of spectral invariants [50] to
all closed symplectic manifolds, but the purpose of the present manuscript is to exemplify
the use of existing polyfold results to obtain detailed, rigorous, and transparent proofs.

For that purpose we include Appendix 2.7, which summarizes all necessary polyfold no-
tions and abstract tools. Here we moreover establish in Theorem [2.7.9|a relative perturbation
result that should be of independent interest: It allows to bring moduli spaces with an eval-
uation map into general position to a countable collection of submanifolds. Besides these
10 pages of background, there are a few more technical complications due to the current
lack of polyfold publications: Since the polyfold description of Floer-theoretic moduli spaces
— while evident to experts — is not published apart from an outline in [52], we reformulate
all moduli spaces in our application into SFT moduli spaces, using the fact that graphs of
perturbed pseudoholomorphic maps are J-curves for an appropriate J. Since the polyfold
description of SF'T moduli spaces [19, 18] is also not completely published yet, we summarize
the anticipated results in Assumptions [2.4.3] [2.5.5], 2.6.3] Finally, we give a detailed account
of the iterative construction of coherent perturbations in the proofs of Lemma and
2.6.0, To strike a balance between supplying technical details that are not easily available
in the literature and maximal accessibility, we have clearly labeled all such technical work.
Readers willing to view polyfold theory as a black box can save 20 pages by skipping these
parts.

For accessibility we begin with reviews of the pertinent facts on the Novikov field, §2.2]
and Morse trajectories, The proof of Theorem then proceeds by constructing the
PSS and SSP maps in from curves in C* x M, constructing the isomorphism ¢ and
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chain homotopy h in from curves in CP' x M and its degeneration into C~ x M and
C* x M, and proving their algebraic relations in §2.6/by constructing coherent perturbations.

Remark 2.1.3. (i) There are essentially two approaches to the general Arnold conjecture as
stated in Theorem The first — developed by [23] and used verbatim in [27, [43], 24], 3§]
— is to establish the independence of Floer homology from the Hamiltonian function, and
to identify the Floer complex for a C?-small Sl-invariant Hamiltonian H : M — R with
the Morse complex for H. This requires S'-equivariant transversality to argue that isolated
Floer trajectories must be S'-invariant, hence Morse trajectories. A conceptually transparent
construction of equivariant and transverse perturbations — under transversality assumptions
at the fixed point set which are met in this setting — can be found in [55], assuming a polyfold
description of Floer trajectories.

(ii) The second approach to Theorem by [44] is to construct a direct isomorphism
between the Floer homology of the given Hamiltonian and the Morse homology for some un-
related Morse function. Two chain maps PSS : CM — CF, SSP : CF — CM between the
Morse and Floer complexes are constructed from moduli spaces of once punctured perturbed
holomorphic spheres with one marking evaluating to the unstable resp. stable manifold of a
Morse critical point, and with the given Hamiltonian perturbation of the Cauchy-Riemann
operator on a cylindrical neighborhood of the puncture. Then gluing and degeneration argu-
ments are used to argue that both PSS o SSP and SSP o PSS are chain homotopic to the
identity, and hence SSP is the inverse of PSS on homology. However, sphere bubbling can
obstruct these arguments: In the first chain homotopy it creates an ambiguity in the choice
of nodal gluing when the intermediate Morse trajectory shrinks to zero length. (We expect
to be able to avoid this by arguing that “index 1 solutions generically avoid codimension 2
strata” — another classical fact in differential geometry that should generalize to polyfold the-
ory.) The second chain homotopy is as claimed in Theorem [2.1.2] (iii) but with ¢ = id, which
requires arguing that the only isolated holomorphic spheres with two marked points evalu-
ating to an unstable and stable manifold are constant. This again requires S'-equivariant
transversality (which we expect to be able to achieve with the techniques in [55]).

(iii) Theorem is proven by following the [44]-approach as above but avoiding the use of
new polyfold technology such as equivariant or strata-avoiding perturbations. In particular,
¢ is the map that results from counting holomorphic spheres that intersect an unstable and
stable manifold; its invertibility is deduced from an “upper triangular” argument.

(iv) The techniques in this paper — combining existing perturbation technology with the
polyfold descriptions of SF'T moduli spaces — would also allow to define the Floer differential,
prove d? = 0, establish independence of Floer homology from the Hamiltonian (and other
geometric data), and prove that PSS and SSP are chain maps. Then the chain homotopy
between SSPo PSS and the isomorphism ¢ implies that PSS is injective and SS P surjective
on homology. However, proving that PSS and SSP are isomorphisms on homology, or
directly identifying the Floer complex of a small S'-invariant Hamiltonian with its Morse
complex, requires the techniques discussed in (ii).
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Moreover, a proof of independence of Floer homology from the choice of abstract pertur-
bation would require a study of the algebraic consequences of self-gluing Floer trajectories in
expected dimension —1 during a homotopy of perturbations, as developed in the A,.-setting
in [37].

We thank Peter Albers and Joel Fish for helping develop the outline of this project — and
Edi Zehnder for asking the initial question. The project was further supported by various
discussions with Mohammed Abouzaid, Helmut Hofer, Thomas Kragh, Kris Wysocki, and
Zhengyi Zhou.

2.2 The Novikov field

We use the following Novikov field A associated to the symplectic manifold (M,w). Let
Hy (M) denote integral homology and consider the map w : Hyo(M) — R given by the pairing
w(A) := (w, A) for A € Hy(M). The image of this pairing is a finitely generated additive
subgroup of the real numbers denoted

I' .= imw = w(Hy(M)) C R.
The Nowikov field A is the set of formal sums

A= ZTGF ATTT’

where T' is a formal variable, with rational coefficients A\, € Q which satisfy the finiteness
condition

Vee R #{rel |\ #0,r<c}<o0.

The multiplication is given by

Aop = (Zref ATTT) ) (ZseF MSTS) = EteF (ZrJrs:t )‘rﬂs) T

This defines a field A by [27, Thm.4.1] and the discussion preceding the theorem in [27, §4],
the key being that I is a finitely generated subgroup of R.

We will moreover make use of the following generalization of the invertibility of triangular
matrices with nonzero diagonal entries.

Lemma 2.2.1. Let M = (A\7)<; <, € A" be a square matriz with entries N9 € A in the
Novikov field. Suppose that A7 =37 . oo \WT" with \j = 0 for i # j and \j # 0. Then

M is invertible.

Proof. Since A is a field, invertibility of M is equivalent to det(M) # 0. Write det(M) =
Y ver eI € A for some p, € Q. It suffices to show that sy # 0.

We proceed by induction on the size of the matrix M. In the ¢ = 1 base case, when
M is a 1 x 1 matrix M = [A'!], we have det(M) = A" = > - p,T" with g, = Al so
Ho = )\(1)1 # 0.
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Now suppose that M is size £ x £ for some ¢ > 1 and inductively assume that, for any
size (( — 1) x (¢ — 1) matrix N satisfying the hypotheses of the lemma, we have det(N) =
>over BT with i) # 0. For 1 < j < ¢, let Cy; denote the matrix obtained by deleting the
first row and j-th column of M. Then N := Cj; is an (¢ — 1) x (¢ — 1) matrix that satisfies
the hypotheses of the lemma, and the cofactor expansion of the determinant yields

det(M) = Aldet(N) + Y0, (—1)1*9 )\ det(Cy).

By hypothesis, all entries of M are of the form \Y = Y~ _ A¥T". Since the determinants
det(N) and det(Cy;) are polynomials of those entries, they are of the same form — with zero
coefficients for 7" with r < 0. Since we moreover have )\(l)j = 0 for 7 > 2 by hypothesis,
it follows that the constant term (i.e. the coefficient on T°) of A det(C};) is 0. Hence the
constant term of det(M) = >, T" is po = A' - pd’, where 12’ # 0 by induction and A\t # 0
by hypothesis. This implies det(M) = po + ... # 0 and thus finishes the proof. m

2.3 The Morse complex and half-infinite Morse
trajectories

This section reviews the construction of the Morse complex as well as the compactified spaces
of half-infinite Morse trajectories which will appear in all our moduli spaces.

2.3.1 Euclidean Morse-Smale pairs

The Morse complex can be constructed for any Morse-Smale pair of function and metric on
a closed smooth manifold M (and more general spaces). However, we will also work with
half-infinite Morse trajectories, and to obtain natural manifold with boundary and corner
structures on these, we will restrict ourselves to the following special setting.

Definition 2.3.1. A Euclidean Morse-Smale pair on a closed manifold M is a pair (f, g)
consisting of a smooth function f € C*°(M,R) and a Riemannian metric g on M satisfying
a normal form and transversality condition as follows.

(i) For every critical point p € Crit(f) of index |p| € Ny there ezists a local chart ¢ to a
neighborhood of 0 € R™ such that

¢*g = dry ®@dry + ... + dz, ® dx,.

(i) For every pair of critical points p,q € Crit(f) the intersection of unstable and stable
manifolds is transverse, W~ M VVqJr .
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Remark 2.3.2. One can check that given any Morse function f and metric g (e.g. one that is
Euclidean in Morse normal coordinates around the critical points), any generic perturbation
of g on annuli around the critical points yields a Euclidean Morse-Smale pair, see e.g. [4]
Prp.2] or [48, Prp.2.24]. Hence Euclidean Morse-Smale pairs exist on every closed manifold,
and for any given Morse function.

2.3.2 The Morse complex

For distinct critical points p_ # py € Crit(f) the space of unbroken Morse trajectories
(which are necessarily nonconstant) is

M(p-,ps) ={r:R—=M|7= —Vf(T),SEIinOOT(s) =p.}/R (2.3)

= (W, nWS)/R = W, nW) nfe).

It is canonically identified with the intersection of unstable and stable manifold modulo the
R-action given by the flow of —V f, or their intersection with a level set for any regular
value ¢ € (f(p+), f(p—)). Both formulations equip it with a canonical smooth structure of
dimension |p_| — [p4+| — 1, see e.g. [48, §2.4.1]. Moreover, any choice of orientation of the
unstable manifolds W~ for all p € Crit(f) induces orientations on the trajectory spaces
M(p_,p;) by e.g. [51} §3.4]. Then the Morse chain complex of (f, g) is obtained by counting
(with signs induced by the orientations) the zero dimensional spaces of unbroken trajectories,

CMy:= P Qp), do (p-):= > #M(p_.ps) (ps). (2.4)
peCrit(f) [p+|=lp-|-1

It computes the singular homology of M; see e.g. [48, §4.3]. More precisely, the Morse

.....

with d; := dg|c,m we have H;(M;Q) = kerd;/imd; .
The PSS and SSP morphisms will be constructed on the Morse complex with coefficients
in the Novikov field A from Section [2.2]

CM = CMy == CMg® A = @,ccny Alp). (2.5)

with differential d = d4 the A-linear extension of dg (defined as above on generators). This
complex is naturally graded with differential of degree 1,

oM = @M eM,  CGM=@,_Alp), d:CiM—Ci M (2.6)

2.3.3 Compactified spaces of Morse trajectories

Our construction of moduli spaces will also make use of the following spaces of half-infinite
unbroken Morse trajectories for pL € Crit(f)

M(M,py) = {r: [0,00)—>M‘7‘:—Vf(7'),82£101 7(s) = p4 },
M(p_, M) := {7:(=00,0] = M |7 ==V f(r), lim 7(s) =p_}.

§——00
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These will be equipped with smooth structures of dimension dim M(M,p,) = dim M — |p, |
resp. dim M(p_, M) = |p_| by the evaluation maps

ev: M(M,py) — M, 7~ 71(0), ev: M(p_,M) — M, 71+ 7(0),
which identify the trajectory spaces with the unstable and stable manifolds M (M, p, ) = Wpt

resp. M(p_, M) = W, . Note that these spaces contain constant trajectories at a critical
point, {7 = p,} € M(M,py) and {T =p_} € M(p_, M). To compactify these trajectory
spaces in a manner compatible with Morse theory, we cannot simply take the closure of
the unstable or stable manifold Wpii C M, but must add broken trajectories involving the
bi-infinite Morse trajectories. The bi-infinite trajectories from (2.3)) which appear in such a
compactification are always nonconstant, i.e. between distinct critical points p_ # p,. So,
unlike constant half-infinite length trajectories, our constructions will not involve constant
bi-infinite trajectories, and we simplify subsequent notation by setting M(p,p) := () for all
p € Crit(f). With that we first introduce spaces of k-fold broken half- or bi-infinite Morse
trajectories for k € Ny and py € Crit(f),

M(M Pk Upl preCrit(f) M(M,p1) X M(p1,p2) ... x M(pk,p+),

-----

M(p_,M)k = Up1 ..... pkECrit(f)M(p—apl) X M(p17p2) X M(pkaM)? (27)
M(p_,pi)i = Upl prECrit(f) M(p—,p1) x M(p1,p2) ... X M(pg,p+)-

.....

Now the compactifications of the spaces of half- or bi-infinite Morse trajectories are given by

M(M P+) U M M, p i)k, m(pﬂM) = U M(p,

keNy keNy

7p+ U M 7p+

keNp

with topology given by the Hausdorff distance between the images of the broken or unbroken
trajectories. Compactness of these spaces is proven analogously to the bi-infinite Morse
trajectory spaces in e.g. [4, Prp.3], using [53, Lemma 3.5]. Moreover, [53, Lemma 3.3] shows
that the evaluation maps extend continuously to

ev : M(M,py) — M, (7‘0, 1], .. 7)) = 70(0), (2.8)
ev: M(p_,M)— M, ([r],...,[me-1), ) — 75(0).

Smooth structures on these spaces are obtained by the following variation of a folk theorem,
which is proven in [53], using techniques similar to those of [4] for the bi-infinite trajectory
spaces.

Theorem 2.3.3. Let (f,g) be a Euclidean Morse-Smale pair and py € Crit(f). Then
M(M,py), M(p—, M), and M(p_,p.) are compact, separable metric spaces and carry the
structure of a smooth manifold with corners of dimension dim M(M,p,) = dim M — |p,|,
dim M(p_, M) = |p_|, and dim M(p_,py) = |p—| — [p+| — 1. Their k-th boundary stratum
is O M. . ) M(...)y. Moreover, the evaluation maps [2.8) are smooth.
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For reference, we recall the definition of a manifold with (boundary and) corners and its
strata.

Definition 2.3.4. A smooth manifold with corners of dimension n € Ny is a second
countable Hausdorff space M together with a maximal atlas of charts ¢, : M D U, =V, C
[0, 00)™ (i.e. homeomorphisms between open sets such that U,U, = M ) whose transition maps
are smooth.

For k =0,...,n the k-th boundary stratum O,M 1is the set of all x € M such that for
some (and hence every) chart the point ¢, (x) € [0,00)™ has k components equal to 0.

Remark 2.3.5. (i) To orient the Morse trajectory spaces in Theorem we fix a choice
of orientation on each unstable manifold W, = M(p, M) for p € Crit(f), and orient
W= M(M,p) such that T,M = T,W~ @ T,W* induces the orientation on M given by
the symplectic form. This also induces orientations on M(p_,py) = W,” NW,\ /R that are
coherent (by e.g. [51], §3.4]) in the sense that the top strata of the oriented boundaries of the
compactified Morse trajectory spaces are products ;. M(-,-) = Ugecuinp 0C: @, )M, q) %
M(q, -) with universal signs o(-, ¢, -) = £1. We compute the relevant cases: For M (M, q) x
M(q,py) = OLM(M,py) with dim M(q,p;) = 0 the sign is o(M,q,p.) = (=1)P+H1,
Indeed, a point in M(q,py) is positively oriented if TW, = (—=Vf) x NW . Here we
identify N, WL =Ty, W,., and the outer normal direction is represented by V f, so that
the sign arises from

TW; x TW = TW, x TW = (=Vf) x TW;, x TW;'
TW, x (=)' f) x TW, x TM(q,ps).

12

Similarly, for M(p_,q) x M(q, M) — 0,M(p_, M) with dim M(p_,q) = 0 the sign is
o(p_,q,M) = +1 since =V f is an outer normal and TW, = (-Vf) x TW_ when
TM(p-,q) = +{0}.

(ii) For computational purposes in §2.6.3| we moreover determine the fiber products of the
compactified Morse trajectory spaces of critical points p_, p, € Crit(f) with the same Morse
index [p_| = |p+/,

M-, M)ex e M(M,py) = {(z7,77) € M(p-, M) x M(M,py) |ev(r™) = ev(r") }

B 0 iD— # D+
S + — . —
TT=p_, TN =py) ip- = D4

—~

To verify this recall that the compactifications M(p_, M) and M(M, p, ) are constructed in
(2.7) via broken flow lines involving bi-infinite Morse trajectories in M (p;, p;11), which are
(defined to be) nonempty only for |p;| > |pir1]. So we have M(p_,p1) X ... X M(py, M) C

M(p-, M) only for pi| < |p_| and M(M,p1) x...x M(pr.py) © M(M, p,) only for [p] >
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|p+|, and thus the image of the evaluation maps are contained in unions of unstable/stable
manifolds

ev(M(p-,M)) € W, UU, j<p Wi ev(M(M,py)) C W UU sip Was-

Since the intersections W,~ N th are transverse by the Morse-Smale condition, they can
be nonempty only for |¢_|+dim M — |g4| > dim M. So this intersection is empty whenever
lg+| > lg—|. Thus for |¢_| < |p—| = |p+| < |g4+| in the above images we have empty
intersections W,- N W5 = 0 as well as W~ N W, =0 and W, N W, = (. This proves

ev(M(p_, M))Nev(M(M,p,)) = W, NW,, and for p_ # p, this intersection is empty by
transversality in (2.3)). Lastly, for p+ = p we have W~ N W = {p} since gradient flows do

not allow for nontrivial self-connecting trajectories. This proves M (p, M) ey X ey M (M, p) =

{(p,p)}-

2.4 The PSS and SSP maps

In this section we construct the PSS and SSP morphisms in Theorem between Morse
and Floer complexes. As in the introduction, we fix a closed symplectic manifold (M, w) and
a smooth function H : S' x M — R. This induces a time-dependent Hamiltonian vector
field Xy : S — I'(TM), which we assume to be nondegenerate. Thus it has a finite set
of contractible periodic orbits, denoted by P(H) as in . We moreover pick a Morse
function f : M — R and denote its — again finite — set of critical points by Crit(f). Then
we will work with the Floer and Morse complexes over the Novikov field from Section [2.2]

CF = @vep(H)A<7>a CM = @pGCrit(f)A<p>?

and construct the A-linear maps PSS : CM — CF, SSP : CF — CM from moduli spaces
which we introduce in §2.4.1 We provide these moduli spaces with a compactification
and polyfold description in §2.4.2] and in rigorously construct the PSS/SSP map by
using polyfold perturbations to obtain well defined (but still choice dependent) counts of
compactified-and-perturbed moduli spaces.

2.4.1 The Piunikhin-Salamon-Schwarz moduli spaces
To construct the moduli spaces, we need to make further choices as follows.
e Let J be an w-compatible almost complex structure on M.
Then the Cauchy-Riemann operator on maps u : 2 — M parametrized by a Riemann

surface X' with complex structure j is 9yu := 1(du+ J(u) o duo j) € %X, u*TM).

e Let g be a metric on M such that (f,g) is a Euclidean Morse-Smale pair as in Defini-

tion It exists by Remark [2.3.2]
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e Let 3:[0,00) — [0,1] be a smooth cutoff function with Bjp1) =0, 5/ > 0, and S,y = 1.
Then we define the anti-holomorphic vector-field-valued 1-form Yy € 2%Y(C, I'(TM)) in
polar coordinates

Yi(re”, z) := 18(r)(JX g (0, z) r~'dr + Xy (0, 2) d9).

In the notation of [40, §8.1], we have Y; = —(Xp,)" given by the anti-holomorphic part
of the 1-form with values in Hamiltonian vector fields X, which arises from the 1-form
with values in smooth functions Hg € §2*(C,C>®(M)) given by Hs(re?) = B(r)H(0,-)do.
The vector-field-valued 1-form Yy encodes the Floer equation on both the positive cylin-
drical end {z € C||z| > e} 2 [1,00) x S! and the negative end {|z| > e} = (—o0, —1] x S*
(where 5 = 1) as follows: The reparametrization v(s,t) := u(ei(“”*_“)) ofamapu:C— M
satisfies the Floer equation (05 + JOy)v(s,t) = J Xy (t,v(s,t)) iff Oyu(z) = Yu(z,u(2)).
e For each v € P(H), fix a smooth disk u, : D* — M with u,|gpz(e™) = ~(t).

Then for u : C* — M with limg_,o u(Re*™) = 7(t), denote by u#u, : CP' — M the
continuous map given by gluing u to uf (where the 4+ denotes the orientation of D?). By
abuse of language, we will call A := [u#u,] = (u#u,).[CP'] € Hy(M) the homology class

represented by u. Moreover, we denote by @, : D* — D? x M the graph of u,. Then
the graph w: C — C x M,z — (z,u(z)) glues with ﬂf to a continuous map representing

[U#1,) = A := [CP'] + A € Hy(CP"' x M), or more precisely A = [CP'] x [pt] + [pt] x A.
Now the condition [v#u.] = A makes sense for other maps v : C — C x M with the same

asymptotic behaviour, and we say v represents A. In fact, we will suppress the notation
A and label spaces with A — as this specifies the topological type of v.

Given such choices, the (choice-dependent) morphisms PSS : CM — CF and SSP: CF —
CM will be constructed from the following moduli spaces for critical points p € Crit(f),
periodic orbits v € P(H), and A € Hy(M),

M(p,v;A)={u:C" - M !u(O) eW,, Oyu = Yy (u), Rl_lg u(Re™) = y(t), [u#u,] = A},

M(y,p;A) ={u:C™ = M |u(0) € W\, 9u=Yy(u), lim u(Re™™) =~(t), [u#u,] = A}.

R—o0

Each of these moduli spaces can be described as the zero set of a Fredholm section 9, —
Yy : B — &.. Here the Banach manifolds By are given by a weighted Sobolev closure
of the set of smooth maps v : C* — M representing the homology class A with point
constraint u(0) € W and satisfying a decay condition limp_.c u(Re") = ~(t), but not
necessarily satisfying the perturbed Cauchy-Riemann equation 0yu = Yy (u). Then 05 — Yy
is a Fredholm section of index

I(p,v; A) = CZ(7) + 2¢1(A) — 4m ), (2.9)
I(v,p; A) = —=CZ(y) + 2¢1(A) + 92 — |p|,
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where C'Z(7) is the Conley-Zehnder index with respect to a trivialization of urTM asin e.g.
[49], ¢1(A) is the first Chern class of (T'M, J) paired with A, and |p| is the Morse index of
p € Crit(f).

If the moduli spaces were compact oriented manifolds, then we could define PSS (and
analogously SSP) by a signed count of the index 0 solutions,

PSS(p) == #M(p,v; A) - T*D (),

where the sum is over v € P(H) and A € Hy(M) with I(p,7; A) = 0. In many cases — if
sphere bubbles of negative Chern number can be excluded — this compactness and regularity
can be achieved by a geometric perturbation of the equation, e.g. in the choice of almost
complex structure. In general, obtaining well defined “counts” of the moduli spaces requires
an abstract regularization scheme. We will use polyfold theory to replace “#M(p,~v; A)” by
a count of O-dimensional perturbed moduli spaces. In the presence of sphere bubbles with
nontrivial isotropy, the perturbations will be multi-valued, yielding rational counts.

Remark 2.4.1. Compactness, or rather Gromov-compactifications, of the moduli spaces
M(p,7; A) and M (v, p; A) will result from energy estimates [40, Remark 8.1.7] for solutions
of 0yu =Yg (u),

E(u) == 1 [o|du+ Xy, (u)| < [ou'w+|Ra,| < w((u#u,])+ K. (2.10)
Here the curvature Ry, dvolc = dHpg + %HB N Hg = " Hdr A df has finite Hofer norm
HRHBH = fc(maxRHﬁ —max Rp,) = fooo fsl |6 (r)|(maxgeps H(O, ) —mingep H(6,2))d0 dr

since 3’ has compact support in [1,e]. Since moreover P(H) is a finite set, we obtain the
above estimate with a finite constant K := || Ry, | + max,ep(x) [pe uiw. Thus the energy of
the perturbed pseudoholomorphic maps in each of our moduli spaces will be bounded since
we fix [u#u,] = A.

Now SFT-compactness [2] asserts that for any C' > 0 the set of solutions of bounded
energy {u : C — M |0su = Yy (u),limg,. u(Re*™) = ~(t), E(u) < C} is compact up to
breaking and bubbling. This compactness will be stated rigorously in polyfold terms in

Assumption [2.5.5] (ii).

2.4.2 Polyfold description of moduli spaces

We will obtain a polyfold description for the moduli spaces in §2.4.1| by a fiber product
construction motivated by the natural identifications

M(p,7; A) = M(p, M)y X oM™ (75 A), M(y,p; A) = M (7; A)ey Xey M (M, p). (2.11)

This couples the half-infinite Morse trajectory spaces from §2.3.3| with a space of perturbed
pseudoholomorphic maps

M* (13 A) = {u:C* = M | dyu=Yy(u), lim u(Re*™) =~(t), [u#u,] = A}, (2.12)

R— o0
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via the evaluation maps (2.8) and
ev: M*(y; A) = M, uw u(0). (2.13)

More precisely, the general approach to obtaining counts or more general invariants from
moduli spaces such as is to replace them by compact manifolds — or more general
‘regularizations’ which still carry ‘virtual fundamental classes’). Polyfold theory offers a
universal regularization approach after requiring a compactification M(...) C M(...) of the
moduli space and a description of the compact moduli space M(...) = ¢7(0) as zero set of
a sc-Fredholm section o : B(...) — &£(...) of a strong polyfold bundle. For an introduction
to the language [34] used here see Appendix [2.7]

The Morse trajectory spaces are compactified and given a smooth structure in Theo-
rem m The Gromov compactification and perturbation theory for will be achieved
by identifying theses spaces with moduli spaces that appear in Symplectic Field Theory
(SFT) as introduced in [13], compactified in [2, §], and given a polyfold description in
[18]. Here we identify u : C — M with the map to its graph w : C - C x M,z
(z,u(2)) as in [40, §8.1] to obtain a homeomorphism (in appropriate topologies) M*(y; A) =
M (7; A) /Aut(C*) to an SFT moduli space for the symplectic cobordism| CE x M be-
tween () and S!' x M. Here S' x M is equipped with the stable Hamiltonian structure
(+dt,w + dH; A dt) whose Reeb field £0; + Xy, has simply covered Reeb orbitsﬂ given by
the graphs 7 : ¢t — (&t,7(¢)) of the 1-periodic orbits v € P(H). Moreover, Aut(C?*) is the
action of biholomorphisms ¢ : C — C by reparametrization v — v o ¢ on the SF'T space for
an almost complex structure J;; on C* x M induced by J, Xy, and j = +i on C*,

/T/IEFT(’?; A)i={v:C* - C"x M | ('_9J~§v =0, v(Re™™) ~ Fg(t), [v#u,] = [CP'] + A}.

More precisely, the asymptotic requirement is dey s (v(Re=0)) 5(2)) — 0 for some ¢, €
S as R — oo for the graphs Jg(t) = (Re*, (1)) of the orbit v parametrized by S* = {|z| =
R} Cc C*.

To express the evaluation in SFT terms note that a holomorphic map in the given
homology class intersects the holomorphic submanifold {0} x M in a unique poin‘cﬂ7 SO we
can fix the point 0 € C* in the domain where this intersection occurs and rewrite the moduli
space ME(v; A) 22 {v € Mg (3; A) | v(0) € {0} x M} /Aut(C*,0) with a slicing condition
and quotient by the biholomorphisms which fix 0 € C*. Thus we rewrite into the

IFor definitions of these notions see [8, §2]. For C x M the positive symplectization end is R* x S! x
M — C x M,(r,0,z) — ("% x). After reversing orientation on C there is an analogous negative end
R™ x S'x M« C~ x M.

2Here we have implicitly chosen asymptotic markers that fix a parametrization of each Reeb orbit.

3For solutions in /{/lvng (3; A) this follows from pres ov : C* — C* being an entire function with a pole
of order 1 at infinity (prescribed by the asymptotics). For jfl—holomorphic curves in the compactification,
it follows from positivity of intersections, see e.g. [, Prop.7.1].
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fiber products over C* x M

I

M(p77aA) M(pv M) {O}Xevxev+ Mg_FT(’%A)? (214)
M(77p7 A) = MgFT<77 A) ev— X{O}Xev M(M7 p)

using evaluation maps on the SF'T moduli space with one marked point
~.
ev®E 1 Mgpp(v; A) = MSFT(%A)/Aut((Ci,O) — C* x M, [v] = v(0). (2.15)

Now we will obtain a polyfold description of the PSS/SSP moduli spaces by the slicing
construction of [I5] applied to polyfold descriptions of the SEFT-moduli spaces MéEFT(Av'; A)
(compactified as space of pseudoholomorphic buildings with one marked point). This result
is outlined in [I9], but to enable a self-contained proof of our results, we formulate it as
assumption, where we use

CE:=C*us = {zeC¥||z| <1}
as target factor for a simplified evaluation map, as explained in the following remark.

Remark 2.4.2. Note that the compactified moduli space M;‘}T(V;A) — in view of the
noncompact target C* x M — contains broken curves v: ¥ = C* UR x S*U...UR x St —
Y x M. We do not need a precise description of this compactification (beyond the fact
that it exists and is cut out by a sc-Fredholm section), but it affects the formulation of the
evaluation maps [v, z9] — v(29) for a marked point z; € X' that v might map to a cylinder
factor R x S* x M C X x M. We will simplify the resulting sc® evaluation with varying
target — being developed in [18] — to a continuous evaluation map ev® : M;T(% A) — C*
into the compactified target C*.

For that purpose we topologize C* = {|z| < 1} as a disk via a diffeomorphism C* —
{|z] < 1}, re? = f(r)e? induced by a diffeomorphism f : [0, 00) — [0, 1) that is the identity
near 0, and its extension to a homeomorphism CF — {|z| < 1} via S* =B/, — {|2| =
1},0 — e*%. Then for any marked point 25 € R x St on a cylinder we project the evaluation
v(z) € Rx S' x M to S' x M = 0C* x M by forgetting the R-factor. The resulting
simplified evaluation map will be unchanged and thus still s¢* when restricted to the open
subset (evF)~1(C* x M) of the ambient polyfold — as stated in (v) below. This open subset
inherits a scale-smooth structure, and still contains some broken curves — just not those on
which the marked point leaves the main component. This suffices for our purposes since the
fiber product construction uses the evaluation map only in an open set of curves [v, zy] with
v(z0) &= 0 € C*.

Assumption 2.4.3. There is a collection of oriented sc-Fredholm sections of strong polyfold
bundles ospr : Bér(7; A) = Enp(v; A) and continuous maps & : Bapp(y; A) — CE x M,
indezed by v € P(H) and A € Hy(M), with the following properties.
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(i) The sections have Fredholm index ind(ogrr) = CZ(v)+2c1(A)+42M 12 on Bl (v; A),
resp. ind(ospr) = —CZ(7) + 2¢1(A) + 221 1+ 2 on BEr(v; A).

(ii) Fach zero set M;T@'; A) = o5pr(0) is compact, and given any C € R there are only
finitely many A € Hy(M) with w(A) < C and nonempty zero set ogpp(0) N Bapp(v; A) # 0.

(iii) Equivalence classes under reparametrization of Aut(C*,0) of smooth maps v : C* —
C* x M that satisfy v(Re*") = (Re*™, ~(t)) for sufficiently large R > 1 and represent the
class [v#i,] = [CP']| + A form a dense subset Bi, . (7; A) C Bap(v; A) contained in the
interior. On this subset, the section is ospr([v]) = [(U,gjﬁv)] and &vE([v]) is evaluation as

in (@T5)

(iv) The intersection of the zero set of ospr with the dense subset B, . (7v; A) is naturally
identified with the SET moduli space in (2.15), i.c., ogpp(0) N B, (7; A) =2 MZp(F; A).

dense
(v) The sections ospr have tame sc-Fredholm representatives in the sense of [15, Def.5.4],
and the evaluation maps &v* restrict on the open subsets Bing(v; A) = (evF) 1 (C* x
M) C Baap(y; A) to s¢™ maps ev® : Bsiﬁ(%(y;A) — C* x M, which are ospr-compatibly
submersive in the sense of Definition|2.7.4 Finally, this open subset contains the interior,

0Bt (7 A) C Bair (7; A).

Remark 2.4.4. The properties (iii),(iv) in this assumption are stated only to give readers
an intuitive sense of what spaces we are working with. For the specific application in this
paper it would be sufficient to assume the existence of sc-Fredholm sections and submersive
maps, along with the further sections, maps, and boundary stratifications stated in Assump-
tions 2.5.5]and [2.6.3] Property (v), which is used to construct fiber products in Lemma[2.4.5]
should follow similarly to the explanation given in [I5], Ex.5.1] for the Gromov-Witten poly-
folds [33].

We also expect the existence of a direct polyfold description of the moduli space in
terms of a collection of sc-Fredholm sections o : BX(y; A) — £%(v; A) with the same indices,
and submersive sc® maps ev*® : B¥(y; A) — M with the following simplified properties.

(iii’) The smooth maps u : C — M which equal u(Re*") = ~(t) for sufficiently large R > 1
and represent the class A form a dense subset of B*(v; A) that is contained in the interior.
On this subset, the section is o(u) = d;u — Yy (u), and the evaluation is evE(u) = u(0).

(iv’) The intersection of Mi(v; A) := 071(0) with the dense subset from (iii’) is naturally
identified with the moduli space M*(v; A) in (2.12)).

While such a construction should follow from the same construction principles as in [19],
there is presently no writeup beyond [52], which proves the Fredholm property in a model
case. Alternatively, one could abstractly obtain this construction from restricting the setup
in Assumption to subsets consisting of maps of the form v(z) = (z,u(z)). Thus there
is no harm in using (iii’) and (iv’) as intuitive guide for our work with the abstract setup.
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Given one or another polyfold description of the naturally identified moduli spaces
or and corresponding evaluation maps, we will now extend the identifications or
to a fiber product construction of polyfolds which will contain these PSS/SSP moduli
spaces. For p € Crit(f), v € P(H), and A € Hy(M) we define the topological spaces

B (p,7; A) = {(z,v) € M(p, M) x Bdpr(7; A) | (0,ev(z)) = v’ (v)}

= {(z.v) € M(p, M) x Bliz(v: A) | (0,ev(r)) = ev ()}, (2.16)
B~ (v,p; A) = {(v,1) € Bgpr(7; A) x M(M,p) | (0,ev(z)) =&v (1)}

= {(v,7) € Bgpr(v: A) x M(M,p) | (0,ev(z)) = ev(v) }.

We will use [I5] to equip these spaces with natural polyfold structures and show that the
pullbacks of the sections ospr by the projections to BSiFT(’y; A) yield sc-Fredholm sections
whose zero sets are compactifications of the PSS/SSP moduli spaces. This will require
a shift in levels which is of technical nature as each m-level B,, C B contains the dense
“smooth level” B, C B,,, which itself contains the moduli space M = ¢7(0) C Bu; see

Remark R.7.3

Lemma 2.4.5. For any p € Crit(f), v € P(H), and A € Hy(M) there exist open subsets
Bt(p,v; A) € Bt (p,v;A)1 and B~ (v,p; A) C B~(v,p; A)1 which contain the smooth levels
Bi(. .3 A)oo of the fiber products (2.16|) and inherit natural polyfold structures. The smooth
level of their interior i

0B (1,7 A)oe = M(p, M) (0} sex Xevt OBt (7 A)oos
DB~ (1.7 A)oe = oBpr(7: A)oc o X0y xew M(M, D).
Moreover, pullback of the sc-Fredholm sections of strong polyfold bundles O’éEFT : BgEFT(*y; A) —

Err(7; A) under the projection BE(...; A) = Bapp(...; A) induces sc-Fredholm sections of
strong polyfold bundles O(J;,p;A) : BT (v,p; A) — ET(y,p; A) resp. O lprid) - B~ (p,v;A) —

E (p,v; A) of index I(p,~; A) resp. 1(v,p; A) given in (2.9). Their zero sets contaz’rﬂ the
moduli spaces from

U(J;,W;A)_I(O) = m(p, M) {0} xev Xavt U;FT_I(O) D M(p,v; A),
TH0) = 05pr ' (0) o Xopxes M(M,p) D M(7,p; A).

ev—

Finally, each zero set J(j't”,A)*l(O) is compact, and given any p € Crit(f), v € P(H), and

C € R, there are only finitely many A € Ho(M) with w(A) < C and nonempty zero set
£+ 1

O ) (0) # 0.

4 Here we can only make statements about the smooth level because we do not know what points of other
levels are included in the fiber products. This is sufficient for applications as the zero set of any sc-Fredholm
section (and its admissible perturbations) is contained in the smooth level.

5 As in Remark this identification is stated for intuition and will ultimately not be used in our
proofs.
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Proof. We will follow [I5, Cor.7.3] to construct the PSS polyfold, bundle, and sc-Fredholm
section a; .4 In detail, and note that the construction of the SSP section o, , is analogous.

Consider an ep-groupoid representative X = (X,X) of the polyfold Bdpp(v; A) with
source and target maps denoted s, : X — X together with a strong bundle P : W — X
over the M-polyfold X and a structure map u : X;xpW — X such that the pair (P, u) is a
strong bundle over X representing the polyfold bundle Edpr(v; A) = Bdpr(v; A). In addition,
consider a sc-Fredholm section functor Sgpr : X — W of (P, ) that represents ogpp. The
ep-groupoid X and the bundle (P, i) are tame, since they represent a tame polyfold and a
tame bundle, respectively. Moreover, Sspr is a tame sc-Fredholm section in the sense of [15],
Def.5.4] by Assumption [2.4.3|(v).

We view the Morse moduli space M(p, M) as the object space of an ep-groupoid with
morphism space another copy of M(p, M) and with unit map a diffeomorphism; that is, the
only morphisms are the identity morphisms. The unique rank-0 bundle over M(p, M) is a
strong bundle in the ep-groupoid sense, and the zero section of this bundle is a tame sc-
Fredholm section functor. Next, note that B*(p,~v; A) C {(r,v) e M(p, M) x| X||evt(v) €
{0}x M} C M(p, M)x|X*]is represented within the open subset X" := (ev") "} (Cx M) C
X and the corresponding full ep-subgroupoid XV of X', which represent the open subset
Bdi5 (v, A) € |X|, and by Assumption E%kv) the restricted evaluation evt : XV — C x M
is s¢> and Sgpr-compatibly submersive (see Definition . Denote by evgy : M(p, M) —
C x M,z — (0,ev(r)) the product of the trivial map to 0 € C and the Morse evaluation
map. We claim that the product map evy x evt : M(p, M) x X" — (C x M) x (C x M)
is Sgpr-compatibly transverse to the diagonal A C (C x M) x (C x M). Indeed, given
(1,v) € (evoxevT)"H(A) let L C TEX® be a sc-complement of the kernel of the linearization
of evt at some v € X% that satisfies the conditions for Sspp-compatible submersivity
in Definition [2.7.4] w.r.t. a coordinate change ¥’ on a chart of X*. Then the subspace
{0} x L € TEM(p, M) x TEX® satisfies the conditions for Sspr-compatible transversality
of evg x evt with A at (7,v) w.r.t. the product change of coordinates id x ¥ in a product
chart on the Cartesian product M(p, M) x X. (See [15, Lem.7.1] for a discussion of the
sc-Fredholm property on Cartesian products.)

Next, note that M (p, L) eyy Xevt X oo represents the smooth level of the fiber product topo-
logical space B*(p,~; A). So [I5, Cor.7.3] yields an open subset X’ ¢ M(p, M)y X v+ X§¥
containing the smooth level M(p, ) ey, Xev+ XS such that the full subcategory X := (X, X’)
of M(p, M) x X is a tame ep-groupoid and the pullbacks of (P, ) and Sgpr to X' are
a tame bundle and tame sc-Fredholm section. Here we used the fact that the smooth
level M(p,7)oe = M(p,x) of any finite dimensional manifold is the manifold itself; see
Remark 2.7.3]

The tame ep-groupoid &” yields the claimed polyfold B (p,~; A) := |X’|, and similarly
the pullbacks of (P, 1) and Sspr through the projection X’ — X; define the claimed bundle
and sc-Fredholm section U(J;m nE Bt (p,v; A) = E1(p,7; A). The identification of the interior
B (p,7; A)x follows from the degeneracy index formula dx: (71, 22) = dyz(, ) (21) +dx (2)

in [15, Cor.7.3] and the interior of the Morse trajectory spaces dgM (p, M) = M(p, M) from
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Theorem [2.3.3
The index formula in [15, Cor.7.3] yields ind(az;,y;A)) = ind(ogpr) + |p| — dim(C x M) =
I(p,v; A) since dim M(p, M) = |p| and ind(ospr) = CZ(7) + 2¢1(A) + 3 dim M + 2.
Finally, the zero set J(J;m A)fl(O) is the fiber product of the zero sets as claimed, as these
are contained in the smooth level, and the restriction to ev!({0} x M) already restricts
considerations to the domain X from which the fiber product polyfold is constructed.
Moreover, U(J;W;A)_I(O) is compact as in [I5, Cor.7.3], since both M(p, M) and ol (0)

are compact and both evy and ev' are continuous. The final statement then follows from
Assumption [2.4.3(ii). O

2.4.3 Construction of the morphisms

To construct the A-linear maps PSS and SSP in Theorem with relatively compact
notation we index all moduli spaces from by the two sets

T = {a=(p,7:A)|p € Crit(f),y € P(H),A € Hy(M)},
I = {a=(v,p;A) |p € Crit(f),y € P(H),A € Hy(M)}.

To simplify notation we then denote Z := Z~ UZ" and drop the superscripts from the
polyfolds B(a) = B*(«a). Since Lemma provides each moduli space M(«) for a € Z
with a compactification and polyfold description M(a) C o,1(0), we can apply [34) The-
orems 18.2,18.3,18.8] to obtain admissible regularizations of the moduli spaces, and counts
of the O-dimensional perturbed solution spaces [34, §15.4], in the following sense. Here we
denote by QT := QN [0, 00) the groupoid with only identity morphisms.

Corollary 2.4.6. (i) For every a € I, choice of neighborhood of the zero sets o,*(0) C
V., C B(«a), and choice of sc-Fredholm section functor S, : X, — W, representing o,ly,,
there exists a pair (No,Uy) controlling compactness in the sense of Definition with
1551 (0)] C |Ual C Ve
For o € T with o,,*(0) = 0 we can choose U, = 0.

(ii) For every collection (Ny,Uy)aez of pairs controlling compactness, there exists a collec-
tion kK = (lia W, — @+)aez of (N, U,)-admissible sc™-multisections in the sense of [34),
Definitions 13.4,15.5] that are in general position relative to (Sy)aez in the sense that each
pair (S, Ka) 18 in general position as per [34, Def.15.6].

Here admissibility in particular implies Ko © Salx,w, = 0 and thus K, 0 S, = 0 when

o 1(0) = 0.

(iii) Ewvery collection k of admissible sc™-multisections in general position from (ii) induces a
collection of compact, tame, branched ep™*-groupoids (/{aoSa Xy — Q+)aez‘ In particular,
each perturbed zero set

Z5(a) = |[{z € Xo|Ka(Sa(®)) > 0} C [Uale C |Xalo = Bla)w
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15 compact, contained in the smooth level, and carries the structure of a weighted branched
orbifold of dimension I(«) as in (2.9). Moreover, the inclusion in |U,| and general position
of & implies that for I(a) < 0 or o,1(0) = 0 the perturbed zero set Z=(a) = 0 is empty.

(iv) For o € T with Fredholm index I(ca) = 0 and ko : Wa — QF as in (i1) the perturbed
zero set is contained in the interior Z%(a) C OB() and yields a well defined count

#250) = L) 00 () FalSale)) € Q

Here o,,(x) € {£1} is determined by the orientation of o, as in [34, Thm.6.3]. If [U,| N
OB(«) = 0 then this count is independent of the choice of admissible sct-multisection K.

(v) For every a € T with Fredholm index I(«) = 1 and kq : Wo — QT as in (ii) the boundary
of the perturbed zero set is given by its intersection with the first boundary stratum of the

polyfold,
07%(a) = Z%(a) N " B() o

With orientations o,,|,8(a)(x) € {1} induced by the boundary restriction o4|p() this im-
plies
#0Z%(a) = Zmeam(a) OUa‘BB(a)(x> Ka(Sa(z)) = 0.

Remark 2.4.7. (i) The statements in (iv) and (v) of Corollary require orientations of
the sections o, for v € Z. By the fiber product construction in Lemma[2.4.5] they do indeed
inherit orientations from the orientations of the Morse trajectory spaces in Remark [2.3.5]
the orientations of agtFT given in Assumption and an orientation convention for fiber
products.

In practice, we will construct the perturbations s in Corollary by pullback of pertur-
bations \ = (/\f A)vep.Ack, () of the oriented SFT-sections ogp. Thus it suffices to specify
the orientations of the regularized zero sets, which is implicit in their identification with
transverse fiber products of oriented spaces over the oriented manifold M,

Z5p, 13 A) = M, M) coXevt Z23A),  Z51pA) = 2205 A) o Xevo M(M, p).
Orientations of the boundary restrictions in (v) are then induced by the orientations of
Z%(a), via oriented isomorphisms of the tangent spaces Ryv(z) x T,0Z7%«a) = T,Z%(«),
where v(z) € T,Z%(«) is an exterior normal vector at z € 0Z%(«).

(ii) Note that the counts in part (iv) of this Corollary may well depend on the choice of
the multi-valued perturbations k, — unless the ambient polyfold has no boundary, 0B(«) =
(. Indeed, although the moduli space M(«) is expected to have dimension 0, it may
not be cut out transversely from the ambient polyfold B(«), and moreover it may not be
compact. Assumption provides an inclusion in a compact set M(a) C ¢,,'(0), and the
perturbation theory for sc-Fredholm sections of strong bundles then associates to o, 1(0) a
perturbed zero set Z%(a) C B(a) with weight function x, 0 S, : Z%(a) — QN (0, 00). This
process generally adds points on the boundary o, (0)~M(a) C B(a)~dyB(a), which may
or may not persist under variations of the perturbation k.
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The following construction of morphisms will depend on the choices of perturbations
and orientation convention (see the previous remark) as well as geometric data fixed in
§2.4.1], and possibly the choice of polyfold construction in Assumption and ep-groupoid
representation in Remark 2.7.2] The algebraic properties in Theorem [2.1.2] will be achieved
in — for any given choice of geometric data — by particular choices of ep-groupoids and
perturbations k%, and an overall sign adjustment.

Definition 2.4.8. Given collections k¥ = (kT)aez= of admissible sc™-multisections in gen-
eral position as in Corollary we define the maps PSS+ : CM — CF and SSP,- :

CF — CM to be the A-linear extension of
PSS+ (p) :—Z #75 (p,y; A) - T*PD(y),  SSP(7) —Z#Z“ 7,0; A) - TD (p).

I(va) 0 I(’YPA) 0

Lemma 2.4.9. The maps PSS+ : CM — CF and SSP,- : CF — CM in Deﬁmtzon
are well defined, i.e. the coefficients take values in the Novikov field A defined in

Proof. To prove that PSS+ is well defined we need to check finiteness of the following set
for any p € Crit(f), vy € P(H), and c € R,

{r € wH (M) N (~00,d % actnon #2571 4) 7 0}.
Here w : Hy(M) — R is given by pairing with the symplectic form on M, and recall from
Lemma [2 - 5| that there are only finitely many homology classes A € Ho(M) with w(A) < ¢
and ¢,1(0) # 0. On the other hand, the perturbatlons kT were chosen in Corollary [2.4.6 -
(iii), (1V) so that #2257 (...; A) = 0 whenever ¢ (0) = (). Thus there are in fact only finitely
many A € Hy(M) with w(A) < cand #2725 (... ;A) # 0, which proves the required finiteness.
The proof for SSP,- is analogous. m

2.5 The chain homotopy maps

In this section we construct A-linear maps ¢ : CM — CM and h : CM — CM on the
Morse complex over the Novikov field A given in , which appear in Theorem m
For that purpose we again fix a choice of geometric data as in to construct moduli
spaces in §2.5.1 and §2.5.2] We equip these with polyfold descriptions in §2.5.3] and define
the maps ¢, h for admissible regular choices of perturbations in Definitions [2.5.7, To obtain
the algebraic properties claimed in Theorem [2.1.2] (i)—(iii) we will then construct particular
“coherent” choices of perturbations in §2.6]

2.5.1 Moduli spaces for the isomorphism ¢

We will construct ¢ : CM — CM from the following moduli spaces for critical points
p_,py € Crit(f), A € Hy(M), using the almost complex structure J and the unstable/stable
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manifolds (see §2.3.3) of the Morse-Smale pair (f, g) chosen in §2.4.1}

M (p_,ps;A)i={u:CP" - M |u([1:0) e W, , u([0:1]) € W, du=0, [u] = A}.
(2.17)
Note that a cylinder acts on this moduli space by reparametrization with biholomorphisms
of CP' that fix the two points [1 : 0], [0 : 1]. However, we do not quotient out this symmetry
so describe these moduli spaces as the zero set of a Fredholm section over a Sobolev closure
of the set of smooth maps u : CP* — M in the homology class [u] = A satisfying the point
constraints u([1: 0]) € W, and u([0 : 1]) € W . This determines the Fredholm index as

I'(p—,py; A) = 2c1(A) + [p-| — [p+]. (2.18)

As in we will obtain a compactification and polyfold description of this moduli space
by identifying it with a fiber product of Morse trajectory spaces and a space of pseudoholo-
morphic curves, in this case the space of parametrized J-holomorphic spheres with evaluation
maps for zy € CP',

evy + M(A) :={u:CP' = M|du=0,[u =A} — M, u — u(z).
With this we can describe the moduli space (2.17) as fiber product with the half-infinite
Morse trajectory spaces from §2.3.3) using z; :=[1: 0] and 2z, := [0 : 1]
M (p_,pi;A) =2 M(p_, M) evXev y M(A) e _ Xew M(M,py). (2.19)

0

Note here that we are not working with a Gromov-Witten moduli space, as we do not quotient
by Aut(CP'). This is due to the chain homotopy in Theorem m (iii), which will result
from identifying a compactification of M(A) with a boundary of the neck-stretching moduli
space Mgpr(A) in that appears in Symplectic Field Theory [I3]. For that purpose we
identify a solution u : CP' — M with the map to its graph @ : CP' — CP' x M, 2z + (2, u(z))
as in [40, §8.1]. This yields is a bijection (and homeomorphism in appropriate topologies)

. Maw([CP'] +4) = {v: CP' — CP' x M |90 =0, [v] = [CP'] + 4}

M(4) Aut(CP")

between the Cauchy-Riemann solution space for M and the Gromov-Witten moduli space
for CP' x M in class [CP'] 4 A for the split almost complex structure .J := i x .J on CP* x M.
To transfer the evaluation maps at zg = [1: 0] and 2z, = [0 : 1] we keep track of these as
(unique) marked points mapping to {23} x M and thus replace by a fiber product
over CP! x M,

M (p—,p+; A) = M(p—, M) 4y ve Xevt Maw(A) ev- X oy wer MM, py). (2.20)

This uses the evaluation maps from a Gromov-Witten moduli space with two marked points,

v 1
evt 1 Maw(A) = Maw([CP] + A)/Aut((CPl,Zo_,ZSr) — CP*' x M, [v] — v(z),
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where Aut(CP', 25, z") denotes the set of biholomorphisms ¢ : CP' — CP! which fix ¢(25) =
zE. The polyfold setup in [33, Theorems 1.7,1.10,1.11] for Gromov-Witten moduli spaces
now provides a strong polyfold bundle Eqw(A) — Baw(A), and oriented sc-Fredholm section
ocw : Baw(A) — Eaw(A) that cuts out a compactification Maw(A) = oy (0) of Maw(A).
Here a dense subset of the base polyfold Bgw(A) consists of Aut(CP', z;, 2/ )-orbits of
smooth maps v : CP' — CP' x M in the homology class [v] = [CP'] + A, which implicitly
carries the two marked points zf € CP'. Nodal curves in Mgw(A) then explicitly come
with the data of two marked points on their domain. On the dense subset the section is given
by oaw([v]) = [(v,07v)]. The setup in [33, Theorem 1.8] moreover provides sc™ evaluation
maps ev® : Baw(A) — CP' x M at the marked points, which on the dense subset are given
by evE([o]) = v(z).

Thus we have given each factor in the fiber product a compactiﬁcationlﬂ that is
either a manifold with corners given by the compactified Morse trajectory spaces in Theo-
rem , or the compact zero set Maw(A) = ogw(0) of a sc-Fredholm section. In
we will combine the polyfold description of the Gromov-compactification of with an
abstract construction of fiber products in polyfold theory [I5] to obtain compactifications
and polyfold descriptions of the moduli spaces. Then the construction of « : CM — C'M pro-
ceeds as in The algebraic properties of ¢ in Theorem [2.1.2] (i) and (ii) will follow from
the boundary stratifications of the Morse trajectory spaces M(p_, M) and M(M,p, ) since
the ambient polyfold Bgw(A) has no boundary. However, this requires specific “coherent”
choices of perturbations in §2.6

Remark 2.5.1. Gromov-compactifications of the moduli spaces M (p_,ps; A) will result
from the energy identity [40, Lemma 2.2.1] for solutions of d,u = 0,

E(u) := 3 [o|du]* = [pu'w = w((u]). (2.22)

This fixes the energy of solutions on each solution space M(A), and Gromov compactness
asserts that {u : CP* — M |0 u = 0, E(u) < C} is compact up to bubbling for any C' > 0.

Another consequence of is that for w(A) < 0 we have no solutions M(A) = 0
except for A =0 € Hy(M) when the solution space is the space of constant maps

M) = {u=x|xeM} ~ M,

which is compact and cut out transversely.

Translated to graphs in CP' x M with two marked points, this means Maw(0) ~ CP! x
CP' x M by adding two marked points in the domain. That is, (¢7, 27, ) € CP' x CP' x M
corresponds to the (equivalence class of) graphs @, : z — (z,z) with two marked points
27,2zt € CP'. For 2= # z* this tuple can be reparametrized to the fixed marked points
%5 ,%5 € CP' and then represents an Aut(CP', z;,zs)-orbit. For 2~ = z* the tuple
(27, 2%, x) corresponds to a stable map in Mgw/(0), given by the graph u, with a node

6The term ’compactification’ applied to spaces of pseudoholomorphic curves is always to be understood
as Gromov-compactification, as Maw(A) C Maw(A4) may not be dense.
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at 2= = z* attached to a constant sphere with two distinct marked points. This will be
stated in polyfold terms in Assumption [2.5.5] (ii).

2.5.2 Moduli spaces for the chain homotopy h

To construct the moduli spaces from which we will obtain h : CM — C'M, we again use the
almost complex structure J and Morse-Smale pair (f,g) chosen in . In addition, we
fixed an anti-holomorphic vector-field-valued 1-form Yz € 2%(C, I'(TM)) that arises from
the fixed Hamiltonian function H : S x M — R and a choice of smooth cutoff function
B :[0,00) = [0, 1] with Bljo1) =0, 8’ > 0, and |,y = 1. Gluing this 1-form to another copy
of Yy over C~ with neck length R > 0 in exponential coordinates yields the anti-holomorphic
vector-field-valued 1-form YF € 2% (CP', I'(TM)) that vanishes near [1 : 0],[0 : 1] and on
CP'{[1:0],[0: 1]} = {[L : re®?]| (r,0) € (0,00) x S'} is given by
V(L re®), 2) = 1Br(r) (JXu(0,2) r dr + X (0, x) d6).

Here Br(r) = B(re2)B(r~te?) is a smooth cutoff function Bx : (0,00) — [0,1] that is
identical to 1 on [¢7"%,e? '] and identical to 0 on (0,e %) U (e2,00). Now perturbing
the Cauchy-Riemann operator on CP' by Y/ yields the following moduli spaces for critical
points p_, p; € Crit(f), A € Hy(M), and R € [0, 00),

Mg(p-,pi;A) i={u:CP' - M | u([1:0])) e W,_, u([0:1]) € W),
Oyu =Y} (u), [u] = A},

and we will construct h from their union
M(p-,p+; A) == Lpeo,00) MR(D-, P15 A). (2.23)

Remark 2.5.2. Each vector-field-valued 1-form Y4 = —(X H;;)O’l is in the notation of [40,

§8.1] induced from the 1-form with values in smooth functions Hf € QY(CP',C>®(M)) given
by Hf(re®) = Br(r)H(6,-)d0. It is constructed so that it has the following properties:

(i) For R =0 we have Y} = 0 so that the moduli space My(p_,ps; A) = M'(p_,ps; A) is
the same moduli space (2.17)) from which ¢ will be constructed.

(ii)) The restriction of any solution v € Mg(p_,ps; A) to the middle portion {[1 : z] €
CP'|e"% < |2| < ez 1} (1 — L8 1) x S* satisfies the Floer equation dsv + Jov =
J X5 (t,v) after reparametrization v(s, ) := u([1 : e*T]).

(iii) The shifts u_(z) := w([1 : e 2z]) and u (z) := u(fezz : 1]) = u([l : e 271]) of any
solution u € Mp(p_,py; A), restricted to {z € C||z| < e®7'}, satisfy Ojuy = Yy(uy) as
in the PSS/SSP moduli spaces in §2.4.1]
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The moduli space M(p_,py;A) is the zero set of a Fredholm section over a Banach
manifold [0, 0o) x B, where B is the same Sobolev closure as in of the set of smooth maps
u : CP' — M in the homology class [u] = A satisfying the point constraints u([1: 0]) € W,
and u([0 : 1]) € W, . Restricted to {0} x B this is the Fredholm section that cuts out

M (p_,pi; A) in (2.17) with JO = J. This determines the Fredholm index as
I(p-,p+;A) == I'(p-,p+;A) + 1 = 2c1(A) + [p-| = [p+| + 1. (2.24)

Towards a compactification and polyfold description of these moduli spaces we again — as
in , , [40, §8.1] — identify a solution u : CP* — M with the map to its graph.
Moreover, we again fix marked points z5 = [1 : 0], z, = [0 : 1] to implement evaluation
maps to express the conditions u(zJ) € Wi. This yields a homeomorphism (in appropriate
topologies) between the moduli space and the fiber product over CP' x M with the
half-infinite Morse trajectory spaces from §2.3.3|

M(p—ap+; A) = M(p—7 M) {Z(J)r}><ev><ev7L MSFT(A) ev— X{za}xev M(M7 p-l-) (225)

Compared with (2.20)) this replaces the Gromov-Witten moduli space in (2.21]) with a family
of moduli spaces for almost complex structures J& on CP' x M arising from Y/ for R €
[0, 00),

.l 1 N _ 1
Mspr(A) = |_| {v:CP'" - CP' x M | 8J§v 0, [v] = [CP"] +A}/Aut(CIP>1,z0_,z+)'
Re[0,00)
(2.26)
Here, again, we implicitly include the two marked points z; € CP'. Then, for R — oo, the
degeneration of the PDE 55}}1} = 0 is the “neck stretchinonsidered more generally in
(2.21]

Symplectic Field Theory [I3]. The evaluation maps from (2.21)) directly generalize to
evi : MSFT(A) — (C]Pl X M, [U] — U(Z(:)t) (227)

Now, as in , each factor in the fiber product has natural compactifications —
either the compactified Morse trajectory spaces from Theorem [2.3.3] or the compact zero set
MSFT(A) = US_FlT(O) of a sc-Fredholm section that we will introduce in Combined with
the construction of fiber products in polyfold theory [15] this will yield compactifications and
polyfold descriptions of the moduli spaces , and the construction of h : CM — CM
then again proceeds as in §2.4.3] Establishing the algebraic properties in Theorem [2.1.2
relating h with ¢ and SSPo PSS will moreover require an in-depth discussion of the boundary
stratification of the polyfold domains Bspr(A) of these sections, and “coherent” choices of

perturbations in §2.6]

Strictly speaking, R € [0, 2] parametrizes a family of Gromov-Witten moduli spaces for varying almost
complex structure. At R = 2, the manifold S! x M with its stable Hamiltonian structure (see §2.4.2)) embeds
as a stable hypersurface in CP' x M. Then R € [2,00) parametrizes the SFT neck-stretching,.
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Remark 2.5.3. Gromov-compactifications of the moduli spaces M(p_,py; A) will result
from energy estimates [40, Remark 8.1.7] for solutions of d;u = Y (u),

Bnlw) = 3 fops [+ Xpp)] € fogs w0+ [Rugll = i) +21HO, ). (225)
Here Ryr dvolep = dH §+3HF NHE = B Hdr A df has uniformly bounded Hofer norm
Bl = fops(max Ry — max Bygg) = [ [y 1810, )| d0dr = 210, ).

where ||H (0, )| := max,epn H(0, x) —mingey H(O, z) and S € C*((0, 00), [0, 1]) is constant
except

R
2

BR‘[(%,&*% e B(re?)  with  58R >0, fef_g

Brl g1 5 0T B(r'e?) with £8r <0,  [%5.|LBr|dr=—(B(1) - Ble) = 1.
This proves , and thus establishes energy bounds on the perturbed pseudoholomorphic
maps in each of our moduli spaces, where we fix [u] = A. Now SFT-compactness [2] asserts
that for any C' > 0 the set of solutions of bounded energy | |zc( o) {v CP' — M |0u =
Y (u), Er(u) < C} is compact up to breaking and bubbling. This compactness will be
stated rigorously in polyfold terms in Assumption [2.5.5 (ii).

2.5.3 Construction of the morphisms

In this section we construct the A-linear maps ¢ : CM — CM and h : CM — CM
analogously to by first obtaining compactifications and polyfold descriptions for the
moduli spaces in and as in §2.4.2] This construction is motivated by the fiber
product descriptions of the moduli spaces in , , which couple Morse trajectory
spaces from With moduli spaces of pseudoholomorphic curves in CP* x M via evaluation
maps , . Polyfold descriptions of these moduli spaces and their properties are
stated in the following Assumption for reference, with proofs in [33] resp. outlined in
[19]. Here we formulate the evaluation map in the context of neck stretching, as explained
in the following remark, using a splitting of the sphere as topological space with smooth
structures on the complement of the equator

CP! .= Ctua C- = Ctustuc,

using the topologies and smooth structures on C¥ = C* U S' = {z € C*||z] < 1} from

Remark 2.4.2

Remark 2.5.4. (i) Recall from §2.5.1|that we denote by Bow(A) a Gromov-Witten polyfold
of curves in class [CP'] + A € Hy(CP' x M) with 2 marked points. These are determined
by A € Hy(M) as we model graphs of maps CP' — M, but should not be confused with a
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polyfold of curves in M. In particular, Bgw(A) never contains constant maps and hence is
well defined for A = 0. The properties of the Gromov-Witten moduli spaces for w(A4) < 0
are spelled out abstractly in (ii) below; for the geometric meaning see Remark [2.5.1}

(ii) The SFT polyfolds Bspr(A) will similarly describe curves in class [CP'] + A in a neck
stretching family of targets (CPy x M) Rel0,0] a8 in [2, §3.4], given by

(CI[D}:{ — D+ L ER L D_/ with ER _ [_R7 R] X Sl 7R < 00,
~R [0,00) x S* U (—00,0] x ST ;R = cc.

Here we identify the boundaries of the closed unit disks Dy = {z € C||z|] < 1} with the
boundary components of the necks Er via

, +R,e*) R < oo
dD, € e ~ (X R, . ’ € OFg,
=+ R {(Oi, e:l:z@) ,R _ OO} R

where we denote 0, := 0 € [0,00) and 0_ := 0 € (—o0,0] so that dE,, = {0} x S*LU{0_} x
S'. To describe convergence and evaluation maps we also embed each CP, C CP. =
CtusStuC by

D+|_|[_R,0)><Sl/ QDJFI_I[O,OO)XSJ/ —. C+
~R ~ o ’

Du(o,R]xsl/ gDI_I(—oo,O]XSl/ _. -
~pR ~oo ’ )

and
Er D {0} x S' = S' c CPL.

For R = 0 this is to be understood as CP} = DD o op. With DexOD. = C*, and

for all R < oo we view the resulting homeomorphism CIP’}Q = @ =~ CP! as identifying
the standard marked points CP' 3 25 = [1: 0] 2 0 € C* and CP' > z; = [0 : 1] =
0 € C~. When these embeddings are done via linear shifts [-R,—1) = [0,R — 1) and
(1, R] = (1— R, 0] extended by a smooth family of diffecomorphisms [—-1,0) = [R—1,00) and
(0,1] 2 (—o0,1 — R, then the pullback of the almost complex structures J% on CPL x M
converges for R — oo in Cﬁi((@\S 1) x M) to the almost complex structures j;, jg on
CtxM U C xM=CP. x M C CP,, x M, which are used in the construction of the
PSS and SSP moduli spaces in §2.4.2l Moreover, this allows us to extend the evaluation
maps from to continuous maps &v* : Mgpr(A4) — CP._ x M on the compactified SFT
moduli space. At R = oo this involves pseudoholomorphic buildings in C* x M U R x St x
M...URxS'xM U C™ x M, and for any marked point with evaluation into a cylinder
R x S* x M we project the result to S* x M C (C]P’éo x M by forgetting the R-component.

Finally, this formulation with CPl. = C* Ug C- will allow us to compare the evaluation
at R = oo with the product of the evaluations ev= : M;TW; A) — C* x M constructed
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in Remark [2.4.2l While this will be stated rigorously only in Assumption [2.6.3] (iii)(c), note
here that we should expect three top boundary strata of an ambient polyfold at R = oo,
corresponding to the distribution of marked points on the curves in Ct x M LI C~ x M.
For the fiber product construction, only the boundary components with one marked point
in each factor are relevant — in fact only those with marked points near z; = 0 € C* and
25 20 € C. Thus we will work with the open subset (ev")"}(C* x M)N(ev ) (C~ x M)
where the two evaluations for any R € [0, 00| are constrained to take values in the open sets
given by C* c CPL_.

Assumption 2.5.5. There is a collection of oriented sc-Fredholm sections of strong polyfold
bundles ogw : Baw(A) = Eaw(A) and ospr : Bspr(A) — Espr(A) indexed by A € Hy(M),

s¢® maps ev* : Baw(A) — CP' x M, and continuous maps ev* : Bgpr(A) — CPL x M
with the properties:

(i) The sections have Fredholm indices ind(ogw) = 2¢1(A) + dim M + 4 on Bew(A) resp.
ind(USFT) = 2¢; (A) +dim M +5 on BSFT(A)

(ii) Each zero set Maw(A) = ogw(0) and Mgpr(A) := o5pr(0) is compact, and given any
C € R there are only finitely many A € Hy(M) with nonempty zero set Maw(A) # () resp.
Mspr(A) # 0. Moreover, for w(A) < 0 we have Mgw(A) = 0 except for A =0 € Hy(M)
when oaw|Baw©) M 0 is in general position with zero set Maw(0) ~ CP' x CP' x M
identified by

Baw(0) D ogw(0) = Maw(0) v {(z",2,27,2) |27,z € CP',x € M}.

(iii) The polyfolds Bow(A) have no boundary, OBgw(A) = 0. For Bspr(A) there is a
natural inclusion [0,00) X Baw(A) C Bspr(A) that covers the interior 0yBspr(A) = (0, 00) X
Baw(A) and identifies the boundary OBspr(A) to consist of the disjoint sets {0} x Baw(A)
and limp_oo{R} X Baw(A) of Bspr(A). Moreover, this inclusion identifies the section
oaw and evaluation maps e with the restricted section O'SFT|{0}><BGW( 4) and evaluations
eV {0y xBaw(4)- (A description of the relevant R = oo parts of the boundary dBspr(A) is

given in Assumption [2.6.3)

(iv) The Aut(CP', 2y, 23 )-orbits of smooth maps v : CP' — CP' x M which represent the
class [CP'] + A form a dense subset Baense(A) C Baw(A). On this subset, the section is
given by ogw([v]) = [(v,07v)]. Moreover, [0,00) X Baense(A) C Bspr(A) is a dense subset
that intersects the boundary OBspr(A) exactly in {0} X Baense(A), and on which the section
is given by ospr(R, [v]) = [(v,gjgv)]. On these dense subsets, ev=([v]) resp. ev=(R, [v]) is
the evaluation as in (2.27)).

(v) The intersection of the zero sets with the dense subsets 0w (0) N Bense(A) = Maw(A)
and agFlT(O)r‘l[O, 00) X Baense (A) = Mgpr(A) are naturally identified with the Gromouv- Witten

moduli space (2.21)) and SFT moduli space in (2.20)).
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(vi) The sections ogw and ospr have tame sc-Fredholm representatives in the sense of [17,
Def.5.4]. The product of evaluation maps ev x ev~ : Baw(A) — CP' x M x CP* x M is
ogw-compatibly submersive in the sense of Definition[2.7.4. On the open subset

Bipr(A) == (@) 7H(CT x M)n (& )7(C™ x M) C Bser(4)

the evaluation maps ev+ : Bspr(A) — (C]P’io X M restrict to a ospr-compatibly submersive
map
ev xev™ 1 Bipp(A) — CTx M x C™ x M. (2.29)

On this domain intersected with {0} x Baw(A) C 01Bspr(A), this map coincides with the
Gromov- Witten evaluations ev™ X ev— viewed as maps

evh xev™ 1 Biig(A) = CTx M xC™ x M,
where we identify Ct U C~ = CP'\.S' and restrict to the domain

{0} x B&yw (4) == ({0} x Baw(A)) N B (A)
= {0} x (") 1T x M)N (@& )"(C™ x M)).

Here the properties (iv),(v) are stated to give an intuitive sense of what spaces we
are working with. The polyfold description ogw : Baw(A) — Ecw(A) is developed for
the homology classes [CP'] + A € Hy(CP' x M) in [33], and assumption (v) should fol-
low similarly to the explanation given in [I5, Ex.5.1] for the Gromov-Witten polyfolds
[33]. Given any such polyfold descriptions of the moduli spaces of pseudoholomorphic
curves, we now extend the fiber product descriptions of the moduli spaces M‘(p_, py; A) =
M(p—vM) {z+}><ev><eV+MGW/SFT(A)eV*X{z*}xev M(Map-i-) n q@ and " to obtain
ambient poly%olds which contain compacti{%cations of the moduli spaces. Towards this we
define for each p_,py € Crit(f) and A € Hy(M) the topological spaces

B(p_,pi; A) = {(r_,v,7,) € M(p_, M) x Baw(A) x M(M,p.)|(z, ev(ry)) = &7 (v)}
={(z_,v,7,) € M(p_, M) x By (A) x M(M,p;)|(0,ev(ry)) = ev©(v)},
B(p_,pi; A) == {(r_,w,7,) € M(p_, M) x Bspr(A) x M(M,py)|(zF,ev(rs)) = ev(w)}
= {(z_,w,7,) € M(p_, M) x Bgip(A) x M(M,py)|(0,ev(z,)) = ev¥(w)},

where the last equality stems from the identification at the end of Remark (ii). Then
the abstract fiber product constructions in [I5] will be used as in Lemma to obtain the
following polyfold description for compactifications of the moduli spaces in §2.5.1}and §2.5.2]

Lemma 2.5.6. Given any p_,p, € Crit(f) and A € Hy(M), there exist open subsets
B'(p_,p+; A) C B(p—,p+; A)r and B(p—,py; A) C B(p—,p+; A)1 which contain the smooth
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levels Bb(p_,er; A)wo of the fiber products and inherit natural polyfold structures with smooth
level of the interior

DB (p-,p+: A)os = M(p-, M) {28 ey Xevt BE’VQ(A)OO ev X {5 xey M(M, py),
aOB(p—7p+; A)OO = M(p—’ M) {z(}L}xevXeWL 808;15"%(‘4)00 ev— ><{z&}xev M(M7p+)’

and a scale-smooth inclusion

¢ : B'(p—,py; A) — B(p-,p+; A), (r_,v,7,) = (7_,0,0,7,).

Moreover, pullback of the sections and bundles ogw/ser @ Baw/ser(A) = Eaw/ser(A) un-
der the projection B(p—,p4+; A) = Baw/ser(A) induces sc-Fredholm sections of strong poly-
fold bundles o, p..a) : B(p—,p+; A) = E(p—,p4; A) of index I(p_,py; A) as in and
Ol ooy @ B(p—p+;A) = E'(p-,p4; A) of index I'(p—,py; A) = I(p-,p+;A) — 1 as in
(2.18]). Further, these are related via the inclusion ¢, by natural orientation preserving iden-
tification oy, 4y = OL0G_ pyia)-

The zero sets of these sc-Fredholm sections contairf] the moduli spaces from and

U(p_,p+;A)_1(0) = M(p—v M) {zar}xevxtTVJr Ué\liv<0) ev— X{z&}xev H<M7p+) > ./\/l(p_,p+; A)7
Tl prit) (0) = M-, M) [ty Xevt T571(0) sv- X (oo xew M(M,p1) D M (p_,py; A).

Finally, each zero set ofpﬂp%A)_l(O) is compact, and given any px € Crit(f) and C € R, there
are only finitely many A € Ho(M) with w(A) < C and nonempty zero set aép_’er;A)*l(O) # ().

Proof. The inclusion ¢, is sc¢> since the map Baw(A) — Bspr(A),v — (0,v) is a sc™
inclusion by Assumption [2.5.5] (iii). Apart from further relations involving ¢,, the proof
is directly analogous to the fiber product construction in Lemma [2.4.5 using Assump-
tion — in particular the sc¢* and ogpr-compatibly submersive evaluation map
on the open subset B&}(A) C Bspr(A). This yields polyfold structures on open sets
B'(p_,pi; A) € B'(p_,py;A)r and B(p_,pr; A) € B(p_,pi; A) as well as the pullback
sc-Fredholm sections o(,_p,;4) = Prgproser and o, 4 = prgwoew under the pro-
jections praw/spr @ B'(p-,p+; A) — Bawysrr(A). Here we have prgyw = prepr © ¢, 0
the bundle & (p_,p+; A) = prewéew(A4) and section Oy pi.A) = PIGwoGw are naturally
identified with the pullback bundle ¢}&(p—,p1; A) = Priwsrr(A)|{0yxBaw(4) and section
OO piiA) = PrawOISFT|{0)xBow(4) using Assumption m (iii). Finally, the index of the
induced section o(,_,,.4), and similarly of of, ., is computed by [15, Cor.7.3] as

ind(o(p_p,.4)) = ind(ogpr) + dim M(p_, M) + dim M (M, p;) — 2dim(CP" x M)
= 2¢1(A)+dim M +5+ [p_|+dim M — |py| — 4 — 2dim M

= 2c1(A) + [p-| = Ip+| + 1 = I(p-,py; A). 0O

8 As in Remark this identification is stated for intuition and will ultimately not be used in our
proofs.
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Given this compactification and polyfold description of the moduli spaces M(«a) C o,1(0)
and M‘(a) C 0*,71(0) for all tuples in the indexing set

= {a=(p_,ps;A) | p_,ps € Crit(f),A € Hy(M)},

we can again apply [34, Theorems 18.2,18.3,18.8] to the sc-Fredholm sections o, and o,
and obtain Corollary verbatim for these collections of moduli spaces. In §2.6] we will
moreover make use of the fact that o/, = ¢’0, arises from restriction of o,, so admissible
perturbations of o, pull back to admissible perturbations of ¢/,. For now, we choose pertur-
bations independently and thus as in Definition obtain perturbation-dependent, and
not yet algebraically related, A-linear maps.

Definition 2.5.7. Given admissible sct-multisections k = (li(p,,p+;A))piecm(f),AeHQ m gen-
eral position to (0(,_ p,;4)) and similarly £ = (K{, . 4))peecrit(f),aen, @n general position to
(0lp_ pieay) @S 1N Comlla'ry we define the maps h, : CM — CM and v, : CM — CM
to be the A-linear extensions o

= 3 #Z5(p_pis A) - T (p, ),

A
I(p_,py;A)=0

LHL Z #Z — P+ ) Tw(A)<p+>
I(P P+ A) 0

The proof that the coefficients of these maps lie in the Novikov field A is verbatim the
same as Lemma [2.4.9 based on the compactness properties in Lemma [2.5.6|

Remark 2.5.8. The determination in Corollary of #Z5(p_,py; A), #Z5 (p_,py; A) €
Q that is used in Definition requires an orientation of the sections o(,_, .4y and
Olp_poiay- As in Remark this is determined via the fiber product construction in
Lemma from the orientations of the Morse trajectory spaces in Remark (i) and
the orientations of ogw, ospr given in Assumption In practice, we will construct the
perturbations k, k* by pullback of perturbations A = (A4)ae () of the SFT-sections ogpr
and their restriction A" to {0} x Baw(A) C 0Bspr(A). So we can specify the orientations of

the regularized zero sets by expressing them as transverse fiber products of oriented spaces
over CP' x M or C* x M,

Z5(p-sps; A) = M-, M) i Xt Z% (A) ap- X o M(M, py),
= M(p-, M) o Xevt (22 (A) N By (A)) ev- X e M(M,py),
Zﬁ(p_,p+;A> = M(p—’M) evarxevJr (ZA(A) mB;l*;}<A)) eV*Xevg M(M7p+)7
using vt : Bagw(A) — CP' x M resp. ev* BGV;/SFT(A) — C* x M and the Morse
L +

evaluations evy : M(...) = CP* x M,7 > (25, ev(r)) resp. evi : M(...) = C* x M, 1 —

(0,ev(7)).
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2.6 Algebraic relations via coherent perturbations

In this section we prove parts (i)—(iii) of Theorem that is the algebraic properties which
relate the maps PSS : CM — CF, SSP : CF — CM constructed in and the maps
L:CM — CM, h:CM — CM constructed in §2.5 More precisely, we will make so-called
“coherent” choices of perturbations in §2.6.2] and which guarantee that (i) ¢ is
a chain map, (ii) ¢ is a A-module isomorphism, and (iii) A is a chain homotopy between the
composition SSP o PSS and ¢.

2.6.1 Coherent polyfold descriptions of moduli spaces

The general approach to obtaining not just counts as discussed in but well-defined
algebraic structures from moduli spaces of pseudoholomorphic curves is to replace them by
compact manifolds with boundary and corners (or generalizations thereof which still carry
‘relative virtual fundamental classes’) in such a manner that their boundary strata are given
by Cartesian products of each other. In the context of polyfold theory, this requires a
description of the compactified moduli spaces M(a) = o,'(0) as zero sets of a “coherent
collection” of sc-Fredholm sections (o4 : B(a) = &€ (a))aez of strong polyfold bundles. Here
“coherence” indicates a well organized identification of the boundaries 0B(«) with unions
of Cartesian products of other polyfolds in the collection Z, which is compatible with the
bundles and sections.

As a first example, the moduli spaces M‘(p_,py; A) in which yield the map ¢ :
CM — CM are given polyfold descriptions of, . 4 B'(p—,p+; A) = ¢*E(p—,p+; A) in
Lemma that arise as fiber products with polyfolds Bgw(A) without boundary. Thus
their coherence properties stated below follow from properties of the fiber product in [15]
and the boundary stratification of the Morse trajectory spaces in Theorem We state
this result to illustrate the notion of coherence. The full technical statement — on the level

of ep-groupoids and including compatibility with bundles and sections — can be found in the
second bullet point of Lemma [2.6.4]

Lemma 2.6.1. For any py € Crit(f) and A € Ho(M) the smooth level of the first boundary
stratum of the fiber product B*(p_,py; A) in Lemma 1s naturally identified with

OB (- p+; A= | M, q)x0B (g p+:A)e U | 06B'(p=. ¢; A)s x M(q, p1).

q€eCrit(f) q€eCrit(f)

Proof. By the fiber product construction [15, Cor.7.3| of B*(p_,p;; A) in Lemma , the
degeneracy index satisfies dg.(p_p..4) (77,0, 77) = diz, an (T7) +diaw (4) (V) +dxgarp,) (25,
and the smooth level given by the fiber product of smooth levels, that is, B*(p_, pi; A)oe =
MP-s M) oy Xev- Béw(Aoo evt Xt yxer M(M,py). The polyfold Baw(A) and its
open subset Biiy(A) are boundaryless by Assumption m (iii), which means dgy4) =
dBér,V;(A) = 0. Hence we have dp.(,_p,.4)(77,v,77) = 1 if and only if 7= € O, M(p_, M) and
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7t € OpM(M, py) or the other way around. These two cases are disjoint but analogous, so
it remains to show that the first case consists of points in the union [ J qecrit(]ﬂ\/l(p_, q) X

0oB'(q,p+; A)s. For that purpose, we recall the boundary identification O, M(p_, M) =
Usecnisry M- ) x M(g, M) in Theorem [2.3.3 which is compatible with the evaluation
ev: M(p_,q) x M(q, M) — M, (11, T2) — ev(Te) by construction, and thus

61M(p_, M) {zJ}XeVXer Bg{; (A)OO evt ><{zo+}><ev aOM(M7 p+)
= <Uq€Crit(f) M(p—’ q) X M(q7 M)) {ZJ}XQVX€V7 Bg{};(A)OO eVJrX{zar}Xev M(M’ p+>

- UqECrit(f) M(pf’ q) X (M(q’ M) {ZO_}XevXeV_ Bé{];(A)OO ev“'X{zg'}xev M(M,er))
- UqGCrit(f) M(p—,q) x 0B (q,p+; A)so

Here we also used the identification of the interior smooth level in Lemma 2.5.6] O

Next, the polyfold description in Lemma for the moduli spaces M(p_,ps;A) in
§2.5.2 which yield the map h : CM — CM, are obtained as fiber products of the Morse
trajectory spaces with polyfold descriptions ogpr : Bspr(A) — Espr(A) of SFT moduli spaces
given in [19] [18]. We will state as assumption only those parts of their coherence properties
that are relevant to our argument in §2.6.4]for the chain homotopy t—SSPoPSS = doh+hod.
Here the contributions to do h+ hod will arise from boundary strata of the Morse trajectory
spaces, whereas t — SSP o PSS arises from the following identification of the boundary of

the polyfold Bgpr(A), which is given as open subset of Bspr(A) in Assumption m (Vi).ﬂ

Remark 2.6.2. In the following we will use the word “face” loosely for Cartesian products
of polyfolds such as F = Bdpr(7; A1) X Bepp(7; A-) and their immersions into the bound-
ary of another polyfold such as 835}}(14). We also refer to the image of the immersion
F — 0Bdir(A) as a face of Bipp(A). Compared with the formal definition of faces in [34]
Definitions 2.21,11.1,16.13], ours are disjoint unions of faces and carry more structure, as we
will specify.

Assumption 2.6.3. The collection of oriented sc-Fredholm sections of strong polyfold bun-
dles o3y : Bspr(1: A) = Egpp(7; A), oaw : Baw(A) = Eaw(A), ospr : Bsrr(A) = Espr(A)
for~y € P(H) and A € Hy(M) together with the evaluation maps &v* : By (7; A) — CEx M,
&t : Baw(A) = CP' x M, &v* : Bspr(A) — CPL x M, and their s¢™ restrictions on_open
subsets, ev® : Bécﬁg(% A) = CEX M, ev* : Bg’\];/SFT(A) — CEx M from Assumptions|2.4.9
has the following coherence properties.

(i) For each v € P(H) and A_, Ay € Hy(M) such that A + A, = A, there is a sc®

IMmersion

lya BérFT(”YS Ay) X Bgprp(v; A-) — 0Bspr(A)

9See also the end of Remark (i) for the motivation of Bipp(A) as open subset that intersects the
boundary strata limp_,oo{R} X Baw(A4) C 0Bspr(A) in the buildings which have one marked point in each
of the components mapping to C* x M, and no marked points mapping to intermediate cylinders R x S* x M.
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whose restriction to the interior OoBapy(7; Ay) X OoBspr(v; A-) is an embedding into the
boundary of the open subset Bipp(A) C Bspr(A). They map into the limit set limp_, o { R} X
Baw(A) from Assumption[2.5.5(iii), so cover most of the boundarif

OBspr(A) > {0} x Baw(A) U U seron bay (Bipr (7 Ay) X Bapp(v; AL)).
- +7

(11) The union of the images L, a, (B;F’g(’y; Ay) X By (v; AL)) C 0Bgirp(A) for all admissi-
ble choices of v, Ay is the intersection of Bapp(A) with limp_,o{ R} X Baw (A) C 0Bspr(A),

i.e.

OBn(A) = {0} x Bl (4) U 0" *Bgn(A),
where OB (A) = U seron by (B (5 40) x By AL)).

When restricted to the interiors, this yields a disjoint cover of the top boundary stratum,

OBY2(A) = {0} x Byia(4) U L e Las (0Blen (15 44) X 0By A1),

(111) The immersions l, 4, are compatible with the evaluation maps, bundles, and sections
— as required for the construction [18] of coherent perturbations for SE'T, that is:

(a) The boundary restriction of the evaluation maps eV=| (0} x Bw (A)coBspr(4) COincides with

the Gromov-Witten evaluation maps &v* : Baw(A) — CPL . and the same holds for

their s> restriction eV X ev™ |y gt - (a)contm(a) = €V Xev : B&iy(A) — CHx M x

C~ x M with values in C* ¢ CP!_ = CTUS'UC~. The restriction of &v* : Bspr(A) —

CP., to each boundary face iml, 4, C OBspr(A) takes values in CE C CPL, and its
pullback under 1, a, coincides with &+ : B (v; Ax) — CE x M. Moreover, pullback
of the restricted sc evaluations ev + xev™ : Bipp(A) — CT x M x C~ x M under
ly.a, coincides with evt x ev™ : Bapp(v; AL) X Bgpn(7; A_) = C x M x C~ x M.

(b) The restriction of ospr to F = {0} x Baw(A) C 0Bspr(A) equals to ogw via a natural
identification Espr(A)|r = Eaw(A). This identification reverses the orientation of
sections.

(¢) The restriction of ogpr to each face F = Blpp(v; Av) X Baprp(v; A~) C OBspr(A) is
related by pullback to odpp X 0gpp = ospr © Iy AL via a naturally defined identification
I 4, Espr(A) = Edpr (s Ay) X Egpr(v; AZ). This identification preserves the orienta-
tion of sections.

10 The extra boundary faces of Bspr(A) arise from both marked points mapping to the same component
in the R — oo neck stretching limit. These will not be relevant to our construction of coherent perturbations.
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2.6.2 Coherent perturbations for chain map identity

In this section we prove Theorem (i), that is we construct ¢, in Definition as
a chain map on the Morse complex (2.5) with differential d : CM — CM given by ([2.4]).
This requires the following construction of the perturbations x* that is coherent in the sense
that it is compatible with the boundary identifications of the polyfolds B*(p_,ps; A) in
Lemma [2.6.1] Here we will indicate smooth levels by adding oo as superscript — denoting
e.g. X .4 as the smooth level of an ep-groupoid representing B*(p_,p1; A)so

Lemma 2.6.4. There is a choice of (K.)aez in Corollary[2.4.¢ for T = {(p ,p+;14) |ps €
Crit(f), A € Ho(M)} that is coherent w.r.t. the identifications in Lemma in the fol-
lowing sense.
e Fach k!, : W' — Q% for a € T is an admissible sct-multisection of a strong bundle
P, :W;, — X! that is in general position to a sc-Fredholm section functor S}, : X4 — W,
which represents o |y, on an open neighborhood V,, C B(«) of the zero set o,'(0).

e The identification of top boundary strata in Lemma holds for the representing ep-
groupoids,

61 ,p+, = UqECrit(f) M(p-,q) x aquL;iA . quCrit(f) 80X;LOZ;A x M(q,p4),

and the oriented section functors S!, : X} — W are compatz'ble with these identifications
in the sense that the restriction of S, 4 to any face (5. 4 )0 = M(p_,q-)x X C
X, 4 TESP. FOT (s GOXOLL’,OO X M(qs,ps) C "X o py.a Jor another o €T co-
mczdes on the smooth level with the pullback S |re = priS, |]:o<> of St, via the projec-
tion pry : F = Fp_ g = M([D-,q-) x 06X, — XL resp. pry : F = For (o py) =
O XL x M(qy,py) — XL

e Each restriction rg|p-1zey to a face F> = Floqrar TSP F
by pullback K| p-1(rey = Kby © Pz via the identification Py (F*)
natural map priy : prEW:, — W:,.

For any such choice of k' = (K,)acz, the resulting map v, : CM — CM in Definition
satisfies 1 od +d ot = 0. By setting 1(p) = (—1)Pli.(p) we then obtain a chain map
t:C.M — C.M, that istod =dou.

) . .
* L
pI‘]_—Wa/ ’80)(;’,00 and

eI

Proof. We will first assume the claimed coherence and discuss the algebraic consequences
up to signs, then construct the coherent data, and finally use this construction to compute
the orientations.

Construction of chain map: Assuming ¢, od +d o, = 0, recall that d decreases
the degree on the Morse complex by 1. Thus ¢« : C,M — C,M defined as above
satisfies, for any ¢ € Crit(f), (tod —dou){q) = (=Dl (d(q)) — d((=1D)l1.{q)) =
(=)l (1e od + d 0 1 )(g) = 0. By A-linearity this proves tod =do ¢ on C, M.
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Proof of identity: To prove ¢, od+do¢, = 0 note that both ¢,. and d are A-linear, so the
claimed identity is equivalent to the collection of identities (1, o d){p_ )+ (dotw){p-) =0
for all generators p_ € Crit(f). That is we wish to verify that the following sum vanishes:

> H#Mp-, ) #Z5 (4,04 A TN ) + > #2725 (0, q; A)-# Mg, p ) TN (py ).

Q7p+7A q,p+,A
I*(q,p43;A)=0 I*(p_,q;A)=0
lg|=lp_|—1 Ipy|=lql—1

Here, by the index formula (2.18]), both sides can be written as sums over p, € Crit(f)
and A € Hy(M) for which I*(p_,py; A) = 1. Then it suffices to prove for any such pair
a = (p-,p+; A) with I'(a) = 1

Do FMP— @) #Z5 (a0 A) + sy #ZE (0, ¢ A) - #M(g,p) = 0.
(2.30)
This identity will follow by applying Corollary (v) to the sc™-multisection k, : W, —
Q*. Its perturbed zero set is a weighted branched 1-dimensional orbifold Z% («), whose
boundary is given by the intersection with the smooth leve]E of the top boundary stratum
0B (o) NV, = |01 X!|. By coherence (and with orientations discussed below) this boundary
is
0Z% () = Z=(a) N | XL
= UqGCrit(f) ZEL(&) N (M(pfaq) ‘80 4P+ AD
U qucm(f) ZEL(OK) N (|50 p_ qA| X /\/l(q,p+))
= UqGCrit(f) M(p—a q) X (Zﬁb(q P+ ) N |60 q,D+; A|)
U UqECrit(f) (ZEL(p—a 4q; ) N |(90 p_ qA‘) X M(Q7p+)7
= Upgiepp -1 M=, 0) x Z%(q,p154) U Ulgmppo i1 25 (09— a3 A) x M(q,p4).

Here the first summand of the third identification on the level of object spaces,
{([7], ) € M(p-,q) ¥ 00Xgpia C nXa | Ka(Sy([7],2)) > 0}

N{ r) € M(p-,q) X 9y qp+A|’fqp+ (S;m (z) >0}
= M(pﬂ q {37 € X, q,p+;A ‘ ’iq,p+;A(qu+ AL > O}

follows if we assume coherence of sections and multisections on the faces F,_ ¢« C 1 X},

Fa(Sa (7], 2)) = Ka(Sgp,a(2) = Kepia(Sgp,a().

The second summand is identified similarly by assuming coherence on the faces Fu (4 p,) C
hX..

1 Here and in the following we suppress indications of the smooth level, as the perturbed zero sets
automatically lie in the smooth level; see Remark
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Finally, the fourth identification in 0Z% (a) for a = (p_,py; A) with I*(a) = 1 follows
from index and regularity considerations as follows. Corollary (iii),(iv) guarantees that
the perturbed solution spaces Z% (a’) are nonempty only for Fredholm index I*(a/) > 0, and
for I*(a’) = 0 are contained in the interior, Z& (/) C 9yB(c’). The Morse trajectory spaces
M(p_,q) resp. M(q,p;) are nonempty only for |p_| — |g| > 1 resp. |q| — |p+| > 1, so the
perturbed solution spaces in the Cartesian products have Fredholm index ([2.18))

I'(q,pr; A) = 2c1(A) + || — [p+| = I'(p—, p3 A) + |q| — [p=| =1+ |q| — [p-] L0,

and analogously I(p_,q; A) = I'(p_,p+; A) + |p+| — |g| < 0. By the above regularity of the
perturbed solution spaces this implies that the unions on the left hand side of the fourth
identification are over |q| = [p_| — 1 resp. |¢| = [p+| + 1 as in (2.30)), and for these critical
points we have the inclusions Z& (¢, py; A) C 9oB(q, py; A) and Z5 (p_, q; A) C doB(p_, q; A)
that verify the equality.

This finishes the identification of the boundary 2% («). Now Corollary (v) asserts
that the sum of weights over this boundary is zero — when counted with signs that are induced
by the orientation of Z% («). So in order to prove the identity we need to compare
the boundary orientation of 9Z% (o) with the orientations on the faces. We will compute
the relevant signs in below, after first making coherent choices of representatives
St XL — W of the oriented sections o’, and constructing coherent sc™-multisections
kW — QF for a € 7.

Coherent ep-groupoids, sections, and perturbations: Recall that the fiber product
construction in Lemma defines each bundle W! = priWSVW for a = (p_,p1;A) € T
as the pullback of a strong bundle W3V — X§"V under a projection of ep-groupoids — with
abbreviated notation evy := {zF} x ev: M(...) = CP' x M —

prp—7p+§A : Xi;ﬂer;A = M(p_,M) evy Xev— XEW WJFXBVSF M(M7p+) — XEW

Moreover, the section S%, = SGV o pr,, is induced by the section S§V : XSWY — WSV which
cuts out the Gromov-Witten moduli space Mgw(A) = |(S$V)~1(0)]. Then the identification
of the top boundary stratum proceeds exactly as the proof of Lemma [2.6.1 Coherence of
the bundles and sections follows from coherence of the projections pr, : X! — X§" in the
sense that pr, |z~ = pr, o prz for all smooth levels of faces F D F>° C ;X! and their
projections prz : F = Fp_ 4 ). — XL resp. prr 2 F = For(q_p,) — Xa. For example, the
face F = Fip_ q_),(q_ps;4) With F> C 81X577p+;14 identifies
<[T]’<T—> [Q]’TJF)) € (C;iﬂ—)v(qﬂm;z‘\) = M(p-,q-) x aOXqL’—O;u;A
= M(p-,q-) X M(g—, M) oo X XF™ o Xyt M(M,py)

evo

with

(7] 7). ) 7)€ Mp— M)y s Xeg= XY oy Xor M(M,py) C 0147

— ;A7
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andpr, ,, .A(([7],7-),[v],74) = [1] € XY coincides with (pr, , .soprz)([7], (7—, 1], 74)) =
pr, ,..a(m [v],7) = [v] € ALY, Now any choice of sc™-multisections (AGY : WGW
Q™) aet,(ar) induces a coherent collection of sc™-multisections (s, := AGV o pry, : priWSW

@+)a 7 by composition with the natural maps pry, : pry Wi — WEY covering pr, : X —
X5, Indeed, pr,|F = pr, o pre lifts to pry|p-1(z«) = Priy o pri so that

_ GW * _ GW * * L *
Kol prt HFe) = A Opra’Pofl(]-'OO) = A4 OPIy 0PIy = Kg ODIf.

Construction of admissible Gromov-Witten perturbations: It remains to choose
the sct- multisections (AQY - WY — Q) ach,(m) so that the induced coherent collection
K= ( o pr} ) wez 18 adrms&ble and in general position. To do so, for each A € Hy(M)
we apply Theorem 9 to the sc-Fredholm section functor SGV : AFY — WGV, the sc>
submersion ev- xev' : X GW _y CP' x M x CP' x M, and the collection of Cartesian products
of stable and unstable manifolds {20} x W, x {zo } x Wi for all pairs of critical points
p-,py € Crit(f).

After fixing a pair controlling compactness (N4,U4) for each A € Hy(M), Theorem[2.7.9]
yields (Ng4,U4)-admissible sc-multisections AGY : WSV — Q7 in general position to SGV
for each A € Hy(M). Moreover, they can be chosen such that restriction of evaluations to the
perturbed zero set ev- xevt : ZA" — CP'x M x CP' x M is transverse to all of the products
of unstable and stable submanifolds {2 } x W~ x {25 } x W, for p_,p, € Crit(f). Note that
these embedded submanifolds cover the images of all evaluation maps on the compactified
Morse trajectory spaces evy X evy : M(p_, M) x W(M py) — CP' x M x CP' x M, by con-
struction of the evaluations ev : M(...) — M in (2.8), Wthh determme evi (1) = (25, ev(1)).
Thus we obtain transverse fiber products M(p_, M ) v /2 X o+ M(M,py) for ev-
ery a € Z. This translates into the pullbacks k!, = /\ o pra being in Ogeneral position to
the pullback sections S!, for o € Z. Moreover, !, is admlssible with respect to a pullback

of (Na,U4), so the perturbed zero set is a compact weighted branched orbifold for each
o= (p—7p+;A)7

L — Z5L<Og) = M(p_,M) —Xﬁ—ZAgwﬁ+Xevg ﬂ(M,p.F)

EVO

‘(S5 + r6)7H(0)

This finishes the construction of coherent perturbations.

Computation of orientations: To prove the identity it remains to compute the
effect of the orientations in Remark on the algebraic identity in Corollary (v)
that arises from the boundary 9Z% () of the 1-dimensional weighted branched orbifolds
arising from regularization of the moduli spaces with index I*(a)) = I*(p_,p;; A) = 1. Here
Z*i" is of even dimension and has no boundary since the Gromov-Witten polyfolds in
Assumption have no boundary, and the index of oqw is even. For the Morse trajectory
spaces, the boundary strata are determined in Theorem [2.3.3] with relevant orientations
computed in Remark [2.3.5] Thus for I‘(a) = |p_| — |ps+| + 2¢1(A) = 1 we can compute
orientations — at the level of well defined finite dimensional tangent spaces at a solution; in
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whose neighborhood the evaluation maps are guaranteed to be scale-smooth —

075 () = OM(p—_, M) oy Xey 24 oy Xy BoM(M, py)
U (=) 3mME=M) QoM (p_, M) e Xey 25" oy Xy MM, py)
= (Uyecriy M-, @) x M(q, M) ey Xey 229" oo xey M(M, ) (2.31)
U (=) HPe M (p_ M) eoxer 2297 coxer (Ugecrior MM, q) x M(q, py))
= Ugecney M(p-,9) X Z%(q,p+;A) U Lyecuics Z%(p-,¢; A) x M(q,p+)-

Here the signs in the first equality arise from the ambient Cartesian product d(M_ x Z x
M,) C (—1)dim(ﬂxz>ﬂ_ x Z x M; in the second equality we used Remark and
in the final equality we use |p_| + [p+|+ 1 = I'(a) = 1 = 0 modulo 2. This finishes the
computation of the oriented boundaries dZ5 () for I'(a) = 1 that proves and thus
yields a chain map. O]

2.6.3 Admissible perturbations for isomorphism property

In this section we prove Theorem [2.1.2] (i), i.e. construct ¢ = (=1)*t : C,M — C.M in
Definition and Lemma [2.6.4] as a A-module isomorphism on the chain complex CM =
CM, over the Novikov field as in . This requires a construction of the perturbations
k' that preserves the properties of the zero sets in Remark for nonpositive symplectic
area w(A) < 0.

Lemma 2.6.5. The coherent collection of sc*-multisections ' in Lemma[2.6.4 can be chosen
such that #2% (p_,p.; A) = 0 for A € Ho(M)~{0} with w(A) < 0, or for A = 0 and
p_ # py, and #Z5 (p,p;0) # 0. As a consequence, + = (—1)*1 : CMy — CMy is a
A-module isomorphism.

Proof. The sct-multisections £ in Lemma are obtained from a choice of family of
sct-multisections (k4 : W4 — QF)acm,u that are in general position to sc-Fredholm
sections Sy @ XYY — Wy which cut out the Gromov-Witten moduli space Mgw(A) =
1S71(0)], and such that moreover the evaluation maps restricted to the perturbed zero sets,
v xevt : Z(ka) — CP' x M x CP' x M are transverse to the unstable and stable
manifolds {z5 } x W, x {25} x W} C CP' x M x CP' x M for any pair of critical points
p-,py € Crit(f).

We will first consider a = (p_, p+; A) € T for nontrivial homology classes A € Hy(M)\{0}
with nonpositive symplectic area w(A) < 0. Recall from Remark that these moduli
spaces are empty |S;'(0)| = 0, so as in Corollary we can choose empty neighborhoods
0 = [Ua] C |XSY| to control compactness. Then the perturbed zero set Z(ka) = [{z €
Xal|ra(Sa(z)) > 0} C |Ua| is forced to be empty, i.e. k4 0S4 = 0. This is an allowed
choice in Lemma since evaluation maps from an empty set are trivially transverse to
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any submanifold. This choice induces for any pL € Crit(f) in a = (p_, ps; A) an induced
scT-multisection k!, = k4 o pri : W', — Q7. Its perturbed zero set is
Z%(a) = [{(z7,2,7%) € Xo | 6, (S4(z 7,2, 77)) > 0} =0
since the coherence in Lemma implies k., 05!, = kaopr} oS, = kg0S40pr, = 0, or more
concretely :‘iﬁpﬂp%A) (S;;,,er;A(I_’ 2,7%)) = £a(Sa(z)) = 0. Thus we have ensured vanishing
counts #2% (p_,p+; A) =0 for A € Hyo(M)~{0} with w(A) < 0 whenever I*(p_,py; A) = 0.
Next we consider A = 0 € Hy(M) and recall from Remark and Assumption [2.5.5] (ii)
that the Gromov-Witten moduli space Maw(0) = Z (ko) is already compact and transversely
cut out. Thus the trivial sc™-multisection kg : Wy — QT given by £¢(0,) = 1 on zero vectors
€ W)z and kKolowy),~{0.} = 0, is an admissible sct-multisection in general position to
So : A5 — Wy. Recall moreover that the evaluation maps on the unperturbed zero set are

v xev' 1 Z(ky) ~ CP' x CP' x M — CP' x M x CP* x M, (27,20 2) = (27, 2,21, ).

In the CP'-factors this is submersive so transverse to the fixed points (z; , 2y ) € CP' x CP'.
In the M-factors this is the diagonal map, which is transverse to the unstable and stable
manifolds W~ x W\ C M x M for any pair p_, p; € Crit(f) by the Morse-Smale condition
on the metric on M chosen in §2.3 Thus the trivial multisection kg is in fact an allowed
choice in Lemma [2.6.4 Now with this choice, the tuples (p_,p;;0) € Z for which we need
to compute

#2% (-, p+:0) = # [{(z7,[v],27) € M(p-, M) x Z(ko) x M(M, py)
such that (ZO, v( ) = v ([v])}
=~ # |{(z7,z%) € M(p—, M) x M(M,py) |ev(r™) =ev(z?) }|

are those with 0 = I*(p_, p4+;0) = 2¢1(0) + |p—_| — |p+|, i-e. |[p—| = |p+|.- These are the fiber
products identified in Remark (ii) as either empty or a one point set,

0 S P- F Dy
(" =p, 7" =py) ;p- =Dy

Thus we have counts #Z% (p_,p,;0) = 0 for p_ # py and #Z5 (p,p;0) # 0 for each
p € Crit(f).

Finally, we will use these computations of #Z%(p_,py; A) for w(A) < 0 to prove that
the resulting map ¢ := (—1)*1n : CM, — CM, is a A-module isomorphism. For that
purpose we choose an arbitrary total order of the critical points Crit(f) = {p1,...,p¢} and
for 4,5 € {1,...,¢} denote the coeflicients of ¢((p;)) = Zf LAY (p;) by X9 € A. We claim
that the (¢ x ¢)-matrix with entries \¥ = >~ _ A9T" satisfies the conditions of Lemmam

rel’ 7'r
To check this recall that we have by construction in Definition and change of signs in

Lemma 2.6.4]

M(p_, M)evxevm(Ma p+) =

NI = 37 aemmnyway=r (—1)P #Z5 (pj, pi; A).
I*(pj pi;A)=0
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For r < 0 we obtain AY = 0 since each coefficient #Z% (p;, p;; A) = 0 vanishes for w(A) =
r < 0. For r =0 and i # j we also have \{ = 0 since #Z% (p;, p;; A) = 0 also holds for
w(A) =0 and p; # p;. Finally, for r = 0 and i = j we use #Z% (p;, p;; A) = 0 for A # 0 with
w(A) = 0 to compute \J = #Z% (p;,p;;0) # 0. This confirms that Lemma applies,
and thus ¢ = (\;j)1<;,j<¢ is invertible. This finishes the proof. O

2.6.4 Coherent perturbations for chain homotopy

In this section we prove Theorem [2.1.2] (iii) by constructing h, : CM — CM in Defini-
tion [2.5.7 as a chain homotopy between SS P+ o PSSy~ and i, from Definitions [2.4.8]2.5.7
with appropriate sign adjustments as in Lemma . This requires a coherent construction
of perturbations k, k', K, kT over the indexing Sets

I=1 := {a:(p_,p+,A)|p_,p+ECrit(f),AGHQ )},
It = {a=(p,7, A) |p e Crit(f),y € P(H),A € Hy(M)},
Z- = {a=(y,p,A) |p e Crit(f),y € P(H),A € Hy(M)}.

Here we will use notation from Lemma for Cartesian products of multisections.

Lemma 2.6.6. There is a choice of K = (k)aezr, 67 = (K] )acz— " = (K.)ac, K =
(Ka)aez in Definitions that is coherent in the following sense.

(i) Fach k) : W, — Q% fora € TtV UZ- UZ"UZ is an admissible sct-multisection of a
strong bundle P, : W." — X that is in general position to a sc-Fredholm section functor
Syt X —= W which represents o) |y.- on an open neighborhood V;; C B () of the zero
set 0., 710). The tuple 5* = (K.)acze satisfies the conclusions of Lemma|2.6.4 and |2.6.5,

(ii) The smooth level of the first boundary stratum of X,_,.  a for every (p_,p;y, A) € T is
naturally identified — on the level of object spaces, and compatible with morphisms — with

00 ~ 1,00 +,00
alXpﬂer,A = 8())C'p—,meA U U 80X —mA
~EP(H),A=A_+A,

U U M(p-,q) x X, 4 U U QX" g4 X M(q,p+),
g€Crit(f) g€eCrit(f)

Xa()X -

+ 7P+, A

(2.32)

and the oriented section functors S. are compatible with these identiﬁcatz’ons i the sense
that the restriction of Sp_p, 4 to any of these faces F> C X . 4 is gwen by pullback
Sp_pi.AlFe = preSr of another sc-Fredholm section of a strong bundle over an ep-groupoid

. y L
Sr: Xr = Wz given by Sqp, As Sp_q.4: Sy, a5 TESD.
- .oyt - + -
Sr= Sp Ay < SwurA : Xpﬂw‘u X qurA - Wpﬂ%z‘hr qu
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via the projection pry : F — Xr given by the natural maps

M(p—7Q) XaOXq7p+,A - qu 60 X, LA T XL P+,A’

+ —
aO‘X‘pf,q,z‘l XM(Q’p-F) - prquf‘h 80 p A+ X @0 ¥,p+,A— - X )AL X X’prrA

(iti) Each restriction ko|p-1 ey for o= (p—,p+, A) € T to one of the faces F> C 01X, is
given via the identification Py (F>) = prxWelg,x, and natural map pri : prsWr — Wr
by

Kq,pi,A © PI'r for F = M(p_,q) X 0Xyp, a,
HQ‘P ) = F&f_,q,A Opr}* for F = 00X, 44 x M(q,ps),

Kp_py.A O PLF for F =X, p P,A

(K;7777A+ 'KW_JJJNA*) °pry for F=0X, P 1AL X aOX’Y_PJr A

For any such choice of k' = (K.)acz, the resulting maps PSS+, SSP—, 1, hy in Defini-
tzonsu -satzsfy “”'L,.C (p) = (—1)PISSP~ (PSS (p)) + hu(d{p)) + d(hs(p)),
where d is the Morse differential from . By setting 1({p) = (=1)Pli.(p) as done in
Lemmam PSS(p) = (—1)PIPSS+(p), SSP := SSP,-, and h := h,,, we then obtain
a chain homotopy between v and SSP o PSS, that is . — SSPo PSS =doh+hod.

Proof. This proof is similar to Lemma [2.6.4] with more complicated combinatorics of the
boundary faces due to the boundary of Bspr described in Assumption|2.6.3, and presented in
different order: We will first make the coherent constructions and then deduce the algebraic
consequences.

Coherent ep-groupoids and sections: To construct coherent representatives S : X" —
Wi for « € T UZ- UZ"UZ as claimed in (ii) recall that the fiber product construction in
Lemma [2.5.6) defines each bundle W, = pri W™ for a = (p_,p, A) € T as the pullback of
a strong bundle Py : W™ — X§"" under the natural projection of ep-groupoids

prpfup#»vA : XP—7P+7A = m(]977 M) eVE)F Xev+ XZFT ev— Xeva M(M’ er) — XIZFT

Here evi : M(...) = C* x M, 7 + (0,ev(z)) arise from Morse evaluation (2.8). The ep-
groupoid X§" C /ijT is a full subcategory — determined by the open subset Bapp(A) =
@) "H(CT x M)N (v )"Y(C~ x M) C Bspr(A) — of an ep-groupoid X5* from Assump-
tion that represents Bspr(A) and thus contains the compactified SF'T neck stretching
moduli space Mgpr(A) = |(S5FT)71(0)| as zero set of a sc-Fredholm section S5 : XS5FT —
WZFT. We will work with both groupoids: Multisection perturbations are constructed over
2? VT since we need a compact zero set to specify the admissibility that guarantees preserva-
tion of compactness under perturbations — both for S%"" and its fiber product restrictions S,.
On the other hand, |X2FT| = Bgrr(A) has more complicated boundary than Bgpp(A) — due to
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the distribution of marked points into building levels — and does not support a sc> evaluation
map. Thus we discuss coherence only over subgroupoids X§*" C A§"" with the boundary
stratification of BSFT(A), and which support sc® functors ev® : X5FT — C* x M representing
the evaluation maps . Here we may even use subgroupoids X}"" representing a smaller
open subset (ev')~ (A+ x M) N (ev) YA x M) C Bspr(A) of preimages of the disks
AF = {2z € C*||z| < r} C C*, which contain the standard marked points z5 = 0 € C*[/}
The polyfold structure on the fiber products X, in Lemma [2.5.6|is independent of the choice
of open neighborhood in Bspr(A) of the subset satisfying the fiber product condition. After
obtaining the subgroupoid A’} T C )?j” from such an open subset, we obtain the bundle
WHT = WZ "] xser and section SG| yser ¢ XFTT — W by restriction. Finally, each section
So = S5 T opr, is induced by the above projection pr, : X, — X" )?j”.

Next, restrlc’mon to the boundary faces glven in Assumptlon m (i) induces represen-
tatives SGV : XY — WSY resp. Si ’YAi — W 4, of the sections oqw : Baw(A4) —
Eaw(A) resp. ospr : Bapp(7; AL) — ESFT(%Ai) from Assumption [2.4.3| resp. [2.5.5, More-
over, the boundary of the open subset (ev™ x ev™) 1 (AF x M x A~ x M) for 0 < r < oo
(with AZ := C*) yields subgroupoids X$% C X$Y representing (v x ev- )L (AF x M x

A- x M) C Bew(A) resp. XfAi XfAi representing (6vF) 1 (AF x M) C Bizp(A), along
. . . A + + +

Yvith restricted sections S3 : XF™ — WEY = WEW|yow resp. ST 4, @ Aoy, = Wiy, =

in Al at, - Then the evaluation maps restrict to sc™ functors ev® : XV — AF x M

resp. evjE : X =, — A* x M, which yield — again mdependent of r > 0 — the fiber product
construction of Bi( ) in Lemma [2.4.5, and of B'(a) in Lemma-
Now the identification of the top boundary strata 9, X;° . 4 will proceed similar to the

proof of Lemma with Baw(A) replaced by Bapr(A), apart from the fact that the SFT
polyfold has boundary. This boundary is identified in Assumption (i) as

81X/§FT = X o |_| 'yEP(H) (90 ’YA X 80 ’YA (233)
A_ +AL=

By the fiber product construction [15, Cor.7.3] of B(p_, p4; A) in Lemma [2.5.6] the degener-
acy index satisfies dp(, p,a)(T_,u, 1) = dxz, an(T-) + dBgpr(a(w) + drgarp. ) (74) Hence
we have dg(_p,ia)(T_,u, T .) = 1 if and only if the degeneracy index of exactly one of
the three arguments 7_,u, 7, is 1 and the other two are 0. This identifies |01 X, ,, 4| =
O1B(p—,p+; A) as in the first line of the displayed equation below. Then the subsequent iden-
tifications result by comparing the resulting expressions with the interiors in Lemma [2.4.5|
[2.5.60 We obtain an identification that throughout is to be interpreted on the smooth level

2These disks should not be confused with the closed disks D4 in the construction of CP}, as e.g.
AT C Ct = (DyU[-R,0) x S')/ ~p is a precompact subset of the first hemisphere in CPy = Ct US'UC™
for any R > 0.
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(as fiber product constructions drop some non-smooth points)

alXP*ﬁer’A = O M<p 7M) +><ev+ 81'XSFT ev*xeva 80M<Map+)
i Xovt O o o O MM, py)
eva' Xev+ aO ,iFT ev— Xevg 81M(M, er)
= M(p*7M> evE)"XeV"' XAW ev—>< - M<M er)
L UAziZ(f:)AM<p77 ) +Xev+ 80 ’YA+ X 80.)(,;14_ eV—XevE M(M,er)

U UqECrit(f) M(p-,q) x M(q, M) , v Kevt Do XZ" ev- Xevy SoM(M, py)
U UqECrit(f) M(p-, M) v Xevt Qo XA ev- X, evy M(M, q) x M(q,p+)
= aoXL piA U U ver)  OpX, p Ay X O X,

+A+,

U Ugeanisry M= @) X 00Xgpa U Ugecnis(r) O0Xp- g4 X M(q,p+).

7p+7A

Here we also used the identification of evaluation maps in Assumption [2.6.3] (iii)(a). Then
compatibility in (ii) of the oriented section functors S, with the identification of these
(smooth levels of) faces 7> C 0, &7° . 4 follows from compatibility of pr, . 4: &, , 4 —
XSFT with the projections pri : X;t — X', for o € Z* used in Lemma and prt, : Xt —
XXW used in Lemma More precisely, S,_ . a|lre = prixSr follows from compatibility
of the sections in Assumption [2.6.3] (iii) and

Pry ,, A°DIr for F = 0pX p oA
- Alpe = (pr A XD, A+) prr for F = 0pX p pA, X 00X, 4,
o Pryp,,ACPIr for F = M(p—aQ) X 80 a,p+,A>
DI, ,40DPIxr for F = 00X, 44 x M(q,ps).

Construction of coherent perturbations: We construct admissible sct-multisections
kK, W, — QF for « € ZV UZ UZ"*UZ as claimed in (i), i.e. in general position to
the respective sections S; : & —: W,', while also coherent as claimed in (iii). The
existence of such coherent transverse perturbations will ultimately be guaranteed by an
abstract perturbation theorem for coherent systems of sc-Fredholm sections. Since we have
to deal with nontrivial isotropy and the SFT perturbation package [I8] has only been outlined
n [19], we give a detailed construction of the perturbations for our purposes. We proceed
as in Lemma and construct them all as pullbacks x;; := A\ o (pry)* of a collection
of sct-multisections on the SFT resp. Gromov-Witten polyfold bundles — without Morse
trajectories —

+ Lt + N +
()‘%A ) W%A —Q )veP(H),AeHg(M) ()‘iw : WGW —Q )AGHQ(M)

— L IA— + S LIS +
()"y,A ’ W%A —Q )'yEP(H),AeHz(M) <)‘AFT Wa = Q )AEHQ(M)
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For this to induce a coherent collection of sct-multisections as required in (iii),

(K:;_a’%A :: )\’—;’/:A © (pr;’77A)*)(p7’y7A)€I+’ (H;*7p+7A .: )\iw © (pr;*7p+7A)*)(p_,p+,A)€I/’7
(K;p,A = )\';,A © (pr;p,A)*)(’y,p,A)EI*’ (,{p77p+,A = )‘,SélFT © (prp_,p+,A)*)(p77p+7A)eIa

it suffices to pick A compatible with respect to the faces of the SF'T neck stretching polyfolds
X" in (2.33]). More precisely, using the natural identifications of bundles from Assump-
tion [2.6.3 (iii), we will construct A coherent in the sense that — for some choice of r > 0 in
the construction of |X2,| = (ev¥) ™ (A x M) C Bgpp(v; A) and Wi, = W$A|X$A ~ we
have

ANFT(w) = ASY(w) Vuwe WsY, (2.34)
AL ((Lan)e(whw™)) = AT, (W) A, (w7) VY (whw ) e Wi, x Wi, . (2.35)

So to finish this proof it remains to choose the sc™-multisections A so that each induced
scT-multisection in the induced coherent collection for (k. )aer+ur-uriuz is admissible and
in general position, while also satisfying the coherence requirements , and the
requirements on k' in the proofs of Lemma [2.6.4 and [2.6.5] The construction of coherent
perturbations for the SFT polyfolds outlined in [I9] proceeds by first choosing coherent
compactness controlling data, i.e. pairs (IV,U) of auxiliary norms on all the bundles and
saturated neighborhoods of the compact zero sets in all the ep-groupoids ff 4> /'Effw, éifijT
(c.f. Deﬁnition, which are compatible with the immersions to boundary faces in (2.33]).

Then it constructs the perturbations AG" as in Lemma and also AT, to be in general

v, At
position, admissible w.r.t. the coherent data (2N,U), and coherent in the sense that contin-

uous extension of ([2.34)-(2.37)) induces a well defined multisection A : WjFT| paser — Q7.
Here coherence of the perturbations on the intersection of faces (see Remark [2.6.2)) is required
to guarantee existence of scale-smooth extensions of A9 to multisections 5™ : W™ — Q.
Coherence of the compactness controlling pairs guarantees that the multisection A9 over
OXSTT C XS satisfies the auxiliary norm bounds N(A\)) < + and support requirements

that guarantee compactness for extensions AT of Ay with N(A5FT) < 1 and appropriate

support requirements. Moreover, we may choose each of the extensions A5™ using Theo-

rem to ensure — as in Lemma — that the induced multisections k] are in general
position as well. The latter will automatically be admissible with respect to pullback of
the pair controlling compactness. In more detail (but without specifying the auxiliary norm
bounds) the inductive construction of perturbations in [I8] — simplified to the subset of SF'T
moduli spaces considered here — proceeds as follows:

Construction of AGV and k*: Since the Gromov-Witten ep-groupoids /'Effw are bound-
aryless by Assumption m (iii), the sc™-multisections AG" can be chosen independently of
all other multisections. So we construct AGV as in the proofs of Lemma [2.6.4 and [2.6.5] to
ensure that the conclusions in these lemmas hold, as required by (i). This prescribes
on the boundary face X§% C XS,
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Moreover, recall that \GV is obtained by applying Theorem to the sc-Fredholm
section functors S§%, the s¢® submersion evt x ev— : XSV — CP! x M x CP' x M, and the
collection of Cartesian products of stable and unstable manifolds {25 } x W,~ x {25 } x W} .
As in the proof of Lemma this ensures that the pullbacks k" = (k4 = AQY o (pr,)*)aez
are in general position. Moreover, these pullbacks are admissible w.r.t. the pairs controlling
compactness on WL — X! that result by pullback from the coherent compactness controlling

pair on W XY, which is constructed in a preliminary step by [19, Lecture 13].

Coherence for )\7 4: The next step is to construct sc-multisections 2\ JAC Wi A QT over

the SFT ep-groupoids X+ -4 of planes with limit orbit v € P(H) from Assumptlon 2.4.3| which
then induce the perturbatlons x* for the PSS/SSP moduli spaces. These constructions are
independent of the choice of A" since the corresponding boundary faces of XjFT do not
intersect by Assumption [2.6.3] (ii). However, to enable the subsequent construction of ™
as extension of the boundary values prescribed in @ and , we need to make sure
that each sc™-multisection (A7 A, A ) o (ly,4.); " is well defined on the (open subset of)

face Fyay = lya, (X

Y A+
()\Jr, A, Aar )olly ay ). ! on their mtersectlon Fy.a: NFy . Then this yields a well defined

x X, ) COoX XS and coincides with the other set-multisections

sct-multisection on | F, 4, = OXF" C 8X2FT. To describe these intersections we note that
[19] constructs the ep-groupoids Xj[ 4, With coherent boundaries — involving ep-groupoids
(le oy BIvEeP(H ) BeH,(v) Which contain the moduli spaces of Floer trajectories between
periodic orbits 4*, as well as further ep-groupoids for Floer trajectories carrying a marked
point. We will avoid dealing with the latter by spemfylng Values r < oo when pulling back
perturbations from the ep-groupoids X - 4 given by |A7 £ = @)U AF x M) C

BéEFT(% A), as this will prevent the appearance of marked Floer trajectories even in the
closure. For any fixed value 0 < r < oo, the j-th boundary stratum is given by j Floer

trajectories breaking off,

+ Fl
8]X’Y7 — I_I 0 ..., 7377€P<H) ao 0 A X aOX’YOy'YlyBl . X 00 'YJ 17»}0 B 5 (2.36)
A++B1+ +Bj=
ak—jX;A - I_l =T ,...,xR eP(H) a0 ¥+, B 41 - X aOX k=1 ~k By, X 0o X ’vA,
Bji1+.+BptA_=A
Now, for example, Oy X OA X Op X, o lexag A is both a subset 0f80 ><81 o4 15 C

8(XJ5A+ X Xoa 5) and of 0, X lA w5 XA, , C o(x% N AutB ><X% _), and the em-
beddings l,0 49 and Ay 41 for the two splittings A, + (A, + B) = A} + A% = A =
Al + Al = (AL + B) + A_ coincide under this identification. Generally, the boundary of
the Floer ep-groupoids is given by broken trajectories, and this yields a disjoint cover of

8R OOXSFT C a SFT,

aR:ooXSFT_ |—| l’YAi, (80 X 80 ’y ,\/1 B1 ><80 k 1~k By ><30 A )

AL +Bi+..+By+A_=A
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in which the embeddings l7 A, B coincide with each of the embeddings lvj A, for0< 7 <k

and A, = A, + > i<; Bis A=A+ > _i~; Bi — when restricted to the subsets
80 A x@owlel Xag klkkaao KA CﬁjXP;’Aixak] JAJ'
1 Jr . - . = Jr . - 1
Now on these subsets we require coherence )\7.7 o )\W i A AT )\w,,’ g forall 0 <j#

J" <k, as this is equivalent to (2.35)) being well defined on iml, 4, ﬂ =0 F i AT This

will be achieved by constructing the SC+ multisections ()\% A, ) to have product structure on

the boundary — where the bundles P, 4 : Wi A )(,Yi,A are restricted to various faces of
X, -

Nl = A\ CUNT 237
i, AT, P_j1 7'(X+0A XA | xxXFL jB) 0 AL T OBy T Ayl g By (2.37)
VI ,a% +  rBi ¥ 7By
A ‘ :)\F o AT D
v, AT 1 p~t .(XFl - XXXy XA ) I3, Bj1 YRk By T Tk, A
v, AT ~J I+ Bjt1 ,Bp, VA

for a collection of sc™-multisections )\Fl StB V\/F1 5 — Q over the Floer ep-groupoids

At

XL _+ - While this guarantees coherence on each overlap of embeddings iml, 4, p C
'F"y-77AJ F j/ A] P

+ AT = Fl . L\ S = \T AT

'YLA{{— )\’)’j,AJ )\ ~0 VAL )\70771731 T ’Ykilv’ykaj )\fyk7A_ )\'leaAi/ )\"/jlij,,’

we are now faced with the challenge of satisfying the coherence conditions in (2.37)). These

conditions uniquely determine the boundary restrictions )\% As ‘ Py (0%E, ) via the identi-

fication of the boundaries with Cartesian products of interiors in 2.36. Thus (2.36) on

Cartesian products involving boundary strata poses coherence conditions on the choice of
Ag for B € T :="P(H) x P(H) x Hy(M).

~+,5+ 1o achieve the coherence in , [19] first constructs the
scT-multisections (Af')gezr by iteration over the maximal degeneracy index kg := max{k €
No | (S5)71(0) N0k X5" # 0} of unperturbed solutions (which is finite by Gromov compact-
ness): For kg = —oo the section Sg' has no zeros so is already transverse, so that A§' can be
chosen as the trivial perturbation. (The trivial multivalued section functor A : W — Q7 is
given by A(0) = 1 and A(w # 0) = 0.) For kg = 0 the section S§' has all zeros in the interior,
SO that )\Fl can be chosen admissible and trivial on the boundary — by applying Corol-
lary [2. ) with a neighborhood of the unperturbed zero set in the interior, |(S§')~"(0)| C
60 XF1|

Vs C For § = (y~,7y",B) € I with ks > 1 the restriction )\EI|P[;1(BXBN) to the

Fl __ F1 Fl 3
boundary OXS' = U,-_ 0.1 i1 ket pepit. 1, QX0 1 g X oo X X, k-1 kg, 1S pre-

)\Fl L\
...XXAYF]LI Jk Bk) 0~1,By ° Ah=1 Ak By

on all boundary faces that contain unperturbed solutions in their closure. Indeed, existence of

Construction of )\,Fyl_

scribed by the previous iteration steps )\g}! PR
Yyt By
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a solution in X’$S,717Bl X...X X’$£7177k7Bk implies kyi-1 i g, > 0for ¢ =1,...,k, and the Carte-
sian product of solutions of maximal degeneracy yields 1 + k01 5, + ... + kyr-1 5 g, < kg.
Thus these prescriptions are made for 0 < ki1 i g, < kg—1, and on boundary faces with no
solutions in their closure we prescribe the trivial perturbation throughout. This yields a well

defined sc*-multisection AJ| Py (o by coherence in the prior iteration steps, so that AJ

can be constructed by applying the extension result [34, Thm.15.5] which provides general
position and admissibility with respect to a pair controlling compactness that extends the
pair which was chosen on the boundary in prior iteration steps.

Construction of )\,j; 4 and k*: With the Floer perturbations in place, [19] next constructs
the collections of sc™-multisections ()\iE A)veP(H),Ac E€H (M) to satisfy (2.37) by iteration over
degeneracy k4 := max{k € Ng | (S5 4)7*(0) N de "4 7 0}. For ky 4 = —oc one takes A7 ,

to be trivial. For k, 4 = 0 one applies Theorem [2.7.9| “ to the sc-Fredholm section functor
S7 e i — VVi 4, the map evt DA v+ u C* x M, and the collection of stable resp. unstable
manlfolds {0} x W; for all critical pomts p E Crlt( f). These satisfy the assumptions as
the zero set |(S= ~4) "1 (0)] is compact and the preimages (ev*)'({0} x W,") lie within the
open subset XfA - fi on which ev™* restricts to a sc™ submersion ev* : X;—tA — CEtx M.
We can moreover prescrlbe /\w Al Pl (X% ) to be trivial, since in the absence of solutions
the trivial perturbation is in general position. Then Theorem [2.7.9] provides \* .4 that is

supported in the interior and transverse to each submanifold {0} X I/VjE in the sense that
these submanifolds are transverse to the evaluation from the perturbed zero set

T Hr e X, X 4(STa() > 04 = CF x M. (2.38)

Now suppose that admissible A\ A 1n general p051t10n have been constructed for £k, 4 <
k € Ny, and satisfy both the transversahty in and the coherence condition ([2.37))
over the ep-groupoids X | = (ev®) ™' (AE x M) With rp == 2+ 2% Then for k, 4 =
k + 1 we will construct )\fi 4 to satisfy over (evt)71(AL =~ x M) by first noting

Tk4+1
that the previous iteration — and requiring triviality on boundary faces without solutions
— determines a well deﬁned scT-multisection >\ n alp:oxt,) over the » = r; boundary

axij ~ Uy acay 180X 'A:i: x X . For faces (Wrt 6X$A) with solutions it is given
by )\i X AL p where ky 4 > 1+ kya, + kyyp. This is well

A(X,Aixlew) = A VAL X
defined at (2%, z,2') € doX. /Ai X XL g X XL, g pi, which appears both as (2%, (z,2')) €
80X$,Ai x OX}! p and ((:vi,g),g’) € 8/'\’ v asp X Xyio g p, by the coherence of the

Floer multisections and the prior iteration: For vectors in the respective fibers (w®, w, w’) €

P’Y_lle:l:( )XP,Y,Y//B/( )XP”’)/B B/(ﬂf)wehave
A$7Ai(wi) . ,1;}77,3(21),11,}) = A /A:l:( :t) . A§}77//7B/(w) . 3/’%3_3/(10/)

= /\$',Ai+3'(wi»w)' 5}/,7,3—3/(1‘/)'

Moreover, ev® : [{x € 0X A | )\ ( 4(x)) > 0} = C* x M is transverse to the subman-
ifolds {0} X VVjE However this defines an admissible sc+-multisection in general position
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only over the open subset of the boundary 82\?%: = (ev¥) (AL x M) 62?7%14. We multiply

the given data by a scale-smooth cutoff function — guaranteed by the existence of partitions

of unity for the open cover |X",| = (evF) (AL x M) U (Wﬂt)_l(((ci\AjE 1) X M); see
+32

Remark [2.7.6) - to obtain an admissible sc*-multisection /\8 A W A| oxE, — Q* which co-

incides with the prescribed data — thus in general position and Wlth evaluatlon transverse to
cach {0} x W¥ — over the closed subset (ev®) ™' (AL x M) ﬂaXi Then )\ WiA — QT

r
is constructed with these given boundary values usfﬁé Theorem-to achleve not just gen-
eral position but also transversality as in (2.38]). By admissibility of the prior iteration and
coherence of the pairs controlling compactness, /\v 4 can moreover be chosen admissible.

As required in the coherence discussion, this determines right hand sides of - which

agree on overlaps of different immersions I, 4, (X7, X X4 ) for r =2. Thus it constructs

7, A+
a well defined sct-multisection on d"=*X5" = Jl,a. (X, x X7, ) C OXSFT that is
admissible and has evaluations transverse to the submanifolds {0} x W x {0} x W for
all pairs p_, p, € Crit(f).

Moreover, for o € ZF we obtain a pair controlling compactness by pullback of the coherent
pairs constructed in [19] on the bundles Wj 4+ Then the pullback multisections k* = (kT =
/\i 40 (prt,)*)aer+ are sc™, admissible w.r.t. the pullback pair, and in general position by the

arguments in the proof of Lemma [2.6.4]

Construction of A°(" and k: The above constructions determine the right hand sides
in the coherence requirements A5 | pr XGW) = ASY over XSV C X5T in ([2.34), as well as

v |P; (Fyap(2) = (/\;F,A+ /\W,A )o (Z’YA:N:) on U'ye'P (H),A—+A4= aFr4.(2) COX SFT' (2-35),

where we denote by F, 4, (r) := L, Ai<XjA+
L, a, on the ep-groupoids representing | 7A¢| = (evh)~ (Ai x M) C BE..(v; A). By admis-
sibility in the prior steps and existence of scale-smooth partitions of umty (see Remark -

these induce for every A € Hy(M) an admissible sct-multisection A : Wi Aoz, — QF which

coincides with the prescribed data over X$Y LI Ay Fran(l) C HXSFT. Thus on this closed
subset we have general position and transversality of the evaluation map

evi X ev” }{x € QXS NG(SST(2)) > O}’ — Cr"xMxC xM (2.39)
to {0} x W~ x{0} x W for any pair of critical points p_, p; € Crit(f). Then the admissible

scT-multisection A" : WSFT — Q7 is constructed with these given boundary values — and
auxiliary norm and support prescribed by the coherent pairs controlling compactness — using
Theorem 9 to achieve general position on all of X{"" and extend transversality of the
evaluation ev+ x ev™ to {0} x W x {0} x W to the entire perturbed zero set [{z €
XSFT | NSFT(SEFT (1)) > 0}, where |X5FT| = (&vF) "1 (AT x M)N(ev™) LA x M) C Bepr(A).
As in the proof of Lemma the transversality of the evaluation maps implies that
the pullbacks k£ = (ko = A4 0 (pr},)*)acz are in general position. They are also admissible
with respect to the pullback of pairs controlling compactness. This finishes the construction
of the scT-multisections claimed in (i) with the boundary restrictions required in (iii).

x X 4 ) COX XSFT the image of the immersion
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Proof of identity: By A-linearity of all maps involved, it suffices to fix two generators
p_,ps € Crit(f) of CM and check that t,.(p_) and (SSP,- o PSS+ ){p_) + (=1)P-I(do
he)(p_) + (=1)P-I(h, o d)(p_) have the same coefficient in A on (p, ). That is, we claim

Z #Z — D43 ) Tw(A) =

AGHQ
I*(p_,py; A) 0

S HZ (po i Ap) HZE (v, per A) - TR
yEP(H),A_,Ay €Ha(M)
I(p—,v;iAL)=I(v,p4;A_)=0
+ (=1l N© H#Zpo g A) #M(q,py) T

q€Crit(f),A€H2(M)
I(p—,q;A)=|q|—|p4[—-1=0

+ (=1 S H#Mpo,q) #25q.ps A) T,
q€Crit(f),A€ Ho (M)
lp_1—lg|=1=1I(g,p4;A)=0

Here the sums on the right hand side are over counts of pairs of moduli spaces of index 0.
From §2.3) we have M(q, p;) = () for |g| — |p+]—1 < 0and M(p_,q) =0 for [p_[—[q| -1 <0,
and general position of the sc™-multisections £ as in Corollary- (iii) implies Z% (...) =
) for I(...) < 0. Thus the right hand side can be rewritten as sum over pairs of moduli
spaces with indices summing to zero, and by , , this is moreover equivalent
to

0 = I(p—,v; Ay) + (v, p+5A-) = I"(p—,ps; A-+ Ay) = I(p-,p; A+ Ay) —
0= I(p—,¢;A)+q| = |p+| =1 = I(p—,p; A) — 1,
0 = [p_|—lg| —1+1(q,p+;A) = I(p_,p+; A) — 1.

So all sums can be rewritten with the index condition I(p_,py;A) =1for A=A_+ A, €
Hy (M), and since the symplectic area is additive w(A_) + w(A;) = w(A_ + A,), it suffices
to show the following identity for each a = (p_,py; A) € Z with I(p_,py; A) =1,

(—D)PI#Z5 (p_ ps A) = ()P #Z5 (po v Ay) #25 (1,945 A)

YEP(H)

A7+A+:A
+ Y #Zpo, G A) #M(gpy) + Y #Mo,q) #25q. i A).
q€eCrit(f) q€eCrit(f)

(2.40)

This identity will follow from Corollary (v) applied to the weighted branched 1-
dimensional orbifold Z%(«) that arises from an admissible sc™-multisection k., : W, —
Q*. The boundary 0Z%(«) is given by the intersection with the top boundary stratum

0 B(a) NV, = |01X,|, and will be determined here, with orientations computed in (2.41))
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below.
0Z% () = Z%(«) N |01,
:Z()mlaopp+A| U U ZK()m|80pryA+an 'yp+A|

YEP(H)
A_+AL=A
8 U Z™a) N (M(pﬂQ) X ‘aOXq,pJF;A‘)
q€eCrit(f)
U U Z%(a |80 v asAl X M(q, p+))
g€eCrit(f)
K" skt K
= Z" (p-,p+;4) U U Z% (P71 Ag) X 2% (7, p4; A-)

~EP(H),A=A_+A,

U U Me-.g)x Z5q.ps4) U | Z5(p- g A) x M(q.ps).

g€eCrit(f) q€Crit(f)

Here the second identity uses coherence of the ep-groupoid as in (2.32)). The third identity
follows from the coherence of sections S, and sc™multisections « as stated in (ii), (iii),
together with the fact from Corollary [2.4.6[ (iv) that perturbed zero sets Z% (a) C [0p X,
are contained in the interior of the polyfolds when the Fredholm index is 0. For the second
summand we moreover use Lemma [2 which ensures that each restriction Ka|p 1z to

a face F = X, .4 X QX , 4 C@lpp+A,g1venbyf<o
xS

VP43 A-

A+
contained in the interior 80|X A XX =

of the pairs of points (z*,z ) with

oAy Byp,.a s is In general
position to the section S . Then its perturbed zero set Z% (p_, py; A)N|F| is

00X, .4, XO0X., .4 | as the complement

0 = lip*7p+;A(Sp*7p+;A(x+’:I;_)) = (’i;r 7AL 'y,p+ ( p— 'yA+ 'yp+A )(.T+,LU_))

= Ky, S; 7A+< +)) 'iwurA (S;m ( _))

Since a product in Q* = Q N [0, 00) is nonzero exactly when both factors are nonzero, this

identifies the objects of the perturbed zero set of ,_,. .4 with the product of perturbed

Z€ero obJects for k%, that is, { (xt,27) € .F!/fp p+A(Sp p+A(x+ 7)) >0} = {2t €
+ " - =

X VA+ | K; 7A+(S *77’A+< > O} {x E 7P+ ‘ 7p+ <S'yp+ ( )) > 0} And

the reahzatlon of this set is premsely zet (p_,v; Ay) X Z5 (v,ps; A_), as claimed above.

P— 7A+(

Computation of orientations: To prove the identity it remains to compute the
effect of the orientations in Remark on the algebraic identity in Corollary (v)
that arises from the boundary 0Z%(«) of the 1-dimensional weighted branched orbifolds
arising from regularization of the moduli spaces with index I(a) = I(p_,ps; A) = 1. Here

ZXi" is of odd dimension with oriented boundary determined by the orientation relations
in Assumption [2.6.3] (iii)(b) and (c) as

025" = 28T A0 Bar(A) = (—1)Z2F U | erim 2V x 2

A_+AL=A
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Moreover, the index of ogpr is I(a) = |p_|—|ps|+2c1(A)+1 = 1, so we compute orientations
in close analogy to (2.31) — while also giving an alternative identification of the boundary
components —

(9Zﬁ(oz) = 31./7(]9,, M) ev Xev Z/\‘SqFT ev Xev aOM(]\/L p+>
L (_1)dimﬂ(p,,M) aoﬂ(]?—, M) ev Xev aIZ)\‘SL‘FT ev Xev a()m(Ma p+)
L (_1)dimM(p77M)+l a()m(p—v M) evXev aOZ)\'SL‘FT ev Xev alm(Ma p+)

= (Ugecriey M=, ) x M(q. M) ) eyXey Z37 oo Xee M(M, py) (2.41)
U (_1)|p_|+|p+|M( ) ev Xev Z)\ISAFT ev Xev ( LIqGCrith(M7 q) X M(Q7p+) )
U (=)t M(p- )ev><ev (2.42)

)

(u EP(H),A=A_+ A, ZNas x 2 ) evXew M(M,py)

(=) M(p, M) X 2587 oo MM, py)

= Uyecuitr M(p—,Q) x Z%(¢,p+; A) U Ujecney 2%(0-, 45 A) X M(q, p+)
U (‘U'p_l I_l'yEP(H),A:A_+A+ Zf(Pﬂ’YSAJr) X Z% (v,p+; A-)

U (=) 2= (p_ py; A).

This computation should be understood in a neighborhood of a solution, so in particular
with scale-smooth evaluation maps to C* x M. Based on this, Corollary (v) implies —
as claimed —

0 = hy(d{p-)) +d(hs(p-)) + (=1)P-ISS P (PSS (p-)) = (1) o (p-)
= (hod+doh+SSPoPSS—1)(p_).

2.7 Appendix: Summary of Polyfold Theory

This section gives an overview of the main notions of polyfold theory that are used in this
paper. The following language is used to describe settings with trivial isotropy/™]

Remark 2.7.1. (i) An M-polyfold without boundary is analogous to the notion of
a Banach manifold: While the latter are locally homeomorphic to open subsets of a
Banach space, an M-polyfold is locally homeomorphic to the image O = im p of a retract
p: U — U of an open subset U C E of a Banach space F. While p is generally not
classically differentiable, it is required to be scale-smooth (sc™) with respect to a scale
structure on E, which is indicated by E.

13Trivial isotropy would be guaranteed in our settings by an almost complex structure J for which there
are no nonconstant .J-holomorphic spheres.
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(i’) An M-polyfold, as defined in [34, Def.2.8], is a paracompact Hausdorff space X to-
gether with an atlas of charts ¢, : U, — O, C [0,00)* x E* (i.e. homeomorphisms between
open sets U, C X and sc-retracts O, such that U,U, = X), whose transition maps are
sc-smooth.

For k € Ny the k-th boundary stratum 0y X is the set of all x € X of degeneracy index
d(z) = k giver[Y]| by the number of components equal to 0 for the point in a chart ¢,(z) €
[0,00)* x E*. In particular, 9y X is the interior of X.

(ii) A strong bundle over an M-polyfold X, as defined in [34, Def.2.26], is a sc-smooth
surjection P : W — X with linear structures on each fiber W, = P~(z) for z € X,
and an equivalence class of compatible strong bundle charts, which in particular encode
a sc-smooth subbundle W D W! — X whose fiber inclusions W} < W, are compact and
dense.

(iii) The notion of sc-Fredholm for a scale smooth section S : X — W of a strong
bundle in [34] Def.3.8] encodes elliptic regularity and a nonlinear contraction property [34,
Def.3.6,3.7]. The latter is a stronger condition than the classical notion of linearizations
being Fredholm operators, and is crucial to ensure an implicit function theorem; see [I7].

A more detailed survey of these trivial isotropy notions can be found in [I4]. Then the
generalization to nontrivial isotropy is directly analogous to the notion of smooth sections
of orbi-bundles, in which orbifolds are realizations of étale proper groupoids [42].

Remark 2.7.2. A sc-Fredholm section ¢ : B — £ of a strong polyfold bundle as introduced
in [34, Def.16.16,16.40] is a map between topological spaces together with an equivalence
class of sc-Fredholm section functors s : X — W of strong bundles VW over ep-groupoids X,
whose realization [s| : |X| — |[W| together with homeomorphisms |X| := Obj, /Mory = B
and |[W| = € induces 0. To summarize these notions we use conventions of [34] in denoting
object and morphism spaces as Obj, = X and Mory = X. These will be equipped with
M-polyfold structures, so that the k-th boundary stratum of a polyfold B = |X| is given as
OB = 0, X/X C |X| for all k € Ny.

(i) An ep-groupoid as in [34, Def.7.3] is a groupoid X = (X,X) equipped with M-
polyfold structures on the object and morphism sets such that all structure maps are local
sc-diffeomorphisms and every x € X has a neighborhood V(x) such that the mapping
t: s (clx(V(2))) = X is proper. As in [34] §7.4] we require that the realization |X| is
paracompact and thus metrizable.

(ii) A strong bundle as in [34], Def.8.4] over the ep-groupoid X is a pair (P, 1) of a strong
bundle P : W — X and a strong bundle map p : X, x pW — W so that P lifts to a functor
P W — X from an ep-groupoid W = (W, W) induced by (P, ). Then P restricts to a

4 The degeneracy index d(z) € Ny in [34, Def.2.13,Thm.2.3] is a priori independent of the choice
of chart ¢, only for points in a dense subset X,, C X specified in Remark With that d(z) =
max{limsup d(z;) | Xoo 3 x; — x} is well defined for all x € X and can also be computed in any fixed chart.
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functor W! — X on the full subcategory whose object space is the sc-smooth subbundle
wtcw.

(iii) A sc-Fredholm section functor of the strong bundle P : W — X as in [34], Def.8.7]
is a functor S : X — W that is sc-smooth on object and morphism spaces, satisfies
P oS =idy, and such that S : X — W is sc-Fredholm on the M-polyfold X.

Now a polyfold description of a compact moduli space M is a sc-Fredholm section o :
B — & of a strong polyfold bundle with zero set 0=1(0) = M. The polyfold descriptions used
in this paper are obtained as fiber products of existing polyfolds and sc-Fredholm sections
over them. This requires a technical shift in levels described in the following remark, and a
notion of submersion below.

Remark 2.7.3. Polyfolds carry a level structure B,, C ... C By C By = B as follows: For
any M-polyfold X, in particular the object space of the ep-groupoid representing B = |X|,
a sequence of dense subsets X, C ... C X; C Xy = X is induced by the scale structures
E* = (E},)men, of the charts, that is X,, =, ¢, (O, NR* x E},). Then By, :=*n/, s
well defined since morphisms of X — locally represented by scale-diffeomorphisms — preserve
the levels on Obj, = X.

The restriction o|g,, of a sc-Fredholm section ¢ : B — £ is again sc-Fredholm with values
in &,,, and the choice of such a shift in levels is irrelevant for applications since the zero set
o7 10) C By — as well as the perturbed zero set for any admissible perturbation — is always
contained in the so-called “smooth part” that is densely contained in each level B, C B,,.

For a finite dimensional manifold or orbifold M — such as the Morse trajectory spaces in

§2.3.3| — viewed as polyfold, the level structure is trivial My, = ... = M; = My = M.

Definition 2.7.4. [T, Def.5.8] A sc¢™ functor f : X — M from an ep-groupoid X = (X, X)
to a finite dimensional manifold M is a submersion if for all x € X, the tangent map
D,f: TEX — T )M is surjective, where TEX s the reduced tangent space [34, Def.2.15].

Consider in addition a sc-Fredholm section functor S : X — W. Then the s¢> functor
f: X — M is S-compatibly submersive if for all x € X, there exists a sc-complement
L C TEX of ker(D,f) N TEX and a tame sc-Fredholm chart for S at x [15, Def.5.4] in
which the change of coordinates 1 : O — [0,00)% x R¥=5 x W that puts S in basic germ form
— which by tameness has the form ¥ (v,e) = (v,(e)) for (v,e) € O C [0,00)* x E and a

linear sc-isomorphism 1 — moreover satisfies (L) C {0}*~% x W, where the chart identifies
LcCcTEX 2THO = {0} x E.

More generally, given a smooth submanifold N C M, the sc> functor f is transverse
to N if for all v € f~Y(N) N Xo we have Dy f(TEX) + TyyN = TyyM, and f is S-
compatibly transverse to N if there exists a sc-complement L of (D, f) (T ) (N))NTEX
satisfying the above condition.

The purpose of giving a moduli space a polyfold description is to utilize the perturbation
theory for sc-Fredholm sections over polyfolds, which allows to “regularize” the moduli space
by associating to it a well defined cobordism class of weighted branched orbifolds. (For a
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technical statement see Corollary and the references therein.) Since the ambient space
|X| is almost never locally compact, this requires “admissible perturbations” of the section
to preserve compactness of the zero set. This admissibility is determined by the following
data introduced in [34] Def.12.2,15.4].

Definition 2.7.5. A saturated open subset U C X of an ep-groupoid X = (X,X) is an
open subset U C X with 7' (w(U)) = U, where 7 : X — |X| =¥/ is the projection to the
realization.

A pair controlling compactness for a sc-Fredholm section S : X — W of a strong
bundle P : W — X consists of an auziliary norm N : W[1] — [0,00) (see [34, Def.12.2])
and a saturated open subset U C X that contains the zero set S~'(0) C U, such that ‘{I €
U|N(S(z)) <1} C |X| has compact closure.

Given such a pair, a section s : X — W is (IN,U)-admissible if N(s(x)) < 1 and
supps C U.

The construction of perturbations moreover requires scale-smooth partitions of unity,
which will be guaranteed by the following standing assumptions.

Remark 2.7.6. Throughout this paper we assume that the realizations |X'| of ep-groupoids
are paracompact, and the Banach spaces E in all M-polyfold charts are Hilbert spaces. This
guarantees the existence of scale-smooth partitions of unity by [34, §5.5,87.5.2]. In order to
guarantee the same on every level B,, as discussed in Remark [2.7.3] we moreover assume that
each scale structure E = (F,,)men, consists of Hilbert spaces E,,. These assumptions hold
in applications, such as the ones cited [33] [19]. Then paracompactness and thus existence of
scale-smooth partitions of unity on every level is guaranteed by [34, Prop.7.12].

When discussing coherence of perturbations of a system of sc-Fredholm sections, the
boundaries are described in terms of Cartesian products of polyfolds, bundles, and sections.
So we will make use of Cartesian products of multivalued perturbations as follows, to obtain
multisections over the boundary as summarized in the subsequent remark.

Lemma 2.7.7. Let S; : X1 — Wy and Sy : Xy — Wsy be sc-Fredholm section of strong
bundles P; : W; — X; over ep-groupoids. Then the Cartesian product Xy x Xy is naturally
an ep-groupoid and (S X Sy) : X1 X Xy — Wy X Why is a sc-Fredholm section of the strong
bundle P, X Ps.

Moreover, if \; : W; — Q7 are sct-multisections for i = 1,2, then there is a well defined
sct-multisection A1 - Ao : Wy X Wy — QF given by (A1 - Ao) (w1, wa) = A(wy) - Ao(we). If, for
i = 1,2, the sections \; are (N;,U;)-admissible for some fixed pair controlling compactness
as in Deﬁm’tion then A1 - Ay is (max(Ny, No),U; X Us)-admissible. Finally, if \; is in

general position to S; for i = 1,2 then \; - Xy is in general position to S; X Ss.

Proof. A detailed treatment of sc-Fredholmness of the product section S; x Sy can be found
in [I5, Lemma 7.2]. The remaining statements follow easily from the definitions in [34] (as
do the statements in the first paragraph).
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Recall in particular from [34], Def.13.4] that a sc™-multisection on a strong bundle P :
W — X is a functor A : W — Q7 that is locally of the form A(w) = Z{j|w:pj(P(w))} 45,
represented by scT-sections py,...,pr @ V — P7HV) (i.e. sc™ sections of W'; see [34]
Def.2.27]) and weights g1, .., g € QN[0,00) with >, ¢; = 1. Then for local sections pl and
weights q§ representing \; for ¢ = 1,2, the multisection \; - Ay is locally represented by the

sections (pjl-, p}) with weights ql»q]%, and all admissibility and general position arguments are

made at the level of these locaf sections.

In particular, the (IV;,U;)-admissibility can be phrased as the existence of local repre-
sentations by sections with Nj(pi(z)) < 1 and Z(S;,p}) == {x € V;|3t € [-1,1] : Si(z) =
tpl(x)} C U;. Then (max(Ny, Na), Uy x Us)-admissibility uses the observation
{(z1,22) |3t € [=1,1] = (S1,82) (w1, 22) = tpj(x1),p}(22)} C Z(S1,p;) x Z(S2,p}) C
Z/{l X Z/[Q. ]

Remark 2.7.8. Let P : W — X be a strong bundle over a tame ep-groupoid X = (X, X).
Then for every o € X, there is a chart ¢ : U, — O from a locally uniformizing® neighbor-
hood U, C X of = to a sc-retract O C [0,00)" x E, with ¢(x) = 0 lying in the intersection
of the n local faces Fp := ¢ '({(v,e) € [0,00)" X E|vy = 0}) which cover the boundary
OXNU, = Up_; Fr

Now a sct-multisection over the boundary is a functor \? : P~1(9X) — Q* whose
restriction A?|p-1(x,) to each local face is a sc™-multisection of the strong bundle P~!(F) —
Fi. In the presence of a sc-Fredholm section S : X — W, such a sct-multisection is in
general position over the boundary if for each intersection of faces Fr := (), o Fi C
OX the restriction of the perturbed multi-section A% o S|z, : P~}(Fx) — QT has surjective
linearizations at all solutions. If, moreover, (N,U) is a pair controlling compactness, then \?
is (N, U)-admissible if each restriction A?|p-1(z,) is admissible w.r.t. the pair (N|p-1(z,),U N
Fr).

In our applications, as described in Assumption [2.6.3] the local faces Fj are images of
open subsets of global face immersions (7 : F — X, where each F is a Cartesian product of
two polyfolds, and the restriction to the interior [ z|g, 7 is an embedding into the top boundary
stratum 01 X. The bundles over each face are naturally identified with the pullbacks %W,
and then the pushforwards of sct-multisections Ar : I%:WV — Q7 form a sct-multisection
over the boundary \? : P71(|Jim Az) — Q7 if they agree on overlaps and self-intersections
of the immersions [z, at the boundary OF of the faces. In this setting, general position of
X7 is equivalent to general position of the multisections \.

The following perturbation theorem allows us to refine the construction of coherent per-
turbations in [19] for the SF'T moduli spaces such that moreover the evaluation maps from the
perturbed solution sets are transverse to the unstable and stable manifolds in the symplectic
manifold. This is a generalization of the polyfold perturbation theorem over ep-groupoids
and the extension of transverse perturbations from the boundary [34, Theorems 15.4,15.5]

15" A neighborhood U, C X forms a local uniformizer as in [34, Def.7.9] if the morphisms between points
in U, are given by a local action of the isotropy group G,.
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(with norm bound given by A = 1 for simplicity). Another version of this — with the sub-
manifolds representing cycles whose Gromov-Witten invariants are then obtained as counts
— also appears in [46][47]. We are working under the assumptions made in this section — e.g.
paracompactness — without further mention. The limitation to finitely many submanifolds
in the extension result seems to be of technical nature and possibly a removable hypothesis.

Theorem 2.7.9. Suppose S : X — W is a sc-Fredholm section functor of a strong bundle
P :W — X over a tame ep-groupoid X with compact solution set |S™1(0)| C |X|, and let
(N,U) be a pair controlling compactness. Moreover, let e : X — M be a sc”-map to a finite
dimensional manifold M which has a sc¢> submersive restriction e|y, : V — M on a saturated
open set V C X.

Then, for any countable collection of smooth submanifolds (C; C M );c; with the property
e (Uier(Cy)) CV, there ezists an (N,U)-admissible sc™-multisection A : W — QT so that
(S, \) is in general position (see [3], Definition 15.6]) and the restriction e|z : Z* — M
to the perturbed zero set Z* = |{x € X |A(S(x)) > 0}| is in general positiod"| to the
submanifolds C; for all i € I.

Moreover, suppose I is finite and \? : P~1(0X) — Q% for some 0 < a < 1 is an
(iN,U)-admissible structurable sct-multisection in general position over the boundary such
that the restriction e|zo : Z° — M to the perturbed zero set in the boundary Z2 = |{z €
OX | N(S(z)) > 0}| is in general positior"'| to the submanifolds C; for all i € I. Then X

above can be chosen with /\|p_1(3X) =\,

Proof. Our proof follows the perturbation procedure of [34, Theorem 15.4], which proves
the special case when there is no condition on a map e : X — M, i.e. when M = {pt}
and C; = {pt}. To obtain the desired transversality of e to the submanifolds C; C M
we will go through the proof and indicate adjustments in three steps: A local stabilization
construction, which adds a finite dimensional parameter space to cover the cokernels near a
point z € S7(0); a local-to-global argument which combines the local constructions into a
global stabilization which covers the cokernels near S~1(0); and a global Sard argument which
shows that regular values yield transverse perturbations. Within these arguments we need to
consider restrictions to any intersection of faces to ensure general position to the boundary,
use submersivity of e to achieve transversality to the C;, and work with multisections due
to isotropy. The statement with prescribed boundary values \? generalizes the extension
result [34] Theorem 15.5], which hinges on the fact that general position over the boundary
persists in an open neighborhood — something that is generally guaranteed only for finitely
many transversality conditions; see the end of this proof. The first step in any construction
of perturbations is the existence of local stabilizations which cover the cokernels, as follows.

16 General position to C; requires transversality to C; of each restriction e| z» 7, to the perturbed solution
set within an intersection of local faces Fx = (¢ F as defined in Remark including for Fp := Z*.
17 This requires general position of each restriction e z>nF, to a local face F C 00X as defined in

Remark
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Local stabilization constructions: For every zero x € S71(0) of the unperturbed sc-
Fredholm section we construct a finite dimensional parameter space R for | = [, € Ny and
sct-multisection

A7 RExW = QY (tw) = A% (w)

such that Af is the trivial multisection, i.e. AF(0) = 1, Af(w) = 0 for w € W,~{0}. This
multisection A” is viewed as local perturbation near (0,z) of a sc-Fredholm section functor

5% of a bundle ]5‘”,

ST REx X S REx W PP Rx W R x X
(t,y) = (t,5(y)) (t,w) = (t, P(w)).

It is constructed in [34] to be structurable in the sense of [34, Def.13.17], in general position
in the sense that the linearization T g. 7.y(0,2) : ToR! x TEX — W, is surjectivem and
admissible in the sense that the domain support of A® is contained in U and the auxiliary
norm is bounded linearly, N(A)(t,y) < c,|t| for some constant c,. In case x € ¥V N S71(0)
we refine this construction to require surjectivity of the restrictions

T (geiy (0, 7)o, © ToR x Ky — W, (2.43)

where K, := ker(Dge|rryx) C TEX is the kernel of the linearization Dye : TEX — T M
restricted to the reduced tangent space. For that purpose note that e is s¢>* near x by
assumption, so has a well defined linearization, and since its codomain is finite dimensional,
its kernel has finite codimension. Moreover im D,S C W, has finite codimension by the
sc-Fredholm property of S, and the reduced tangent space THX C T, X has finite codimen-
sion by the definition of M-polyfolds with corners. Thus we can find finitely many vectors
wh, ..., w' € W, which together with D, S(K,) span W,. These vectors are extended to sc*-
sections of the form p(¢,y) = 3 t;w(y), multiplied with sc> cutoff functions of sufficiently
small support, and pulled back by local isotropy actions to construct the functor A* as in
[34, Thm.15.4]. We claim that this yields the following local properties with respect to the
sc™ functor
& R xV— M, (t,y) — e(y).

Local stabilization properties: There exists €, > 0 and a locally uniformizing neighborhood
Q(z) C X of x whose closure is contained in U, such that

o7 {teR ||t <e}xQ@) — QF  (ty) = A(S(y) = A°(S°(ty)  (244)

is a tame ep*-subgroupoid, and for (t,y) € supp©O® = {(t,y)|O%(t,y) > 0} C R x X

the reduced linearizations T%gjﬂz)(t, Y) = T(gzﬂz)(t, y)|TtszT5,X are surjective. Moreover, if

18 This is shorthand for S+ p; having surjective linearization for every section p; in a local representation
of A% with S®(0,z) = 0 = p;(0, z), and restricted to the reduced tangent space TZX.
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x €V then we may choose Q(x) C V such that for all (t,y) € supp ©° we have surjectionﬁ
ST . T ., R
D(tyy)e |Ntz,y : Nt,y := ker T(S‘x,/ix)(t’ y) — Te(y)M.

In particular, the realization | supp ©%| is a weighted branched orbifold and é* induces a sub-
mersion |supp ©F| — M in the sense of Definition|2.7.4. Moreover, for ally € S~1(0) N U,
we have (0,y) € supp ©F so that the reduced linearizations Té’%m /II)(O,y) and the restric-
tion to their kernel D(Oﬁy)éﬂNgu are surjective. These properties persist for y € S™(0) with

lyl € [Q(z)].

The structure of supp ©% and surjectivity of linearizations T#

(5=, A=
implicit function theorem [34, Theorems 15.2,15.3]. Then the kernels Ny, = ker T %z7 /Iw)(t’ Y)
represent the reduced tangent spaces at |(¢,y)| to the weighted branched orbifold | supp ©F|.
Surjectivity of Do )€ NE, holds since D g ,)€" is surjective by assumption, and the preimage
of any given vector in Te)M can be adjusted by vectors in ker D(g,)é” to lie in Ng, =
ker T%EVAZ)(O,I), because T o jo)(t, Y)|kerDy 2o 18 surjective by (2-43). Then é” restricts
to a map |supp ©F| — M that is classically smooth on each (finite dimensional) branch of
supp ©7, and thus surjectivity of D ,é”| NE, is an open condition along each branch. Since
supp ©7 is locally compact — in particular with finitely many branches near x — we can then
choose €, and Q(z) sufficiently small to guarantee that each Dy, ,)é”|ny  is surjective. This
proves submersivitiy in the sense of Definition [2.7.4]

) follows from the local

From local to global stabilization: In this portion of the proof, we proceed almost
verbatim to the corresponding portion of [34, Thm.15.4], with extra considerations to deduce
submersivity of (2.47)). By assumption, |S~!(0)] is compact and |e| : |[X| — M is continuous.
Then |S71(0)| N |e~(C)]| is compact since C' := U (C;) C M is closed. We moreover have
the identity |S™1(0) N e }(C)] = |S7(0)| N |e7*(C)] since both sets are saturated. Thus
we have an open covering (|Q(m)|)$6571(0)m671(c) by the open subsets chosen above, and

can pick finitely many points xy,...,2, € S71(0) N e }(C) to obtain a finite open cover
1S7H0) Ne H(C)| € Ui, |Q(x:)]. Then |S~H(0)|\ Ui, |Q(z;)] is compact, with open cover
by (|Q(x)’)16571(0)7 so we may pick further z,,1,...,z; € S7'(0) to obtain the covers

[S7HO)] € Uiy Q) [STHO) e (O) € Uy 1@, (2.45)
S7H0) € Q=" (UL 1Q@)]) c U.

For each x = x; we constructed above a family of sc™-multisections (Afl W — Q+)

teRlwi *
These are summed up, using [34, Def.13.11], to a scT-multisection

AR W = QF, (t= (.., t), w) = Aw) = (A7 @ & A7) (w)

19 As before, this is shorthand for surjectivity on each reduced tangent space ker Dty (5’“ +p;)|T,R! KTRX -
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for [ ;= lyy+-- -+l . Hereeach A, : W — er for t € R is a structurable sct-multisection by
[34, Prop.13.3]. We view the multisection A as global perturbation of a sc-Fredholm section
functor S of a bundle P,

S RIxX SR xW=IW P:RxWoR xX
(t,y) — (t,S(y)) (t,w) — (t, P(w)),

and claim that e : X — M induces a submersion on its perturbed solution set in the following
sense.

Global stabilization properties: There exists €g > 0 such that for every 0 < e < €

O: (teR [l < x¥ Q% (ty) = A(SW)=ASty)  (240)
is a tame ep'-subgroupoid with surjective reduced linearizations T% i (t,y) for all (t,y) €
supp ©. In particular, the realization | supp é| 15 a weighted branched orbifold. Moreover,
there is a neighborhood V' C X of S~1(0) Ne ! (C) such that

wpp6 © SWPPO = M, (t,y) > e(y) (2.47)

|
satisfies (€lg,p,6) " (C) C Rl x V', and its restriction to supp© N (R x V') is classically
smooth and submersive as in Definition |2.7.4).

Note that the auxiliary norm N on W pulls back to an auxiliary norm N on W, and
compactness of S is controlled in the sense that for any compact subset X C R! we have
compactness of

{(t,z) € K xU|N(S(t,z)) <1}| = K x |[{(z €U|N(S(z)) <1}| € R x |X]. (2.48)

Next, the restriction of /A to each Rl x X — R x X is the local perturbation A% of 5%, since
we identify Rz = {(¢;,...,t;) € R'|t; =0 V) # i} and each Ay’ is trivial. In particular, A,
is the trivial multisection, with N(Ag) = 0. Moreover, we have an estimate N(A;) < c|t| that
results from the linear estimates on each A;*. Now for ¢y < % we can deduce compactness of

the stabilized solution set as closed subset of (2.48)),

Z = |{(t,x) e R" x X ||t] < ep, A,(S(x)) > 0}]. (2.49)

The next step is to argue that (2.49) is smooth in a neighborhood of ZN ({0} x |x]) = {0} x
1S71(0)|. Recall here that Q@ = 7 (", |Q(z;)]) C X is an open neighborhood of S~1(0).
So for any x € Q we can use the local properties of some A% with |z| € |Q(z;)| to deduce
surjectivity of Tf}ﬁ)(o, x). Then the local implicit function theorems [34, Thms 15.2,15.3,
Rmk.15.2] yield an open neighborhood U (0, z) = {|t| < €.} xU(z) C R'x X of (0, z) for some
0 < €, < €, and hence a saturated neighborhood U(0, z) := {|t| < €.} xa ' (|U(z)|) € Rix X
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such that é|l~](07$) = Ao ‘§|U(O,w) is a tame branched ep*-subgroupoid of U(0,z). As a

consequence, the orbit space of the support ‘supp é] U(O,z)‘ is a weighted branched orbifold
with boundary and corners.

For z € S~1(0)~e ' (C) we can moreover choose U(z)Ne ' (C) = 0, since |e 1 (C)| C |X|
is closed. For x € S71(0)Ne *(C) C V the covering guarantees |z| € |Q(z;)| for some
1 <4 <rwith Q(x;) C V and we choose U(x) C Q(z;). This guarantees that the restriction
of 6 : RIx X — M, (t,y) — e(y) to U(0,z) is s¢>, and surjectivity of D (0,0)€" xer 7.

(5%i,4%)

implies surjectivity of D 4)€|n,., @ Now = Tem)M on Ny, = ker Tg A)(O, x). Here Ny, rep-

resents the reduced tangent space at |(0, z)| to the weighted branched orbifold | supp é|0(0’$) |

(0,2)

Now €00 6ni7(0,0) * SUPP é‘g(oyx) — M is classically smooth since it is a restriction of an sc*
map to finite dimensions, and we have shown it to be submersive at (0, z). Hence, by open-
ness of submersivity along each corner stratum, and local compactness of supp @|U(O,z) cZ

it follows that U(0,2) C Rl x V can be chosen sufficiently small to ensure that ¢ |supp 600 (0.2)

is submersive as in Definition 2.7.4]
Now compactness of |[S71(0) Ne™!(C)] and |S7!(0)| again allows us to find finite covers

1S7H0)] € UL, U ()], 1S7H0) e (C)] € Ui, [U(x))]

with 2} € S7H0)Ne ! (C) for i = 1,...,7" and U(x}) Ne (C) =0 for v’ < i < k. Then
we have € := min{e;,l, ...€, } >0, an open cover S71(0) C A:=7"" (Ule |U(z})]), and the
k!

functor {t € R||t| < €} x A — QF, (¢, ) — A,(S(y)) is a tame branched ep*-subgroupoid,
since it is the restriction of © = Ao S to an open subset of [, U(0, 2}). Moreover, we claim
that for a possibly smaller 0 < € < ¢y we have

ty)e{lt| <e} x X, Oty >0 —  yecA (2.50)

By contradiction, consider a sequence R 3¢, — 0, y, € X with Ot yn) > 0 but
Yn € XNA. Then compactness of (2.49) guarantees a convergent subsequenee |(tns Yn)| —
10, ys0)| € Z, and since Z N {0} x |X| = {0} x |supp/10 o S| = {0} x |S71(0)| this con-
tradicts the fact that |y,| € |X|\|A|, where |A| = UZ.:1 |U(x7)] C |X]is an open neigh-
borhood of [S7(0)|. Thus we have shown and can deduce that © = Ao S : {t €
R [t] < e} x X — Q+ is a tame branched ep —subgroup01d with supp © C R x A, and thus
|supp @} C R x Uiz1 |U(z})| is a weighted branched orbifold with boundary and corners, as
claimed.

Moreover, from the properties of €| fori =1,...,7" we know that the restric-

supp éﬂU(O@é)
tion of & to suppO N (R x V') for V' := 771 (UJ_, U(«})) C V is classically smooth and
submersive. Here we have e }(C') N.A C V' since U(z;) for i > ' was chosen disjoint from
e 1(C), and hence we have

(elapps)  (C) = suppON (R x e () € RIx (e }(C)NA) € R x V),
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and thus €|, ¢ : supp © — M is classically smooth and submersive (in the sense of Defini-

tion [2.7.4) in the open neighborhood supp © N (R x V') of (é[suppé)_l(Ci) C supp O for all
1€ 1.

Global transversality from regular values: As we continue to follow the proof of [34]
Thm.15.4], we replace each application of the Sard theorem by countably many Sard argu-
ments to obtain general position to the countably many submanifolds C; € M for ¢ € I. For
that purpose we will consider various restrictions of the projection

supp O = {(t.,y) ERZXX}|75|<€ A(S(y)) > 0} — R, (t,y) —t.

The global properties of 6 imply that every (to, yo) € supp O has a saturated open neighbor-
hood U(to, yo) = {t € RI| |t — to| < 0} x 7 (|U(yo)|) € R! x X satisfying the following:

e U(yp) C X admits the natural action of the isotropy group G,,; see [34 Thm.7.1],
satisfies the properness property [34, Def.7.17], and has dx(yo) local faces F{°, ..., F5°

dx(yo)
which contain yo; see [34, Def.2.21, Prop.2.14].

e The branched ept-subgroupoid supp © N U (to, o) has a local branching structure
O(t,y) = M(S(y)) = - [{i € J|(t,y) € M},

given by finitely many properly embedded submanifolds M ;O’yo C Ulty, yo) with boundary
and corners, which intersect any intersection of local faces in a manifold with boundary
and corners.

e On each branch M ;O’yo, the reduced linearizations T% R (t,y) are surjective for all (¢,y) €

M;O’yo, and the restriction of €|, g is a submersion M fo0 (Rl x V') — M in general
position to the boundary in the sense of Definition [2.7.4, That is, Dy é|n,, : Niy —

Tew)M is surjective on N, = ker TR~ ~)(t y) for all (t,y) € ]\41?0’?”0 N (R x V).
There is a countable cover supp © C UBeZ (t/g, yp) indexed by (t5,y5)sez C supp O, since

R x X — and hence its subspace supp@ — is second-countable, and every open cover of
a second-countable space has a countable subcover. Moreover, for any given 8 € Z there
are finitely many choices Fx = {|t — to| < 0} x Npex Fi” C Ults,ys) of intersections
of finitely many local faces K C {1,...,dx(ys)}, with Fy := U(ts, yg). Finally, for each
€ Z and intersection of faces F, there are finitely many smooth manifolds Fy N M; to:p
indexed by j € Jg. For each of these countably many choices, Sard’s theorem asserts that
FxNM ;5 Y9 _ RL (¢,y) — ¢ has an open and dense subset R? ;i C R’ of regular values. Then,

since R! is a Baire space, the set of common regular values Ry := ) sez i R?(,j C R'is
still dense. For any ¢y € Ry, the scT-multisection A;, : W — Q7 is in general position by the
usual linear algebra for each restriction of the linearized operators to intersections of faces:
Consider (g, z9) € Fx N M ;’3 Y8« supp © and a local section S + p/ in the representation of
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O = Ao S with M;B’yﬁ C (S +p)71(0). The surjective differential along this intersection of
faces can be written as Dy, 4, (S + p’)|z, = D @ L, where L is a bounded operator (arising

from differentiating p’ in the direction of R') and D is the reduced linearization — on the
intersection of faces Fr := (e Fr. C U(ys) C X — of the section S + p/(to,-) that is
a part of the representation of A;, o S. Then regularity of t; implies surjectivity of the
projection IT : ker(D @ L) — R!, which in turn is equivalent to surjectivity of D; see e.g.
[40, Lemma A.3.6].

Moreover, each A; for |t| < e is (N,U)-admissible, thus any sufficiently small regular ¢, €
Ry yields an admissible sct-multisection A := A, in general position as in [34], Thm.15.4]. To
prove our theorem, we have to moreover choose ty € Ry so that the restriction e|,» : Z* — M
to the solution set Z* = |supp A o S| is in general position to C; C M for all i € I. For that
purpose we consider the countably many projections

ENCH)NFxen M — R, (ta) st (2.51)

for any 7 € I, index 8 € Z of the countable cover, intersection of local faces Fx, and smooth
branch M;E’yﬁ C supp ©NU(tg,yp). Here we have ¢! (C;) ﬁM;B’yB C (e )~HC), so that

T ~ tg, : o )
the restriction 6|_7i- ates P Fr N Mjf3 Y% M is smooth and submersive in a neighborhood
KUY

supp o

of €71(C;). In particular, it is transverse to C; so that there is a natural smooth structure
on ¢ HC;) NFrx N M;ﬁ’yﬂ. Thus we can apply the Sard theorem to each ([2.51]) to find open
and dense subsets T}f; C R! of regular values, and a dense set of common regular values
To = ﬂﬁez ﬂK,j R?(J N ﬂZT}fJ C R!Y. Note that 75 C Ry, so sufficiently small ¢, € T,
yield admissible sc™-multisections A := A;, in general position. Moreover, general position

of e[z 1 Z* = M to C; at x € Z* N e (C;) means that the linearizations of e|r,.~z» map
onto Te@ M/ e for each intersection of local faces F C U(yz) C X that contains z. Here

the tangent spaces of Fx N Z* at x are given by those of Fx N M;@,y@ N ({to} x X) for each
branch with (¢y,z) € M ;5 Y8 supp O, so we need to ensure surjectivity of D, .)€ : ker IT —

TE(I)M/Te(m)Ci on the kernel of the projection IT : T, 4 (.7:"K N M;B’yﬁ) — RI. Here Dto,z)€ :

T t0,2) (]EK N M;ﬁ e ) — Te@yM is surjective (since é|supp~é is submersive), and regularity
ty € Tflfj means that we have IT (D, )€) ™ (Te)Ci) = R, so for any Y € Te,y M we find
(T, X) € T (Fie N M) with D0)&(T, X) = Y and (T, X") € (Dty)€) ™ (Te() Ci),
so that (0,X — X') € kerII proves the required surjectivity D, 4€(0,X — X') = Y —
Do)€(T,X') = [Y] € Te(z)M/Te(m)Ci. Thus this choice of sufficiently small ¢, € 7y also
guarantees general position of e|zx to each of the countably many submanifolds C;, which
finishes the proof of the theorem when no boundary values are prescribed.

Regular extension: To prove the last paragraph of the theorem we consider a given
(LN, U)-admissible structurable sc™-multisection A\? : P71(0X) — Q% that is in general
position over the boundary, and with e| o : Z2 = supp A% 0 S|sx — M in general position to
finitely many submanifolds C;. Then we will adjust the above construction of A : W — QF
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to also satisfy A|p-1px) = X2 by following the proof of the transversal extension theorem
over ep-groupoids [34, Thm.15.5].

Since A? is supported in UNOX with N(\?)(z) < « for all # € X we can find a continuous
functor h : X — [0,1) supported in U with N(A\?)(z) < h(z) < $N(A?)(z)+4 for all 2 € OX.
Then [34, Thm.14.2] yields a sc™-multisection A’ : W — QT with A'|p-1(92) = A?, domain
support in U, and N(A')(z) < h(z) < ¢ for all z € X. This guarantees compactness of
|supp A’ o S| C |X| and regularity of |supp A’ o S| N |0X| = |supp A\? o S|sx|. To obtain
regularity in the interior we construct A\ = A’ & A, by the above arguments with S~*(0)
replaced by &' := supp A’ oS C X, noting that |S’| C |X] is also compact. To achieve
general position to the C; we need further adjustments.

Local constructions relative to boundary values: For interior points € &' N X" we
construct A : R x W — Q* with domain support in the interior R x (8pX NU) to cover the
cokernels of ngr 3 for the stabilized multisection A’ : R x W — Q¥, (t,w) — A'(w). For
r € §’NOX we need no stabilization by a R! factor (i.e. take [ = 0) due to the general position
of A2 at . However, we only obtain general position to the C;, rather than submersivity in

the following claim.

Local properties relative to boundary: For each x € S’ there exists I, € Ng — with [, = 0
for x € 8'NOX — and a locally uniformizing neighborhood Q(x) C X of x whose closure
is contained in U, such that for some €, > 0 we have a tame ept-subgroupoid OF : {t €
R'|t] < &} x Q(z) = QF, (t,y) = (A & A7) (S(y)) with surjective reduced linearizations,
and thus a weighted branched orbifold | supp OF|. Moreover, if x € &' NV then é* induces a
smooth map | supp ©°| — M, which is in general position to C; for each i € I.

The structure of ©F is established in [34, Thm.15.5.], and the general position to each
C; for x € 0y X follows from submersivity. To achieve general position to the C; for x € 0X,
recall that C' = Uy (C;) C M is closed, so for z ¢ e *(C) we can choose Q(z) disjoint from
e 1(C) so that general position to the C; C C' is automatic. For z € e™'(C) C V we have
e : supp O NOX = supp A? o S|sx — M in general position to each C; by assumption on
M. Moreover, we choose Q(z) C V so that e : Q(z) Nsupp©F — M is smooth, and thus
general position to each C; extends to a neighborhood Q; C & of . Then Q" :=(,.; Q; is a
neighborhood of x since I is finite, and we can replace Q(z) by a uniformizing neighborhood
in () to achieve general position to all C;.

From local to global relative to boundary: This portion of the proof is started by
picking a finite cover |S’| N |0X| = |supp A2 o S|ox| = U?sza |Q(z;)| C |X]| by the above
neighborhoods for z; € &' N 9X. Next we cover |§'| \U?szg 1Q(x)| € U, 1Q(z,)] with
neighborhoods of interior points x; € &’ N Gy X whose associated multisections A® are sup-
ported in the interior, dom-supp A% C Rb N 9yX'. Then we define A : Rf x W — QF by
Alt,w) = Ay(w) == (AN @A @- - -®Af*) (w). This multisection is constructed so that Ay = A’
and A| p-19x) = A? for any ¢ € R'. Moreover, the estimate N(A;) < N(A')+cft| < 2 +ct]
11—«

allows us to guarantee admissibility N(A4;) < 1 by choosing [t| < 5*. Then compact-

ness of Z in (2.49) follows as above, and its smoothness is established using a covering
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1S71(0)| C Uf/:_ka |U(z})| where |U(z})| for i < 0 arise from z; € &' N OX and cover a
neighborhood of |0X|. Moreover, U(z}) C R! x Q(x}) can be chosen as in the prior proof

of the local properties such that é|syppe : U(2;) — M is in general position to C; for each
1 € I. This establishes the following.

Global stabilization properties with fixed boundary values: There exists ¢g > 0 such that

O:=AoS : {|t| < e} x X — Q" is a tame ep*-subgroupoid with surjective reduced lineariza-
tions for every 0 < € < €. In particular, |supp O| is a weighted branched orbifold. Moreover,
there is a neighborhood V' C X of S~H(0) Ne ™ (C) such that é|,,,, 6 : supp © — M satisfies
(Elauppo) ' (C) C RN x V', and its restriction to supp © N (R x V') is classically smooth and
i general position to each Cj.

Global transversality relative to boundary: In this final step we use the fact that
Ay is (N,U)-admissible for [t| < 152 and choose a common regular value of countably
many projections as before. The only difference to the proof above is that the restriction
of é|,ppe to a branch M;O’yo N (R' x V') — M is not necessarily submersive but still in

general position to each of the Cj, that is Dyy€é|n,, @ Ny — TE(y)M/Te(y)Ci is surjective
for each © € I. When considering the projections , this suffices to obtain smooth
structures on é*(C;) N Fr N M;E Y5 for each branch and intersection of faces Fx. Then
general position of e[, : Z* — M to C; at © € Z* Ne 1(C;) for X = Ay, with a regular

value to € R! again requires surjectivity of D)€ @ ker IT' — T8(“”)M/T (@ Ci O the kernel

of the projection IT : T, 4 (Fx N M;B’yﬁ) — R To sece that [Y] € Te@M/ o,c, 18 I the

image we use the above surjectivity of Dy, 4)€|n,,, to find (T, X) € T, (]}K N M;B’yﬁ)
with Dy, ) é(T, X) € [Y]. Then regularity of ¢, yields (T, X') € (D4,.2)€) " (Te)Ci), so that
(0, X — X') € ker IT solves [Dy4)€(0, X — X')] = [Y = Do 0e(T, X')] = [Y] € Te@M /
This finishes the proof with prescribed boundary values.

e(a:)Ci'
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Chapter 3

Counterexamples in Scale Caclulus

This chapter is a reproduction of the first three sections of the paper [17)], co-authored with
Zhengyi Zhou and Katrin Wehrheim.
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Abstract:

We construct counterexamples to classical calculus facts such as the Inverse and Implicit
Function Theorems in Scale Calculus — a generalization of Multivariable Calculus to infi-
nite dimensional vector spaces in which the reparameterization maps relevant to Symplectic
Geometry are smooth. Scale Calculus is a cornerstone of Polyfold Theory, which was intro-
duced by Hofer-Wysocki-Zehnder as a broadly applicable tool for regularizing moduli spaces
of pseudoholomorphic curves. We show how the novel nonlinear scale-Fredholm notion in
Polyfold Theory overcomes the lack of Implicit Function Theorems, by formally establishing
an often implicitly used fact: The differentials of basic germs — the local models for scale-
Fredholm maps — vary continuously in the space of bounded operators when the base point
changes. This justifies the high technical complexity in the foundations of Polyfold Theory.

3.1 From Calculus to Scale Calculus

The Inverse and Implicit Function Theorems are core facts in Calculus for functions of one or
several variables (i.e. maps f : R™ — R"). They also hold in all previously known contexts
— e.g. on Banach spacedl] and on manifold{’ - in which the classical chain rule holds.

Chain Rule: [If two maps f : X — Y and g : Y — Z are differentiable, then their
composition go f : X — Z,x — g(f(x)) is differentiable. Its differential at x € X is given
by composition of the differentials, d(g o f)(z) = dg(f(z)) o df(x).

Here and throughout we use the Fréchet notion of differentiability; see e.g. [35, §16.2].
When XY, Z are normed vector spaces, it guarantees that each differential df(z) : X — Y
at a given point x is a linear map. In single variable Calculus for X = Y = R this map is
multiplication r — f’(z)r by the classical derivative f'(x) € R. More generally, when X,Y
are manifolds, then the differential df(z) : T, X — T Y is a linear map between tangent
spaces; see e.g. [36, Prop.3.6]. The chain rule, e.g. [35], §15.2], is used for example to prove a
formula relating the differentials of a function and its inverse as follows: Since s~ o s = id,
we have ds™!(s(z)) ods(z) = d(s7'os)(z) = did(x) = id, where id denotes the identity map
on X (and its tangent space T, X), and thus the differential of s at s(z) is inverse to the
differential of s at x. This is a key ingredient for the following classical result; see e.g. [35],
§17.3].

LA Banach space is a vector space with a norm X — [0, 00),z + ||z|| that induces a complete topology.
The spaces X = R™ with any norm are Banach spaces, but the term usually denotes infinite dimensional
Banach spaces such as the space of square integrable functions L*(R) = {f : R — R || f||z2 := [ |f(z)[*|dz <
o0 }.
2 A manifold is a topological space X that can locally be described in terms of coordinates in R™. More
formally, X is also required to be second countable and Hausdorff, and the charts (local homeomorphisms
to R™) are required to be smoothly compatible, which in particular implies that the dimension n is fixed on
connected components of X. For an introduction to manifolds see e.g. [36].
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Inverse Function Theorem: Let s : X — Y be a continuously differentiable map whose
differential ds(zo) : X — Y at some xy € X is an isomorphism (i.e. has a continuous
inverse). Then there exists a neighborhood U C X of x¢ such that the map s : U — s(U)
is invertible with open image s(U) C Y, and the inverse s™' : s(U) — U is continuously
differentiable with differential ds='(s(z)) = ds(x)!.

Similarly, the chain rule is used to compute the implicit function y : X — Y that
parameterizes the locus defined by a function h(x,y) = 0, as follows (for simplicity) in case
X =Y =R: Since h(z,y(z)) = 0, we have 9,h+dyh -y (x) = 0 and thus y'(x) = —0,h/0,h.
Note that this requires the partial derivative d,h to be nonzero (or more generally invertible
as map Ty)Y — Tj(,,)Z), and this in fact is also a sufficient condition for the local existence
of the implicit function y : X — Y, by the following classical result; see e.g. [35, §17.4].

Implicit Function Theorem: Let h : X XY — Z be a continuously differentiable map
whose partial differential Oy h(zo,yo) is an isomorphism. Then there exist neighborhoods
UCX ofxgandV CY ofyy and a differentiable map y : U — V whose graph parameterizes
the local zero set; that is, R~ (0) N (U x V) = {(z,y(x)) |z € U}.

This result is critical for Differential Geometry, which studies “smooth geometric shapes,”
i.e. manifolds, by describing them locally in terms of implicit functions. For example, the
circle S* = {(z,y) € R?*|z? +y* = 1} has the structure of a 1-dimensional manifold because
it can be covered by the four (smoothly compatible) charts arising from applying the Implicit
Function Theorem to h(z,y) = 2? +y* — 1,

St =A(z,2V1—22)| —1<o<1} U {(=V/1 -2 y)| —1<y<1}.

In classical Calculus and Differential Geometry one can also study the zero sets of more
general functions such as h(z,y) = 2% + y*, which do not meet the transversality condition
of dh being surjective. (Such transversality is equivalent, up to change of coordinates, to a
partial differential being an isomorphism.) Singular zero sets are reqularized by perturbing the
function to achieve transversality. The result is a well-defined cobordism class of manifolds
of the expected dimension. In our example, A : R?> — R imposes one condition on two
variables, so is expected to have 1-dimensional zero set. While the unperturbed zero set
h=1(0) = {(0,0)} consists of a single point, its perturbations (h — ¢)71(0) = {(z,y) €
R? | 2% + y* = €} are either circles (for € > 0) or empty sets (for € < 0). These perturbed
zero sets are all cobordant. In more elementary terms, the integral of a conservative vector
field along (h — ¢)7(0) is independent of € (in fact zero).

Scale Calculus was recently developed by Hofer-Wysocki-Zehnder [3]][32] as the corner-
stone of Polyfold Theory, which provides an analogous perturbation theory for functions
whose zero sets are the moduli spaces of pseudoholomorphic curves studied in Symplectic
Geometry. It satisfies a Chain Rule [34, §1], and with the appropriate scale-Fredholm
notion it satisfies an Implicit Function Theorem. But we show in that, for general
scale-differentiable (or even scale-smooth) functions, no reasonable version of the Inverse
or Implicit Function Theorems can be true. This does not affect the validity of Polyfold
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Theory (as we make more explicit in , but it justifies novel extra conditions in the scale-
Fredholm notion, and explains the level of technical difficulties in the polyfold approach to
overcoming the foundational challenges in regularizing moduli spaces. The latter have been
discussed at length, e.g. in [41], and are not the topic of this paper — apart from one such
challenge having motivated the development of Scale Calculus. The following remark gives a
brief introduction to Scale Calculus from this point of view; for a more in-depth motivation
see [14, §2.2]. The Scale Calculus notions require more analysis proficiency than the calculus
level discussion so far. The basic claims and constructions in the rest of this paper should be
accessible at the advanced calculus level — when taking for granted the existence of a Scale
Calculus in which the constructed maps are “smooth.” The proofs are formulated at the
undergraduate analysis level such as in [35] as much as possible, but require some standard
graduate topology and analysis such as compactness considerations and Holder and Sobolev
estimates. Use of prior results in Scale Calculus is labeled.

Remark 3.1.1. Scale Calculus works with a sequence E = (E;);cn, of Banach spaces with
natural embeddings ;1 < E;. This is motivated by the reparameterization map 7 : Rx{f :
St — R} = {f: 8" = R}, (s, f) = f(s+ ) given by viewing the circle as the quotient
St = R/Z. Tts two-dimensional analogues appear crucially in the description of moduli
spaces in symplectic geometry. While 7 is not classically differentiable in any known norm
on an infinite dimensional vector space of functions {f : S' — R}, it is Fréchet differentiable
as a map 7 : C'T1(S?) — C/(S'). Note here the shift in differentiability between the spaces
C'(SY) ={f:S* = RI|f,f,...,f% continuous}. This notion of “shifted differentiability”
reproduces classical Multivariable Calculus by viewing R"™ as the constant sequence E =
(Ei = R")ien,-

Hofer-Wysocki-Zehnder [34] generalized this notion to infinite dimensions while preserv-
ing the chain rule by requiring extra conditions both in the definition of differentiability and
on the scale structure (F;);en, as follows: A scale-Banach space is given by sequences of
compactﬂ embeddings F; 1 — E;, whose intersection yields a vector space E,, := ﬂieNO E;
that is dense in each F;. Then a function 7 : E — F is scale-continuous if it is continuous as
map 7 : F; — F; for all i € Ny = {0,1,2,...}. Further, the notion of scale-differentiability
requires classical differentiability of 7 : F;,; — F; together with a well-defined differential
dr(e) : E; — F; for e € E;y; and continuity of the maps F; 1 X E; — F;, (e, X) — d7r(e) X
for i € No; see [34, Definitions 1.1, 1.9]. The latter can be phrased as scale-continuity of
the tangent map T7 : TE — TF, (e, X) — (7(e),d7(e)X), where the shift is encoded in the
notion of tangent space TE = (E;11 X E;)ien,-

With these Scale Calculus notions, it holds that the above reparameterization map 7 is
scale-differentiable and in fact scale-smooth (i.e. all its iterated tangent maps T*7 for k € N
are scale-differentiable) when specifying {f : S' — R} as the scale-Banach space of functions
(C'(SY))ieny; see [14, §2.2]. Here the smooth functions form a dense subspace E,, = C*(S)
of each Banach space F; = C'(S') in the scale structure. The Banach space Fy = L*(R)

3 Compactness of embeddings means that any bounded sequence in F;; has a convergent subsequence
in F;. When FE; is infinite dimensional, this requires nontrivial embeddings F; 11 C E;.
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and scale structure E; = H"%(R) that we work with in are somewhat more complicated
since we require inner products and wish to work with a space of functions f : R — R whose
domain is noncompact. However, the above example is a good proxy for nonexperts since
smooth functions with compact support C3°(R) are dense in E,, and thus in each E;. U

To regularize moduli spaces of pseudoholomorphic curves despite an absence of Inverse
and Implicit Function Theorems, Hofer-Wysocki-Zehnder [33] show that they are in fact the
zero set of scale-Fredholm maps — a special class of scale-differentiable functions, with the
Implicit Function Theorem essentially built into the definition. This is in stark contrast to
classical Fredholm theory — which establishes, e.g., the Implicit Function Theorem as stated
above for continuously differentiable maps between Banach spaces X x Y and Z, when the
factor X is finite dimensional. These assumptions are equivalent (after change of coordi-
nates and splitting) to the (generally nonlinear) function h : X x Y — Z being transverse
(i.e. surjective differential) and Fredholm in the classical sense: At every (z,y) € h=(0) the
differential dh(z,y) is a (linear) Fredholm operator; that is, its kernel and cokernel are finite
dimensional. Thus our results demonstrate that the highly nontrivial variation of the non-
linear Fredholm notion in Scale Calculus [34), Definition 3.7] is in fact necessary to obtain
the desired perturbation theory [34, Theorems 3.4, 5.5]. This scale-Fredholm notion requires
a contraction property — after change of coordinates and splitting off finite dimensions in
domain and target — and we illuminate this definition in by showing that the contrac-
tion property implies a continuity of the differentials. This is crucial to various proofs of
[34] but only implicitly stated. Unfortunately, this continuity holds only in specific coordi-
nates since changes of coordinates in Scale Calculus generally do not preserve continuity of
the differential — another deviation from classical calculus facts. However, our results are
sufficient to deduce persistence of transversality in neighborhoods of a transverse zero in
Corollary for general scale-Fredholm maps. This further illuminates why the Inverse
and Implicit Function Theorems — while false for general scale-smooth maps — actually do
hold for scale-Fredholm maps.
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3.2 Counterexamples to Inverse and Implicit
Function Theorems

A full polyfold analogue of the Inverse Function Theorem would require replacing (open sub-
sets of ) Banach spaces by sc-retracts as defined in [34, Definition 2.2]. Somewhat simplified,
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a sc-retract R = im p is the image of a continuous map p : £ — E on a Banach space E
satisfying p o p = p, where E is equipped with a scale-structure with respect to which p
is sc—srnoothﬁ As it turns out, the first nontrivial example of a sc-smooth retraction from
[32, Lemma 1.23] provides the analytic basis for all of the counterexamples in this section.
To construct it explicitly (and fit our later needs), fix a smooth function 8 : R — [0, 00)
with support in [—1,1] and L?norm [*°_S(z)*dz = 1, denote its shifts by 8, := B(e'/* + )
for ¢ > 0, and denote the L?(R)-inner product by (f,g) := [~ f(z)g(z)dz. Then [32,
Lemma 1.23] gives Ey = R x L*(R) a scale structure E = (E;);cn, in which the following
map is scale-smooth:

(ta <f7 5t> Bt) for ¢ > Oa

p: RxI*R) — Rx L*(R), p(t, f):= {(t e i

This map is moreover a retraction in the sense that pop = p, and the corresponding sc-retract
is

R :=imp = {(t,0)|t <0} U {(t,s8) |t >0,s € R} C R x L*(R), (3.1)

with topology induced by its inclusion in R x L?(R). The tangent spaces to this retract are
defined as T s R = imdp(t, f), which are 1-dimensional for ¢ < 0 and 2-dimensional for
t > 0, as follows for f = 0 from the computation of the differentialﬂ

(T, (F, ﬁtWt) for ¢t > 0;

(T, 0) fort <0. (32)

dp(t,0) : (T, F) w— &| _ p(t+ €T, eF) :{

While p is not classically differentiable (see Remark [3.2.7)), the above map is the differential
of p in scale calculus. And from here we quickly obtain a first counterexample to the Inverse
Function Theorem, in which the map is not invertible since it is not even locally surjective.

Lemma 3.2.1. There exists a sc-smooth map s : O — R between sc-retracts O, R, whose dif-
ferential ds(0) : ToO — Ty R is a sc-isomorphism, but s(O) C R contains no neighborhood

of s(0).

Proof. The identity map R — R is a sc-smooth retraction with corresponding sc-retract
O :=R. Then the map s: O — R,t — (t,0) is sc-smooth (as defined in [34, Definition 2.4])
since R — R x L?(R),t > (¢,0) is linear and thus sc-smooth. Its differential at 0 € O is the
map ds(0) : T+ (T, 0) from To0 =R to TR = imdp(0,0) = R x {0} from (3.2). While
this differential is an isomorphism, the image s(O) C R does not contain any element of the
line (¢,t5;) € O for t > 0, which for t — 0 converges to s(0) = (0,0) as ||tz = t. O

Next, we show that the complications are not caused by the retracts, but by the differences
between classical and scale differentiability.

4Here and throughout we usually abbreviate ‘scale’ with ‘sc.’
® In the case ¢t = 0 this computation is based on the convergence [ Ff3; — 0 as t N\, 0 for any fixed
F € L*(R).
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Lemma 3.2.2. There exists a sc-smooth map s : E — E on a sc-Banach space E, whose
differential ds(0) : E — E is a sc-isomorphism, but s(E) C E contains no neighborhood of
s(0).

Proof. After giving E = R x L*(R) a sc-Banach space structure as in [32, Lemma 1.23], we
obtain a sc-smooth map

X o (ta f - <f7 Bt>ﬂt) for ¢t > 07
s : RxL*(R) — RxL*R), (¢, f) — (2t, f)—p(t, f) = {(t, 7 for £ < 0.
Its differential ds(0,0) : (T, F) — (2T, F) — dp(0,0)(T, F') = (T, F') is the identity, hence an

isomorphism, but the image of s does not contain the line (¢,t3;) = (0,0) for t > 0 since
—

f = f—{f,B:)p; is projection to the orthogonal complement of Rf; C L?(R). H

In fact, local invertibility is unclear even if the differentials are sc-isomorphisms on an
open set.

Question: Given a sc-smooth map s : E — F, whose differential ds(e) : E — F is a
sc-isomorphism for every e € E, is s (locally) bijective?

We suspect that the answer may in fact be ‘no’ as we have the following example with
discontinuous inverse.

Lemma 3.2.3. There exists a sc-smooth map § : F — F, whose differential ds(e) : F — F
is a sc-isomorphism for every e € F, but whose inverse §~' : F; — Fy is not continuous on
any scale © € Ny.

Proof. We modify the construction of Lemma by adding a new R component. The
map §: R xR x L*(R) - R x R x L*(R) is defined by

(tuy+¢<t)<f7ﬁt>7f_<f75t>ﬁt+y¢(t)ﬁt) fOI‘t>O;

(t,y, f) for t <O0. (3:3)

s (ty, f) — {

where ¢(t) = 0 for t < 0 and ¢(t) = e for t > 0. We will show that this choice of

¢ € C(R) guarantees classical smoothness of
go: R — HM(R), tw— ¢t)3  fork>0,6>0. (3.4)

Here the weighted Sobolev space H*°(R) is the completion of the smooth compactly sup-
ported functions C§°(R) with respect to the norm || f||zrs = Zf:o |22 £ (2)|| 2. Smooth-
ness of then implies classical smoothness of R x L2(R) — R, (¢, f) — ¢(){ f,B3:) =
(f,g0(t)) and thus, together with Lemma [3.2.2] proves sc-smoothness of — using a
scale structure E; = H*%(R) for 84, > & > 0 on Ey = L*(R). To show smooth-
ness of we express it in the general form g(t) = ¥(t)p(t)y; with v, = y(e/t + )
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for v = f and ¢ = 1. Any map of this form with ¢ € C*((0,00)) and compactly
supported v = %5 € C*(R) has derivative zero for ¢ < 0, and for ¢ > 0 we have
%g(t) = Y ()p(t)y + () (t)ye — w(tW(t) : 1/t% So —9 = g1 + g2 + g3 is the sum of
. . 2
three functions of the same form, with 11 (t) = ¢/(t), ¥a(t) = Ze'/T1(t), 3(t) = He/y(t),
Y1 =Y =7, and 3 = /. Thus to prove continuity of all derivatives of g it suffices to prove
|ws () d(t)vel| L2 = () P(t)[[wse|| 2 — 0 for ¢\, 0 with weight function ws(z) = €’*! and
any function ¢ obtained from 1y(¢) = 1 in finitely many steps of multiplying with t%,el/ # or
Lel/t or taking the t-derivative. This yields a convex combination of functions of the form

Yomn(t) = #em/ﬂen/t for £,m,n € N. Since v = ;TIZB is supported in [—1, 1] we can estimate
2
lwsulfs = J2]e= @) dy < fllee™ ™D < O

Then change of variables z = t% — 00 yields the desired convergence

1; <1 1 5el/t+m/t2+n/t el
it e (A0(0) sl e < lim e

- (lim xée_%ex> - elimamsoo(0eVThmatn/o—ze) ()

r—00
To prove that the differentials ds(t,y, f) are sc-isomorphisms for all (¢,y, f) € R? x L*(R),
first note that the differential is the identity for ¢ < 0. Next, for fixed ¢ > 0 and splitting off

the first R-factor, the map s, := pry, o) 0 3(t,-,-) : R x LQ(]R) — R x L*(R) is linear with

verse (BB yo(t) — (£.5,)
) = (L2 r (s PP ),

Now the full differential ds(t,y, f) : (T,Y,F) — (T, TSsi(y, f) + se(Y, F)) for t > 0 has
inverse (I",Y", F') — (T",s; " ((Y', F') — T’dst(y ))- Th1s shows that in fact ds(¢,y, f)
is a sc-isomorphism for any fixed (t,y, f) € R2 x L*(R), since f3; is smooth with compact
support, so that the bounded linear operators ds(t,y, f) and ds(t,y, f)~' on R?* x L*(R)
restrict to bounded linear operators on the scales R? x H*%. On the other hand, the inverse
of the nonlinear map s,

B = (f. 808+ OBy for t > 0;

e (t
57 (Ly. f) = {ty ) fort < 0.

(

is not even continuous as a map R? x H*%(R) — R? x L?(R). To see this, pick f € H*(R)
such that f(z) = e %272 for |x| > 1. Then the second component of 57'(¢,0, f) for
0 <t <1 satisfies an estimate

-1 _ (SBe) SN2 1 _agiel/tg e/
ery (S <t707 f)) - ¢(t) Z (b(t) — e ;? OO

'S

so does not extend continuously to prg, (§_1(0, 0, f)) =0. ]



CHAPTER 3. COUNTEREXAMPLES IN SCALE CACLULUS 153

Remark 3.2.4. Lemma also provides a counterexample to the Implicit Function The-
orem and its classical consequence that zero sets of smooth Fredholm maps with surjective
linearization are smooth manifolds, as follows.

Let 5 : R x R x L*(R) — L*(R) denote the projection of to L*(R). Then d3 is
surjective everywhere but the zero set §71(0) is

{(t,y,0)|[t <0,y e R} U {(t,0,v8) |t >0,veR}.

This subset of R? x L?(R) is not a topological manifold, as it admits no manifold chart at
(0,0,0).

This can be seen by failure of local compactness of $71(0) as follows: Given any € > 0, the
intersection $71(0) N B, with the open e-ball in R? x L*(R) centered at (0,0,0) contains the
sequence e, = (%, 0,551 /n) for n > \%e, which has no convergent subsequence in R? x L*(R)
since ||B1/n — Bi/mllr2@®) = 2 for m > n. d

Next, we obtain an even sharper contrast to the classical Implicit Function Theorem
by constructing a nonlinear sc-smooth map with surjective Fredholm linearizations but a
branched 1-dimensional zero set.

Theorem 3.2.5. There exists a sc-smooth map h : R x E — E (t,e) — hie) on a sc-
Banach space E, whose partial differential dhg : E — E is a sc-isomorphism, but whose zero
set branches at (0,0) in the sense that h='(0) = {(¢,0), (¢, 2(¢))} with a sc-smooth function
z: R — E such that z(t) = 0 fort <0 and z(t) # 0 fort > 0. In fact, h is transverse to 0 in
the sense that dh(t,e) is surjective for all (t,e) € R x E, and dh:(e) is surjective whenever
hi(e) = 0.

Proof. We modify the construction of Lemma by dropping the first component in the
codomain and adjusting the second to

f=ot,(f,B))B  fort>0;

3.5
f for t < 0; (35)

hiRx AR) = XR), (5f) = h(f) :={

for a smooth function ¢ : [0, 00) xR — R, (¢, ) — ¢¢(x). The previous example is reproduced

by ¢(t, x) = z, but for the present result we multiply this function with a t-dependent smooth
2

function to obtain e.g. ¢(t,z) = z(1 — e~ + z). To prove sc-smoothness of h — using the

same sc-structure on E = L?(R) as before — we may subtract the identity on L*(R) and

consider the map

RxE — E, (t, f) = h(t,f)—f = o, (f,B)) Dt f).

Here &(t, f) — (f,B:) B; for t > 0 extends sc-smoothly to @(¢, f) = 0 for t < 0 by [32],

2
Lemma 1.23], and 1 : R? — R is some smooth function such as (t,z) — 1 — e’ + 2. So
by the product and chain rules in scale calculus [34] §1] it remains to prove sc-smoothness
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of the function ¥ : R x E — R given by ¥ (¢, f) = (f, ;) for t > 0 and ¥(¢, f) =0 for t <O0.
For t # 0 this map is smooth and thus sc-smooth. At (0, fo) € R x L*(R) it is sc® because
both terms in

Wt f) =20, fo)| = [{f.8)] < IBlleollf = follzz + |( fo, Be)]

converge to 0 as (¢, f) — (0, fo). Scale differentiability is only required at (0, fo) € R x
H1(R) with &; > 0, where we estimate for ¢ > 0

NI

WGt 1) =00, f0)| = |(£.80] < Wfllwoss - ([ 21 8(5)ds)F < s
This shows differentiability with trivial differential D¥(0, fy) = 0 because lim;_q tle=0rel/t =
0. Continuity of the differential then boils down to continuity of (£, f) — —t=2e'/*({ f, B'(- +
et)) at t = 0, and further differentiability uses analogous estimates with § replaced by
its (still smooth and compactly supported) derivatives. The required limit is seen to be
limy t=ket/te=01e'" — () for k,¢ € N, which holds since for z = % — 0o we know that e’¢”
grows faster than z*ef.

This proves sc-smoothness of A : R x E — E. Next, its partial differentials are dh; = id
for ¢ < 0 but for ¢ > 0 we compute

dhy(f) + F = F = @((f, Be)(F, Br)Br.

Whenever ¢ := @,((f,5:)) # 1 this is a sc-isomorphim on E with inverse G — G —
—(G, By) B, but for ¢ = 1 it is the projection to the orthogonal complement of Rj; with
I-dimensional kernel and cokernel. To find the zero set, we know h; *(0) = {0} for ¢ < 0 and
compute for t > 0

h(f)=0 <& f=o(f.8))8 <& f=28,2r=¢r) & fc {0’€,el/tzﬁt}

since for our specific choice of the function ¢ we have

2
+z) & =0 or l=1-¢°" +2

_1/t2
r=x(l—e°

This proves the first part of the theorem with z(¢) = e—et/” By for t > 0, which extends to a
sc-smooth path z : R — E by z(t) = 0 for ¢ < 0 by classical smoothness of (3.4)).

2
To check transversality of h and prove the final remark, we compute ¢(z) = 1—e=¢"" +2z
el /2

so that ¢j(z) =1 & x = e , and thus surjectivity of dh.(f) fails exactly for ¢ > 0 on

the hyperplane (f, 5;) = %e_el/t2 = (32(t), B;). This is the hyperplane through the mid-point

2 2
%e*el/t B; on the line segment between the two zeros 0, z(t) = e—e"! B¢, and orthogonal to
the line RB; through them, so the hyperplane does not intersect the zero set, as claimed.

Moreover, although the differential dh(¢, f) is generally defined only at (¢, f) € R x Ej, our

1/
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particular choice of function allows us to compute at any f € L*(R) and obtain a prospective
differential dh(t, f) : (T, F) — F for t <0 and for t > 0 with z; := (f, 5)

dh(t, f) . (T, F) = dh(f)F — T(@t@)(%)ﬁt + @ (20)(f, o 1) B + ¢t($t)atﬁt)-

To see that this map R x L?*(R) — L?(R) is surjective, we consider an element G € L*(R)

in the orthogonal complement to its image and aim to show that it must be zero. From the

established properties of dh;, the only case that remains to be considered is t > 0, f = x5,
2

T = %e‘el/t , and G € RB;. In that case we use the identity 2(8;, 0:3;) = 9| 3:/|*> = 0 and

compute (9y¢y)(z) = —Zel/t’

(dh(t, 2:6:)(1,0), G) = (0ie) (1) (Br, G) + () (weBr, OeBe) (Br, G) + bi(4)(0:Br, G)

2 1/t2 _ 1/t2 2 1/t2
= _t%’el/t ¢ : %6 ‘ <Bt7 G) = _t%el/t % </6t7G>

1/t2 .
z to obtain

—e

e

This implies (f;, G) = 0 and thus G = 0, finishing the proof of surjectivity of dh(¢, f). O

To better understand the origin of these differences between classical and scale versions
of calculus, note that the proofs of the Implicit and Inverse Function Theorems rely on
surjectivity (and hence invertibility) of the differential persisting in a neighborhood as follows.

Openness of Transversality: Let s: F — F be a continuously differentiable Fredholm
map between two Banach spaces E, F whose differential ds(0) is surjective. Then there is a
neighborhood U C E of 0 such that ds(p) is surjective for all p € U.

The examples of Lemmas and Theorem [3.2.5| also disprove the scale calculus
version of this classical fact. In contrast with Corollary this also shows that these
examples are not sc-Fredholm in the sense of [34, Definition 3.7].

Remark 3.2.6. Lemma constructs s on E = R x L*(R) so that ds(t, f) is a sc-
isomorphism for t < 0, but for t > 0 has 1-dimensional kernel and cokernel. Lemma |3.2.
constructs § on F =R x R x L*(R) so that prg o §|g ~ s on E ~ R x {0} x L*(R) recovers s
of Lemma[3.2.9.

Indeed, the sc-smooth map s : R x L?(R) — R x L*(R) of Lemma has differential
ds(t, f) =id for ¢t <0 but for ¢ > 0 we compute

1/t

ds(t, f) : (T, F) = (T, F = (F. BB + T ({f, B) B + (f. B B7)).

For f = 0 the second component simplifies to the projection F' — F — (F,3;,)5; to the
orthogonal complement of Rf;. Thus, ds(t,0) is still a sc-Fredholm operator but has kernel
{0} x RS; and cokernel F/imds(t,0) ~ Rp;. For f # 0 a brief computation shows the
same. The claim on Lemma follows by setting y = 0 in and dropping the second
component.

Theorem |3.2.5, as established in the proof, constructs h so that the partial differential
dhi(e) is a sc-isomorphism whenever t < 0 ort > 0 and (e — $2(t), ;) # 0. However, for
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t > 0 on the hyperplane (e — 3z(t), B;) = 0 through 1z(t) orthogonal to Rp, the differential
dhi(e) has 1-dimensional kernel and cokernel.

In fact, this failure of fiber-wise transversality of the sc-smooth family of maps h; : E — E
along some path ¢ — z,0; with limit 0 — 0 (in our case x,0, = 3z(t)) is a universal effect
for any choice of the function ¢, in the construction with branching zero set. Indeed,
with ¥ (z) = o — ¢;(x) we have h;*(0) = {z[¢s(z) = 0}3; and transversality fails at
{z|¢i(z) = 0}B:. So, by the mean value theorem, there is fiber-restricted transversality
failure between any two solutions on the line Rpj;.

While the total differential dh is surjective everywhere in this example, it remains an open
question whether there is a scale calculus counterexample to the implicit function theorem

in which all partial differentials dh; are surjective in a neighborhood of a branching point.
OJ

Remark shows that Openness of Transversality does not hold for general sc-smooth
maps. On the other hand, Corollary below proves Openness of Transversality for sc-
Fredholm maps — based on continuity of the differential as an operator in specific coordinates
established in Proposition The difference between continuity of the differential required
by sc-smoothness and continuity as an operator is illuminated in Remark

Remark 3.2.7. The map h: R x L*(R) — L*(R), (¢, f) — f — &:({f, B:)) B¢ with ¢; = 0 for
t < 0, which appears in all counterexamples above for some choice of ¢;, has a continuous
tangent map

Th : Rx L*(R) x R x L*(R) — L*R) x L*(R), (t,f,T,F) ~ (h(t, ), dh(t, f)(T, F))

but the differential is discontinuous as a map to the Banach space of bounded operators
dh : Rx L*(R) — L(R x L*(R), L*(R)), (t, f) ~ dh(t, f).

Explicitly, we can see that the difference of differentials,

/ .
dh(t,0) — dh(0,0) : (T,F) v {_¢t(o)<F’ Gl fort>0;

0 fort < 0;
converges pointwise to (0,0) as t — 0 since (F, 3;) — 0 for any fixed F' € L*(R). However,
the operator norm in L(R x L*(R), L?*(R)) is bounded below by ||dh(0,0) — dh(t,0)| >
16,(0){By, Be)Bellzz = |#,(0)| > 1 for every t > 0 and both ¢,(x) = x and ¢,(x) = e'z. Here
we used F' = f; with [|;]|z = 1. The higher operator norms in the scale structure (whose
specifics we do not discuss) are bounded analogously, [|dA(0,0) — dh(t,0)||zmxmis, misy >

1B ks 1 8(0) By, Be) Bill e = 64(0) |42tz > 1 n comparison with Proposition [3.3.2| this

I8¢l 7,6

shows that h is not equivalent to a basic germ at (0,0) since otherwise Proposition |3.3.2
would imply continuity of the differential as operator on level ¢ > 1 for variations of the base
point in R x {0}, which lies in the oo-level of the sc-structure on R x L?*(R).
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On the other hand, scale smoothness of h requires continuity of the differential only in
L(R x H*(R), L*(R)), where the Sobolov space

HY(R) ={F:R — R|eF(z),l F'(z) € L?}

carries a weight 6 > 0. In that operator norm we have convergence ||dh(0,0) — dh(t,0)| <
x —6|z —(el/t—
supypy,, =1 |0 ()€ F ()| 2 [le =118, () [ 12 < €727~V ]g(0)] — 0 as ¢\, 0. O

3.3 Continuity of differential for basic germs

The examples in demonstrate that sc-smoothness and Fredholm linearizations are insuf-
ficient for an Inverse or Implicit Function Theorem. Instead, recall from [34, Definitions 3.4-
3.7] that sc-Fredholm sections in polyfold theory are required to be locally equivalent to
a basic germ. Here a section can be thought of (locally, and after a notion of filling) as
map s : [E — F between sc-Banach spaces, with the admissible changes of coordinates being
governed by the bundle structure, which is specified for experts in a footnote.

Definition 3.3.1. A sc-smooth map s : E — F is sc-Fredholm at ey € E, if it is regularizin_(ﬂ
and there is an admissible change of coordinates that brings s into the form of a basic germ
at 0] Such a basic germ is a sc-smooth map of the form

fiRFXWOV — RY xW, (c,w) = (a(c,w),w — B(c,w)), (3.6)

where the sc-smooth map B : V. — W s a contraction on all levels of W, in the sense that
for any i € Ny and € > 0 there exists § > 0 such that for ¢ € R* and wy,w, € W; with
|el, |wali, |wa|; < & we have the contraction property

| B(c,w1) — B(c,ws)|li < e€l|wi — ws;. (3.7)

Recall here that the sc-space W = (W;);en, consists of Banach spaces W; with norm || - ||,

and compact embeddings W; C W; for i > j such that Wy, := ﬂieNO Wi is dense in each W;.

The purpose of this section is to illuminate this nonlinear sc-Fredholm property by proving
a continuity property of the differentials of a basic germ, which is implicit in various proofs of
[34], and does not hold for general sc-smooth maps. Recall from Remark that general
sc-smooth maps s : E — F restrict to continuously differentiable maps F;,; — F; and
the differential is continuous as map E;11 x F; — F;, (e, X) + ds(e)X. This can also be

6The regularizing property requires s~1(F;) C E; for each i € N. This plays a minor but still necessary
role in the proof of the Implicit Function Theorem of scale calculus.

"Admissible changes of coordinates are given by a sct-section U — U < F, e + (e, so(e)) with sg(eg) =
s(eg) on a neighborhood U C E of ey and a strong bundle isomorphism U <F — V < (RN x W), (e, f) +
(¥(e), W, f) covering a sc-diffeomorphism v : U — V C RF x W with v(eg) = 0. The result of this change of
coordinates applied to a map s : E — F is the map f: V — RN X W, v = Wy—1,) (s( " (v)) — so(¥ " (v))).
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phrased as the differential forming a map ds : E;;; — L(E;, F;); that is, the differential at
any given base point e € F;; is an element of the vector space L(E;, F;), which is defined
to consist of bounded (i.e. continuous) linear operators such as ds(e) : E; — F;. However,
the differential as map that takes the base point e to the linear operator ds(e) may not be
continuous in the operator norm on the vector space L(FE;, F;); see [34, Remark 1.1]. That
is — as in the previous examples of by Remark — we cannot generally guarantee
|[ds(e + h) — ds(e)|| = sup x|, 1 [|[ds(e + h) X —ds(e)X||r, — 0 as [|h||g,, — 0. However,
the following proposition establishes this type of continuity at e = 0 if s = f is a basic germ.

Proposition 3.3.2. Let f be a basic germ as in (3.6). Then for every i € N the differential
df :RF x Wi, — L(RY x W, RY x W), (c,w) = df(c,w)

is continuous at (0,0) with respect to the operator norm on L(...). In fact, the partial
differential in the directions of W,

dwf :R¥ x Wiy, — LW, RY x W), (c,w) — df(c,)|w
is continuous at (0,0) with respect to the W;-topology on Wiyq.

Proof. First note that prgxy o f = a : R¥ x W — R¥ is a sc-smooth map with finite
dimensional codomain F = R¥, so for any ¢ > 1 it restricts to a continuously differentiable
map a : R¥ x W; — RY by [34, Proposition 1.7] and triviality of the sc-structure F; = RY
from [34, p.4]. Therefore prpy odf = da : R¥ x W; — L(R¥ x W;, RY) is continuous at (0, 0)
for i > 1. Now the composition of this map with the inclusion W, ; — W, yields continuity
of prgy odf = da : RF x Wi — L(R* x W;, RY) at (0,0) for i > 1 with respect to both
the W, i-topology and the W;-topology on W ;.

Next, the linear map (¢, w) — w in the second component of f has differential pry, which
restricts to the bounded projections R* x W; — W; and does not vary with the base point.
Thus, the crucial step for this proof is to show continuity of dB at (0,0). Sc-differentiability
of B:RFx W — W, by [34, Proposition 1.5] can be split up into existence of partial
differentials dgx B(c,w) : R* — Wy and dwB(c,w) : Wy — Wy for (c,w) € RF x W, which
for w € W;,y restrict to bounded operators in L(R* W;) resp. L(W;,W;), such that the
shifted difference quotients converge,

lim |B(c+d,w+h)— B(c,w) — dge B(c,w)d — dwB(c, w)h||w,

||kawi+1_>0 ”(d? h’)"RkXWi+1

=0,
ll(d,h)

and (¢, w,d) — dgs B(c, w)d restricts to continuous maps R¥ x W;,; x R¥ — ;. as well as
(c,w, h) — dwB(c, w)h restricts to continuous maps R* x W, x W; — W, for every i > 0.
For the first component of the differential, dgx B, the vector-wise continuity implies continuity
of (¢,w) — dgk B(c, w) in the operator topology R*¥ x W;,; — L(R* ;) since the domain R¥
of the bounded operators is finite dimensional. To show the continuity of (¢, w) — dwB(c, w)
in the operator topology R* x Wi, — L(W;,W;) at (0,0), recall that, given ¢ > 0, the
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contraction property provides 6 > 0 so that ||B(c,w;) — B(c,ws)|; < €|jwr — wel|;
whenever |c|, ||w1l[;, [[wa|l; < 6. We claim that this implies ||[dwB(c, w)||zw,w,) < 2e for
w € Wy, with [|w|; < d. Indeed, assume by contradiction ||dwB(c, w)h||; > 2¢||h||; for some
h € W,;. Since W;;; is dense in W; and dwB(c,w) is continuous, we can find a nearby
h € Wiy, that satisfies the same inequality. Then for ¢ > 0 sufficiently small such that
|w + th|;, [|w]|; < § we can bound the shifted difference quotient
| B(c,w + th) — B(e,w) — dwB(c, w)th||; - t||dwB(c, w)h|; — || B(e,w + th) — B(c,w)||;
[[£h]i41 B [th] i1
2te||hl|; — ellw +th —wl;  €||h|;
- [[£h]i4 172|341
This contradicts the above condition of sc-differentiability for d = 0 and ¢ — 0. Thus, given
any € > 0 we found 0 > 0 so that ||dwB(c,w)| zow,w,) < 2€ for w € W,y with |Jw||; < 0.
Therefore dwB is continuous at (0,0) not just in the natural topology on W;,; but even in
the coarser topology induced by the embedding W, C W;. The same is true for prgy o df
with ¢ > 1, which proves the claimed continuity of dw f. For dgx B, the scale differentiability
yields continuity only in the topology of W1, so the overall differential df is continuous at
(0,0) in the W; ;1-topology. O

> 0.

Unfortunately, Proposition does not prove continuity of the differential as operator
for general sc-Fredholm maps, since a change of coordinates by a nonlinear sc-diffeomorphism
of the domain does not generally preserve continuity of the differential. In applications, we
do expect sc-Fredholm maps such as the Cauchy-Riemann operator in [33] to have continuous
differentials, as the changes of coordinates in practice are linear — arising from splitting off
kernel and cokernel of linearized operators. However, we deduce from Proposition that
any property which (i) follows from continuity of the differential in the operator norm, and
(ii) is preserved under admissible changes of coordinates, must also hold for sc-Fredholm
maps. This proves the following scale calculus analogues of “Openness of Transversality”
and “Openness of isomorphic differentials.” Here we also note the full polyfold theoretic
version of this result in the language of [34].

Corollary 3.3.3. Let s : E — F be sc-Fredholm in the sense of Definition |3.53.1 at every
eg € Es. Then for any i € N the following subsets of E., are open with respect to the
Ei11-topology,
{e € Ex|ds(e)(E;) = F;}, {e € Ex|ds(e) : E; — Fj is a sc-isomorphism}.

Let 0 : X — Y be a sc-Fredholm section of a strong bundle P : Y — X. Then, given any
local trivialization P~1(U) ~ K C E<F over an open subset U C X, the following subsets of
U, =UN X, are open with respect to the X;1-topology for any i € N,

{r €Uy | Do(z)(T,X;) = (Vo)i}, {2 €U |Do(x): T X — (Ve): is a sc-isomorphism}.

Here (Y,); 1is the i-th scale of the fiber ), := P~1(x), and the linearizations Do(z) are
determined by the choice of local trivialization.
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Chapter 4

Persistent homology of the sum
metric

This chapter is a reproduction of the paper [0], co-authored with Gunnar Carlsson.
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Abstract:

Given finite metric spaces (X,dx) and (Y,dy), we investigate the persistent homology
PH,.(X x Y) of the Cartesian product X x Y equipped with the sum metric dx + dy.
Interpreting persistent homology as a module over a polynomial ring, one might expect the
usual Kiinneth short exact sequence to hold. We prove that it holds for PHy and PH;, and
we illustrate with the Hamming cube {0, 1}* that it fails for PH,, n > 2. For n = 2, the
prediction for PHy(X x Y') from the expected Kiinneth short exact sequence has a natural
surjection onto PHy(X X Y'). We compute the nontrivial kernel of this surjection for the
splitting of Hamming cubes {0,1}* = {0,1}*~! x {0,1}. For all n > 0, the interleaving dis-
tance between the prediction for PH,(X X Y') and the true persistent homology is bounded
above by the minimum of the diameters of X and Y. As preliminary results of independent
interest, we establish an algebraic Kiinneth formula for simplicial modules over the ring
k[R,] of polynomials with coefficients in a field x and exponents in R, = [0,00), as well as
a Kiinneth formula for the persistent homology of R -filtered simplicial sets — both of these
Kiinneth formulas hold in all homological dimensions n > 0.

4.1 Introduction

Topological Data Analysis (TDA) aims to understand the topology of an ambient space
from a finite sample; see [5] for an overview of the field. We assume that the topology of the
ambient space is induced by a metric d, making the finite sample X into a finite metric space
(X,d). In applications, the ambient space is often embedded in R™ and various metrics d on
R" can be useful.

A central tool in TDA is the persistent homology PH,.(X) of the Vietoris-Rips complex
associated to a finite metric space (X, d). Persistent homology provides approximations of
the homology of the ambient space from which X was sampled, and it does so at all scales
t > 0. The scale parameter t takes all values t € R, = [0,00), and for each fixed value it
upper bounds the distances in X that are ‘seen at scale t.’

In this paper, given two finite metric spaces (X, dx) and (Y, dy), we equip the Cartesian
product X xY with the sum metric dx +dy. We are interested in computing PH,(X xY) in
terms of PH,(X) and PH,(Y). A Kiinneth formula of this type would allow us to compute
persistent homology of interesting spaces, such as the Hamming cube I* for k > 1, I = {0,1}
with the Hamming distance; see Example and Section for a discussion of the
Hamming cube. In [25], the authors derive a Kiinneth formula for the maximum metric
dxxy := max{dy,dy} on X x Y which holds in all homological dimensions.

Our main result (Theorem is that the familiar Kiinneth short exact sequence holds
for the sum metric dx«y := dx + dy in homological dimensions 0 and 1, and in dimension 2
it computes a module that admits a surjection onto PH(X X Y'); see Theorem for
a more refined statement and a proof. Example below shows that the short exact
sequence fails in homological dimension n > 2. We discuss the underlying reason for this
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failure below (both in this introduction and in the beginning of Section . Here we view
persistent homology PH,(X) as a module over a ring [R ] of polynomials in a single variable
with exponents in Ry = [0,00) and coefficients in a field ; see Section for a study of
k[Ry]-modules,; and in particular see Remark for a discussion of their relationship with
persistence vector spaces.

Theorem 4.1.1. Consider finite metric spaces (X,dx) and (Y,dy) and the product space
equipped with the sum metric (X x Y,dx + dy). Then for n = 0,1 there is a short exact
sequence

= €P Tori(PHi(X),PH;(Y)) =0

itj=n—1

which is natural with respect to distance non-increasing maps (X,dx) — (X', dx:) and
(Y,dy) — (Y',dy+). This sequence splits, but not naturally.

Moreover, in dimension n = 2, the direct sum of the terms in the left position (tensor
product terms) and the right position (Tor terms) admits a canonically defined surjection
onto PHy(X xY). O

Remark 4.1.2. Theorem and all other results about metric spaces (X, d) in this paper
hold for a more general class of spaces: Precisely, it is required that the pairing d : X x X —
R is symmetric d(z,y) = d(y,x), but d is not required to be reflexive d(z,y) =0 <= xz =1y
or satisfy the triangle inequality d(x, z) < d(z,y) + d(y, z).

For all n > 0, denote the prediction for PH, (X x Y') from the short exact sequence in
Theorem by PH,(X,Y). That is, PH,(X,Y) is isomorphic to the direct sum of the
tensor product terms on the left and the Tor terms on the right. The following result bounds
the interleaving distance between the homology PH,, (X xY') and the prediction PH,(X,Y)
from above by the minimum of the diameters of X and Y’; see Theorem for the proof.
We discuss the interleaving distance in Section [4.4.4] The idea to look for a bound on this
distance was suggested by Leonid Polterovich.

Theorem 4.1.3. The interleaving distance between PH.(X,Y) and PH.(X X Y) is less
than or equal to the minimum of the diameters

min(diameter(.X), diameter(Y")),
where the diameter is the mazimum distance

diameter(X) = max{dx(xo,z1) | xo,z1 € X}.
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We now outline the structure of the paper, including preliminary Kiinneth type results
used in the proof of Theorem which are of independent interest. These other Kiinneth
formulas hold in all homological dimensions n > 0. We also summarize why Theorem [4.1.1
holds, and why it fails in homological dimensions n > 2.

In Section [4.2| we study finitely presented x[R,]-modules and simplicial modules (Defin-
tion[1.2.7)). Given a simplicial x[R]-module M, there is an associated chain complex C,(M);
see Definition m The main result (Theorem proved in Section is an algebraic
Kiinneth formula for the homology H.(C\(M ®yr,] N)) for free finitely generated simplicial
k[Ry]-modules M and N. See Theorem for the proof. We remark that, if x[R,]
were a principal ideal domain (PID), then this theorem would be immediate from the usual
Kiinneth short exact sequence for simplicial modules over a PID. However, unlike the usual
polynomial ring x[Z,] with exponents in Z, = {0,1,2,...}, the ring x[R,] is not a PID.
Related Kiinneth formulas have been proven in [45] and [3].

Theorem 4.1.4. (Algebraic Persistent Kiinneth Theorem) Let M, N be R, -graded
free finitely generated simplicial k[R ]-modules. Then for n > 0 there is a short exact
sequence

0— @ Hi(Cu(M)) ®@pry) Hi(CL(N)) = Hp(Col(M @ury) V)

which 1s natural in both M and N. Moreover, the sequence splits, but not naturally. 0

Building on this algebraic Kiinneth formula over x[R,], in Section we establish a
Kiinneth formula (Theorem for persistent homology of R -filtered simplicial sets (X, )
(Definitions[4.3.1}[4.3.3). These are simplicial sets X (see Section [4.5|for a review of simplicial
sets) together with a map [ : X,, — R, on the n-simplices X,, of X for each n > 0 such
that [ is non-increasing along the structure maps (face and degeneracy) in the simplicial set.
For any t € R, the collection of simplices 0 € X such that [(0) < t forms a simplicial set
X® and if t < ¢ then X® C X The persistent homology PH,(X,l) is a R -graded
kR4 ]-module with homogeneous degree-t part equal to the homology of the simplicial set
X® ie. PHY(X,1) = H.(X®; k).

The product of filtered simplicial sets (X, lx) and (Y,ly) is the pair (X x Y,lx + ly)
where X X Y is the usual product of simplicial sets and [y + [y is the pointwise sum of
the filtration functions. In the notation of the above paragraph, this corresponds to the
filtration (X x Y)W =, ., o, X") x Y®) for t € R,. The following Kiinneth theorem
follows from Theorem see Section [£.3|for the proof. In [25], the authors derive Kiinneth
formulas for the persistent homology of the product X x ) of Z, -filtered topological spaces
X = (X c x®W c X@ ¢ ...) for various choices of filtration on X x ), including
(XX V)D = U, gy o X x YO for t € Z,.
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Theorem 4.1.5. (Kiinneth Theorem for R, -filtered simplicial sets) Given R -filtered
simplicial sets (X,lx) and (Y,ly) such that X,, and Y,, are finite sets for all n > 0, then
forn >0 there is a short exact sequence

0= @ PHi(X,Ix) ®ur,) PHi(Y.ly) = PH,(X x Y,Ix +ly)
i+j=n
— P Tori(PH(X,lx), PH;(Y,ly)) =0
i+j=n—1
which is natural with respect to maps (X, lx) — (X', lx) and (Y,ly) — (Y, ly/). Moreover,
the sequence splits, but not naturally. 0

In Section we study the persistent homolgy PH,.(X) of metric spaces (X,dx). We
define PH,.(X) to be the persistent homology PH,.(X,lyx) of a R -filtered simplicial set
(X, lx) associated to the metric space. The filtration function [x is defined using the metric
dx (see (4.10)). The homogeneous degree-t part PHY (X) is equal to homology H,(X®; k),
which in turn is isomorphic to homology of the time-t Vietoris-Rips simplicial complex
V(X,t) since V(X,t) and X® are homotopy equivalent; see Remark for Vietoris-Rips
V(X,t). That is, we have PHit)(X) =~ H (V(X,t);k) for all t € Ry.

The product of two metric spaces X x Y equipped with the sum metric dx + dy has
associated R, -filtered simplicial set (X x Y,lxxy), where the filtration function lx.y is
defined using the sum metric dy +dy. The underlying reason for the failure of Theorem [4.1.1
in dimensions n > 2 is that the filtrations functions satisfy the inequality (see ({.15)))

Ixxy <lx +ly,

but equality does not necessarily hold. The inequality provides a graded module homomor-
phism

PH,(XxY,lx +1ly) = PH,(XXxY,lxxy) = PH, (X xY),
but since equality does not hold, it is not necessarily an isomorphism. If it were an isomor-
phism, then Theorem [4.1.1] would follow immediately from Theorem |4.1.5|in all dimensions
n > 0. We show in Section that this homomorphism fits into a long exact sequence,
and in Section we show that the correction term in the long exact sequence vanishes in
homological dimensions n = 0, 1, 2. Hence the homomorphism is an isomorphism for n = 0, 1
and a surjection for n = 2. Theorem then follows from Theorem [4.1.5

We remark that, in the notation of Theorem [4.1.3] we have

PH,(X,Y) = PH,(X X Y,lx + ly)

by definition; see (4.11]) and Proposition m

In Section [4.4.5( and Example , we investigate PH,(I*) where I* = {0,1}* is the
Hamming cube with the Hamming metric. We use the splitting I¥ = I*~! x I of the Hamming
metric to apply Theorem inductively to compute PH,(I*) for n = 0,1,2, and for all
k > 1. This involves a technical computation of the nontrivial kernel of the surjection

PHo(I x I*= 17 + Ipe1) — PHy(I*); see Propositions [4.4.12}[4.4.13]
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Example 4.1.6. Consider the metric space I = {0, 1} with distance 1 between its two points.
The k-dimensional Hamming Cube is the k-fold Cartesian product I* consisting of k-tuples
of zeros and ones equipped with the Hamming metric: The distance between two k-tuples in
I¥ is the number of coordinates in which they are not equal. The Hamming metric is equal
to the sum metric on I* given by summing the metric on each of the k factors of I, which
is also equal to the sum metric on the two factor splitting I*¥ = I*=' x I. So, from a full
Kinneth formula for the sum metric on a product X XY, one hopes to inductively compute
PH,(I*) for alln and k.

In Section we prove that PHy(I¥) = 0 for all k. This shows that Theorem
does not hold in dimensionn = 2. Indeed, for X = I andY = I?, the product is X xY = I3,
and the short exact sequence in Theorem for n = 2 would predict that PHy(I®) has 1
bar; see Section for a review of bars and how to compute tensor product and Tor of
bars.

The table below displays the number of bars in PH, (I*) for low values of n and k. This
data shows that Theorem does not hold in higher dimensions n > 2. Indeed, again for
X =1 and Y = I? with product X xY = I3, the short ezact sequence in Theoremfor
n = 3 would predict that PH3(I®) = 0, but in fact PH3(I*) has 1 bar.

’ Number of bars in PH,(I*) ‘

k=1 k=2 k=3 k=4 k=5 k=6 k=7

PHy(IF) 2 4 8 16 32 64 128

PH,(I*) 0 1 5 17 49 129 321

PHo(I¥) 0 0 0 0 0 0 0

PHy(I) 0 0 19 19 209 769

PH,(I"Y 0 0 0 0 111 71

PH5(I*) 0 0 0 0 -

PHg(I*) 0 0 0 0 0 —

PH,(I* 0 0 0 1 1
We discuss the Hamming cube further in Section[{.4.5 O
4.2 k[R,]-modules
The ring x[R,] is the monoid ring of R, = [0,00) over a field k. Concretely, it is the

polynomial ring in a single variable T" with exponents in R, and coefficients in x. There
is a natural R, -grading on k[R,] where the homogeneous degree t € R, elements are the
monomials with exponent ¢. The usual polynomial ring in a single variable is the monoid ring
k|Z] over the nonnegative integers Z, = {0,1,2,...}, i.e., the exponents on the variable
are in Z...
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We are interested in the ring x[R, ] because the persistent homology PH,(X) of a metric
space (X,d) is a k[R;]-module. Indeed, PH,(X) is often viewed as a persistence vector
space — or in other words a functor from the poset R, to the category of k-vector spaces —
and a persistence vector space is equivalent to a R -graded x[R,]-module; see Remark .
For the purposes of this paper, it is more convenient to work with x[R]-modules.

Our main result in this section in an algebraic Kiinneth formula (Theorem for
simplicial modules over x[R,] (Section[4.2.3). Theorem would be immediate from the
usual Kiinneth short exact sequence for simplicial modules over a principal ideal domain —
but k[R] is not a principal ideal domain, unlike the usual polynomial ring x[Z ] with integer
exponents. Indeed, k[R,] is not even Noetherian: Consider the ascending chain of principle
ideals (T) C (T'?) c (T'*) C ---. We resolve these issues in Section £.2.1} The ring
k[R,] has the crucial property that the kernel and the image of a homomorphism between
free finitely generated modules are both free and finitely generated; see Lemma [£.2.4 This
property of x[R,] is enough to establish Theorem

In Section 4.2.2] we discuss the barcode classification of finitely presented persistence
vector spaces in the language of finitely presented x[R.]-modules (Proposition [4.2.5)), and
we compute the tensor product and Tor of bars in Proposition [£.2.6] This allows for efficient
computation with the algebraic Kiinneth theorem (Theorem .

Remark 4.2.1. (Persistence vector spaces and Artin-Rees) The Artin-Rees construc-
tion provides an equivalence between finitely generated R -graded k[R ]-modules and finitely
generated persistence vector spaces over k. We describe this equivalence in this remark. See
[506, Theorem 3.1] for a discussion over Z. instead of Ry.

Recall the definition of a persistence vector space V = {V, }ier, over k from [3, Def. 3.5].
This is a functor V : R, — Vec,, where here R, denotes the partially ordered set R, viewed
as a category and Vec, is the category of vector spaces over k. Let PVec, denote the category
of persistence vector spaces over K.

The Artin-Rees construction provides an equivalence of categories

A: PVec, — K[R;]-Mod,

where K[Ry]-Mod is the category of graded k[R.]-modules. Explicitly, A(V') is the k-vector
space Ger, Vi. The k[Ri]-module structure on A(V') is given as follows. Let T' denote the
variable in kK[R], and fort <t letl,y : V; — Vi denote the corresponding map in V. Then
for a homogeneous element v € V; we define T - v = l; 414,(v) € Viyo for a € Ry. This gives
A(V) the structure of a R -graded k[R,]-module.

The inverse functor A™' : k[R,]-Mod — PVec, is as follows. For M € k[Ry]-Mod and
t € Ry, the k-vector space A=Y (M), is the homogeneous degree t part of M. Fort < t' the
linear map lyy : A=Y (M); — A~Y (M) is multiplication by T ~*.
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4.2.1 Finiteness

Over the ring xR, ], submodules of finitely generated free modules are not necessarily free:
Indeed, the ideal in k[R,] consisting of all nonconstant polynomials is not finitely generated
because it contains T/ for all n > 1 but does not contain constants. This is in stark contrast
to the polynomial ring with integer exponents x[Z,] which is a principal ideal domain and
hence does have the property that submodules of finitely generated free modules are always
free.

To prove the algebraic Kiinneth formula over x[R, ] (Theorem and to describe ho-
mology using bars via the classification theorem for finitely presented x[R]-modules (Propo-
sition , it is essential that, given a homomorphism of finitely generated graded free
r[R;]-modules, the kernel and the image are free. This is the content of Lemma [4.2.4]

Remark 4.2.2. The following results, mostly in this subsection, are a rephrasing of results in
[3, Sec. 3.4] from the language of persistence vector spaces to the language of k[R,]-modules
(see Remark [4.2.1) for a discussion of the equivalence between these notions): Lemma
corresponds to [5, Prop. 3.7]. Lemma corresponds to the essential step in the proof of [J,
Prop. 8.12]. And in Proposition we reinterpret the classification of finitely presented
persistence vector spaces [J, Prop. 3.12, 3.13] as a classification of finitely presented R -
graded k[R,]|-modules.

To prepare for Lemma|4.2.4) we first understand the matrix of a R -graded x[R, ]-module
homomorphism with respect to a basis.

Lemma 4.2.3. Consider free and finitely generated R, -graded k[R,|-modules P and Q with
bases {p1,...,pn} and {qi,...,qn}, respectively, such that each p; and g; is homogeneous.

Then, given a R, -graded k[R.]-module homomorphism ¢ : P — @Q, ilts matriz A? with
respect to the given bases has homogeneous entries satisfying

deg(Ay;) = deg(p;) — deg(qi) > 0 or A7, =0 for all i, ;. (4.1)

Conversely, any (m x n)-matriz A with homogeneous entries in k[Ry] satisfying (4.1))
determines a R, -graded kR ]-module homomorphism ¢ : P — Q by o (p;) = >0, Aiigi-
Moreover, the correspondences @ — A¥ and A — ¢4 are inverses of each other.

Proof. Consider a R, -graded k[R]-module homomorphism ¢ : P — ). Then, the entries
of the matrix A are defined by p(p;) = >_\"; A7;q;. Since ¢ is R, -graded, the image ¢ (p;)
is homogeneous of degree deg(p;). Since the ¢; form a basis of (), this implies that either
Aqu,- is 0 or it is homogeneous of degree deg(p;) for all 4, which implies that either Afj =0
or deg(A7;) = deg(p;) — deg(g;) for all 4, as claimed. The converse statement is clear. ]

Lemma 4.2.4. Suppose ¢ : P — @Q is a homomorphism of R, -graded freeﬂ finitely generated
kR ]-modules.

!Graded free means that there exists a basis of homogeneous elements.
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Then, there exist bases {p1,...,pn} of P and {q1,...,qm} of Q consisting of homogeneous
elements such that the matriz of @ with respect to these bases has the property that every row
and every column has at most one nonzero entry.

In particular, the kernel and the image of p are graded free and finitely generated.

Proof. Since P and () are graded free and finitely generated, there exists a basis {p1,...,pn}
of P and a basis {qi,...,qmn} of @, both consisting of homogeneous elements. Let A be the
matrix of ¢ with respect to these bases. We must show that there exist invertible matrices
B and (' satisfying such that the matrix BAC' has at most one nonzero entry in each
row and column; precisely, (4.1]) requires that B satisfies deg(B; ;) = deg(q;) — deg(g;) > 0
or B;; =0 for all 1 <4,5 < m and that C satisfies the same condition with respect to the
Di-

Let ¢;, be the basis element such that deg(g;,) is maximal among the degrees of the g;
such that the i-th row of A is nonzero, and let pj, be the basis element such that deg(p;,) is
minimal among the degrees of the p; such that A;, ; # 0. By Lemma we have

A

iodo = o - Tdeg(pjy)—deg(giy)
for some ly € k. For any j # jo such that A;, ; # 0, we have A;, ; = - TP =dee(%i0) for some
| € k. There is a column operation given by a matrix C with Cj, ; = —(1/l) - T3P ~dee(pio)
ones on the diagonal, and zeros elsewhere, and we have (AC');, ; = 0. Applying these column
operations for all j # jo such that A;, ; # 0 arrives at a matrix with ¢o-th row equal to 0
except for the (ig, jo)-entry. Rename C' to be the product of all these column operations, and
set A" = AC. Now, for any i # i such that A}, # 0, we have A;, =1- Tdea(pio)—deg(ai) for
some | € x. There is a row operation given by a matrix B with B, ;, = —(1/l)-T48(i0)~des(a:)
ones on the diagonal, and zeros elsewhere, and we have (BA’); j, = 0. Applying these row
operations for all i # i such that A; ; # 0 arrives at a matrix with jo-th column equal to 0
except for the (i, jo)-entry. Rename B to be the product of all these row operations. Then
the matrix BAC' has the property that the ip-th row and the jy-th column are zero except
for the (i, jo)-entry.

We may now iterate this process to produce the desired result. Indeed, relabel BAC' by
A, let ¢;, denote the basis element such that deg(g;,) is maximal among the degrees of the
¢ 7 4, such that the i-th row of A is nonzero, and let p;, denote the basis element such that
deg(pj, ) is minimal among the degrees of the p; # p,, such that A;, ; # 0. Then the row and
column operations as described above that zero out all entries in the 7;-row and j;-column
(except for the (iy,j;)-entry) do not affect the ig-row and the jp-column. Repeating this
process completes the construction. O

4.2.2 Bars

A common notation for finitely presented x[R,]-modules uses bars (a,b) for 0 < a < b < 0,
where (a, b) is shorthand for the module generated by a single generator o of degree a such
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that 7%~ - o = 0; precisely,
(CL, b) = FGKJ[R-&-]/TZJ_Q?

where ' denotes a degree shift by a. We allow b = 0o, in which case
(a,00) = IMK[R].

The following classification result is equivalent to the classification of finitely presented
persistence vector spaces in [B, Prop. 3.12, 3.13]; see Remark 4.2.2] The essential step in the
setting of k[R,]-modules is Lemma [4.2.4

Proposition 4.2.5. Every R, -graded finitely presented k[R|-module M is isomorphic to a
direct sum of the form

M= @?:l(ah bZ)a
where 0 < a; < b; < 0o. Moreover, this decomposition is unique, i.e. if M is isomorphic to
another such direct sum then the number n of bars is the same and the set of pairs (a;,b;)
that occur, with multiplicities, 1s the same. 0]

Due to the above classification, for many computations it suffices to understand how
single bars interact with each other. In this paper we use the following computations of the
tensor product and Tor of bars; equivalent computations appear in [45][3].

Proposition 4.2.6. Consider the bars (a,b) and (c,d). Then there are isomorphisms of
R, -graded k[R]-modules

(a,b) ®umr,) (¢,d) = (a + c,min{a + d,b+ c}) (4.2)
and
Tor((a,b),(c,d)) = (max{a + d,b+ c}, b+ d). (4.3)

Moreover, given R -graded finitely presented r[R,|-modules M, N, we have Tor,(M,N) =0
forn > 2.

Proof. We compute (a,b) ®ur,| (¢,d) = Ik[Ry]/T"* @ I'k[RL] /T =
Doteg Ry (TP, T4=¢) = [oteg|R,]/Tminb-0d=ct = (¢ + ¢,a + ¢ + min{b — a,d — c}) =
(a+ ¢,min{a + d,b+ c}), as claimed.

Next, we compute . A projective resolution of (a,b) is given by the exact sequence

0 — (b,00) = (a,00) = (a,b) — 0. (4.4)
Removing the (a,b) term and tensoring with (¢, d) yields the complex
0= (b+c,b+d) — (a+c,a+d) —0.

The homology at the (b+c, b+d) term is the kernel of the map to (a+c,a+d). If b+¢ > a+d
then the map is 0 and hence the homology is (b + ¢,b+ d). If b+ ¢ < a + d then the kernel
is (a+d,b+d). So, in both cases, the homology is (max{a +d,b+ c},b+d), proving (4.3).

To prove the final statement of the proposition, first apply Proposition to both M
and N to write them as direct sums of bars. Then the statement follows since the projective
resolution (4.4)) is zero to the left of the (b, 00) term. O



CHAPTER 4. PERSISTENT HOMOLOGY OF THE SUM METRIC 170

4.2.3 Simplicial x[R;]-modules

Let k[R;]-Mod denote the category with objects the R -graded x[R,]-modules and maps
the graded module homomorphisms.

Definition 4.2.7. A R, -graded simplicial k[R,]-module M is a simplicial object in
kR, ]-Mod, i.e. a contravariant functor M : A — k[R,]-Mod, where A is the simplex

category (see Section .

Concretely, M is a collection of R,-graded r[Rj]-modules M, = M([n]) for n > 0
together with R -graded x[R]-module maps M, : M,, — M,, for every map ¢ : [m]| — [n]
in A that together satisfy the usual functorial properties. We call M,, the n-simplices of M.
The images MdA and M, A of the coface maps d* and the codegeneracy maps s are called

face maps and degeneracy maps, respectively, and for convenience we often denote them by
d; and s;.
There is a natural chain complex associated to a simplicial module.

Definition 4.2.8. The alternating face maps complex C,(M) associated to a graded
simplicial K[R]-module M is a chain complex of Ry-graded k[R ]-modules which in level
n > 0 s the module

Co(M) = M,

and where the differential is given by the alternating sum of the face maps, i.e.

d: Cipr (M) — Cyy(M)

n+1

xHZ(—

4.2.4 The Algebraic Persistent Kiinneth Theorem

For graded simplicial £[R]-modules M and N (Definition 4.2.7)), the tensor product M @ N
is defined level-wise, i.e.
(M & N)’n =M, ®I€[R+] N,

for n > 0. For a morphism ¢ : [m] — [n] in 4, the corresponding map in M ® N is given by

(M®N),: M, ® N, = M,;, ® Ny,
TRy My(r) ® Ny(y).
We establish in Theorem 4.2.10|a Kiinneth formula for the homology of C,,(M ® N) in terms
of C,(M) and C,(N), where C,(—) is the alternating face maps complex (Definition {4.2.8)).

In level n > 0, we have

Co(M®@N) = Cp(M) ®@gr,) Cn(N).
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There is another chain complex of x[R,]-modules associated to the pair M, N, given by
the usual tensor product of chain complexes C\(M) @ C,(N), which in level n is the x[R,]-
module
(D @ CNY) = @D GO Dy C(N).
i+j=n
The Eilenberg-Zilber theorem (see [11], [54, Thm. 8.5.1]) says that there is a natural isomor-

phism on homology
H.(C.(M)® Cy(N)) = H(Ci(M ® N)). (4.5)

Definition 4.2.9. A simplicial module M is graded free (resp. finitely generated) if,
for all n > 0, the module M, is graded free (resp. finitely generated).

We now prove Theorem from the introduction.

Theorem 4.2.10. (Algebraic Persistent Kiinneth Theorem) Let M, N be R, -graded
free finitely generated simplicial k[R,]-modules. Then for n > 0 there is a short exact
sequence

0— @ Hi(Cu(M)) ®upry) Hj(Ci(N)) = Hp(Co(M Qpiry) N))

— P Tori(Hi(C.(M)), Hj(C.(N))) =0

which 1s natural in both M and N. Moreover, the sequence splits, but not naturally.

Proof. For n > 0, the submodules B, (M) and Z,,(M) of C,(M) = M, consisting of bound-
aries and cycles, respectively, are graded free by Lemma and similarly for the bound-
aries and cycles in C,(N). Hence, although x[R.]| is not a principal ideal domain, the proof
of the Kiinneth short exact sequence for the homology of the tensor product of chain com-
plexes Cy (M) @ Ci(N) still goes through; see for example the proof of [26, Theorem 3B.5].
That is, for n > 0 there is a natural short exact sequence

0= @D Hi(C.(M)) @i,y Hi(CL(N)) = Hy(Co(M) @ Cu(N))

= €D Tori(Hi(C.(M)), Hj(C.(N))) =0

which splits (but the splitting is not natural). The theorem then follows from the natural
Eilenberg-Zilber isomorphism (4.5)). ]

We can compute H,(Cy(M ®,r,) N)) using the Kiinneth short exact sequence in The-
orem [4.2.10| together with the classification result Proposition 4.2.5 and the calculations of
tensor product and Tor of bars in Proposition [4.2.6]
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4.3 R, -filtered simplicial sets

We define a notion of a simplicial set filtered by R, = [0,00) (see Section for a review
of simplicial sets). Its homology is a R;-graded module over the ring x[R,], whose theory
we discussed in Section [4.2] In Section [£.4] we associate a R, -filtered simplicial set to a
metric space (X, d) and we define persistent homology of the metric space PH,(X) to be the
homology of the filtered simplicial set. This is a rephrasing of the Vietoris-Rips construction;
see Remark [4.4.2

In this section we prove the Kiinneth theorem for R, -filtered simplicial sets (Theo-
rem [4.1.5)), which follows easily from the algebraic Kiinneth theorem for simplicial x[R,]-

modules (Theorem (4.2.10)).

Definition 4.3.1. A R, -filtered simplicial set (X,
maps | : X, = Ry for all n > 0 satisfying [(X,(0)) <
morphisms ¢ : [m| — [n] in A.

) is a simplicial set X together with
(o) for all simplices o € X,, and all

~ ™~

Remark 4.3.2. A natural notion of a R, -filtered simplicial set would be a collection of
simplicial sets {X®},cp, and inclusion maps X — X fort < t'. Given a R, -filtered
simplicial set (X,1) as in Deﬁm’ton for any t € Ry, the collection of simplices o € X,
such that (o) < t forms a simplicial set X(t), and if t < t' then there is an inclusion
X® sy X

The persistent homology PH,.(X,l) (see Definition is a Ry -graded k[R,]-module
with homogeneous degree-t part equal to the homology of the simplicial set X1, i.e. we have
PHO (X, 1) = H,(X®; k).

o

Let R, -sSet denote the categoryﬂ with objects the R -filtered simplicial sets (X, 1) an
the morphisms f : (X,1) — (X', I') given by the simplicial maps X — X' satisfying I'(f(0)) <
(o) for all o € X.

Let k[Ry]-sMod denote the category of R, -graded simplicial x[R]-modules (Defini-

tion .

We now define a functor
F : R -sSet — k[R]-sMod (4.6)

and then define the persistent homology of (X, ) (Definition [4.3.3) to be the homology of
F(X,1). Let the n-simplices of F'(X,[) be the free module

Fu(X,1) == @ I"k[R,] - (o), (4.7)

O’GXn

2 Alternatively, we may define R -sSet as follows. Consider the category of pairs (A, 1) of sets A and maps
l: A— Ry, where the morphisms f : (A,1) — (A’,1') are the set maps f: A — A’ such that I'(f(a)) < (a)
for all a € A. Such a pair (4,1) is called a R -filtered set, as defined in [5, Sec. 3.4], and we denote the
category of these pairs by R;-Set. Then a R -filtered simplicial set is a simplicial object in R -Set, i.e. a
contravariant functor A — R, -Set, and R -sSet is the category of these functors.
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where the notation I'* means a degree shift of a € Ry. So, F' is essentially the free k[R,]-
module functor, with additional degree shifts of the generators by the filtration function [.
For a morphism ¢ : [m] — [n] in A, we define the corresponding morphism in F(X,) on
generators by
F(X, 1), : Fo(X, 1) = F(X,1)
(o) — Tl(a)—l(Xgo(o))<X(p(a)>_
Extending x[R.|-linearly defines F(X,1), on all of F,,(X,l). Note that F/(X,[), is a graded

map due to the degree shifts in (4.7)). In particular, the face maps on F'(X,[) are given on
generators by

di((0)) = TN dy(0)),
where on the left we are writing d; = F/(X, )42 and on the right we are writing d; = X,a.
For a map f: (X,1) — (X',!') in R;-sSet, we define F'(f) on generators by
F(f): Fu(X,1) = F (X, 1)
(0) > THOLUDf(0)).
Note that the property (o) — I'(f(c)) > 0, which holds by definition of a map

f € Ro-sSet, is crucial in the definition of F(f); indeed, the factor TH?)=*/(9) i necessary
to make F'(f) a R,-graded map due to the degree shifts in (4.7)).

Definition 4.3.3. Given (X,1) € R, -sSet, its persistent chain complex PC.(X,!) is the
alternating face maps complex (Defintion[.2.8) of the module F(X,1),

PC.(X,1) := C.(F(X,1)),

and its persistent homology is the homology PH,.(X,1) := H,(PC.(X,1)). Fort € R, the
time-t persistent homology PHit)(X, 1) is the homogeneous degree t part of PH.(X,1).

Consider R -filtered simplicial sets (X, lx) and (Y,ly). We define their Cartesian prod-

uct by
(X,lx) X (Y,ly) = (X X Y,ZX + ly),

where the simplicial set X x Y has n-simplices (X x Y),, = X,, X Y,, and structure maps
(X xY), =X, xY, for p € A, and where (Ix + ly)(0,7) = Ix(0) + Iy (7).

We now establish the Kiinneth formula (Theorem that computes persistent ho-
mology of the Cartesian product PH,(X x Y,lx X ly) when X,, and Y, are finite sets for
n > 0.

Proof of Theorem[{.1.5 Recall the functor F' : R -sSet — x[R;]-sMod from (4.6). There is

a canonical isomorphism
F(X X Y,ZX + ly) = F(X, lx) ®H[R+] F(Y, ly)

Then the theorem follows from the definition of persistent homology (Definition |4.3.3)) and
the Kiinneth formula in x[R;]-sMod (Theorem [4.2.10)). O
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4.4 Metric spaces

The main purpose of this paper is to investigate the persistent homology of the sum metric
dx + dy on the product X x Y of metric spaces (X,dx) and (Y, dy).

In Section we define persistent homology PH.(X) of a metric space (X, dx) as the
persistent homology PH,. (X, lx) of a R -filtered simplicial set (X, Ix) (Definition[4.3.1}[£.3.3)
associated to (X, dx). See Remark for a discussion of the equivalence of this definition
to the usual Vietoris-Rips construction.

The Kiinneth theorem for R -filtered simplicial sets (Theorem computes
PH.(X x Y,lx + ly), however the filtration function lxyy associated to the sum metric
dx + dy is not equal to lx + ly; it only satisfies the inequality (see (4.15]))

Ixxy <lx +ly.
We discuss this in Section [£.4.2] The inequality provides a graded module homomorphism
PH.(X,Y)=PH.(XxY,lx+1ly) > PH. (X xXY) (4.8)

which fits into a long exact sequence (Proposition . The third term in the triple that
forms the long exact sequence is denoted PH,(X,Y).

In Section @ we prove the vanishing PH,(X,Y) = 0 in dimensions n = 0, 1,2. This
implies that the mapping is an isomorphism in dimensions 0,1 and a surjection in
dimension 2. Then from the Kiinneth Theorem for PH,(X x Y,lx + ly), we obtain
our Kiinneth results for PH,, (X x Y) in low dimensions n = 0, 1,2 (Theorem [4.4.5).

In Section we bound the interleaving distance between the computable module
PH,.(X,Y) and the homology PH,(X xY') that we are interested in by the minimum of the
diameters of X and Y'; see Theorem {4.4.9,

In Section , we use Theorem to compute PH,, of the Hamming cube {0, 1}* for
n =20,1,2 and for all £ > 1. This involves a technical computation of the nontrivial kernel
of the surjection in dimension 2 for the example X = {0,1} and Y = {0, 1}*~1,

4.4.1 Persistent homology

We associate a R, -filtered simplicial set (Definition to every metric space, and we
define the persistent homology of the metric space (Definition to be the persistent
homology of the associated filtered simplicial set (Definition . This is a simplicial set
version of the usual Vietoris-Rips construction; see Remark for further discussion.

Let Met denote the category with metric spaces (X, dx) as objects and with morphisms
the maps f : (X,dx) — (Y, dy) that are distance non-increasing, i.e.

dy(f(a), f(b)) < dx(a,b) for all a,b € X. (4.9)

Recall from Section [4.3] the category R, -sSet of R -filtered simplicial sets.
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We now describe a functor

Met — R -sSet
(X, dx) — (X, ZX)

and define persistent homology of the metric space (X,dx) (Definition [4.4.1)) to be the
persistent homology of (X, ly).
Let (X,dx) € Met. There is a simplicial set X with n-simplices

X, ={(zo,...,zy) | x; € X for all 0 < i <n}

consisting of all (n 4 1)-tuples of points in X. For a morphism ¢ : [m] — [n] in A, the map
X, : X,, = X, is defined on a n-simplex o = (o, ...,z,) € X,, by

Xw(ﬁo, ce ,xn) = (:L‘QO(O), e ,:lj(p(m)).
There is also a max-length map

I : X, = R, (4.10)
(o, ..., xn) = max{dx(z;,z;) | 0 <i,j <n}

given by the maximum of the pairwise distances between points in a simplex. We observe
Ix(X,(0)) < lx(o) holds since the points in X, (o) are a subset of the points in o. Hence,
the pair (X, ly) is a R -filtered simplicial set. This defines the functor on objects (X, dx) —
(X,lx). For a morphism f : (X,dx) — (Y,dy) in Met there is an obvious induced map
on simplicial sets f : X — Y that satisfies ly(f(0)) < [x(o) by the distance non-increasing
property of f. So, f is indeed a morphism in R, -sSet. This completes the definition of
the functor Met — R, -sSet.
We now define the persistent homology of a metric space (X, dy).

Definition 4.4.1. Given a metric space (X,dx), its persistent chain complex PC,(X)
is the persistent chain complex of the associated R -filtered simplicial set (X,lx) (see Defi-

nition , 1.€.
PC.(X) := PC.(X,lx).

The persistent homology of (X,dx) is the homology PH.(X) := PH.(X,lx) of this
chain complex.

Fort € R, the time-t persistent homology raY (X) is the homogeneous degree t
part of PH,(X).

Remark 4.4.2. (Vietoris-Rips) The classical definition of persistent homology of a metric
space (X, dx) uses the Vietoris-Rips construction, which we now recall. Fort € Ry, the time-
t Vietoris-Rips complex of X is the abstract simplicial complex V (X, t) with n-simplices given
by all subsets {zo,...,x,} C X satisfying dx(x;,z;) <t for all0 < 1,5 < n. Fors <t
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there is an inclusion V (X, s) < V(X,t) which induces a map on homology H,(V (X, s)) —
H,.(V(X,t)). The homology of Vietoris-Rips at all times t € R, together with the induced
maps of the inclusions for s <t forms the persistent homology of X.

Letting (X, lx) denote the R -filtered simplicial set associated to (X,dx), for allt € Ry
there is a simplicial set

X® = {simplices o in X | Ix(0) < t}.

There is a homotopy equivalence V(X,t) — X®. The homogeneous degree-t persistent
homology of (X, dx) is the homology of X, In conclusion, for all t € R, there are isomor-
phisms of k-vector spaces

PHM(X) = H.(XY) = H.(V(X,1))

which are natural in t, i.e. the induced map H.(V(X,s)) — H.(V(X,t)) for s < t is
identified with the map PHY (X) — raY (X) given by multiplication by T'* € k[R,].

4.4.2 A long exact sequence for the sum metric dx + dy

Consider metric spaces X and Y with metrics dx and dy. Ultimately, we are interested in
a Kiinneth formula for PH,(X x Y) in terms of PH,(X) and PH,(Y'), where the product
space X X Y is equipped with the sum metric dxyy = dx + dy.

In this section, we describe a long exact sequence in Proposition that relates the
persistent homology of the product metric space (X XY, dx+dy ) and the persistent homology

PH.(X,Y) = PH,(X xY,lx +ly) (4.11)

of the product filtered simplicial set X x Y with filtration function lx + Iy, where [x and [y
are the max-length maps on the simplicial sets X and Y, respectively; see Section [4.4.1} This
is useful because the Kiinneth theorem for filtered simplicial sets (Theorem provides
the following formula for PH,(X,Y’) in terms of PH,(X) and PH,(Y).

Proposition 4.4.3. Given finite metric spaces (X,dx) and (Y,dy), for n > 0 there is a
short exact sequence

0= @ PHi(X) @up, PH;(Y) = PH,(X,Y) (4.12)
i+j=n
— €P Tori(PHi(X),PH;(Y)) =0
i+j=n—1
which is natural with respect to distance non-increasing maps (X,dx) — (X', dx:) and

(Y,dy) — (Y',dys). Moreover, the sequence splits, but not naturally.

Proof. By definition of persistent homology of a metric space (Definition [4.4.1)) we have
PH.(X)=PH.X,lx) and PH.(Y) = PH,(Y,ly). Hence the proposition follows immedi-
ately from Theorem and the definition PH,(X,Y) := PH, (X x Y,lx + ly). O
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We now describe the long exact sequence which relates PH,(X x Y) to PH.(X,Y). By
definition, we have the chain complexes

PC,(X,Y) = PCp(X X Y,Ix +1Iy) (4.13)
— @ rx@OgR (o, 1)
(o,7)EXnXYn
and
PC(XxY)= @ IO IkR](o,7). (4.14)
(0,71)EXnXYn

Given simplices o = (zg,...,z,) € X, and 7 = (yo,...,Yn) € Y,, we claim that the
max-length ly.y(o,7) of the n-simplex (o,7) in X X Y must be less than or equal to the
sum [x (o) + Iy (7). Indeed, for some 0 < i < j < n, the max-length of (o,7) is equal to
Ixxy(0,7) = dxxy (i 9:), (25, 9;)) = dx (@3, 25) + dy (4, y;). Then since dx (z;, 7;) < Ix(0)
and dy (y;,y;) < ly(7), the claim follows:

Ixxy(o,7) <lx(o)+ly(r) for all (o,7) € X,, X Y. (4.15)

So, due to the degree shifts " in (4.13)) and (4.14)), for n > 0 there is a R, -graded x[R,]-linear
embedding

bt POW(X,Y) = PCy(X X Y) (4.16)
<O’, 7-> — TlX(a')‘HY(T)_lXXY(UvT) . <0-’ 7—>.

Together these form a chain map ¢ : PC.(X,Y) — PC,(X xY) and hence induce maps on

homology
tny : PH,(X,Y) = PH,(X xY). (4.17)

Consider the relative chain complex

PC.(X,Y) = PC.(X X V) /1n(PCo(X,Y)) (4.18)

= @ plxw(w),{[]g”/(Tlx(0)+ly(f)—lxw(w)) o, T)
(o,7)EXnXYn

with homology PH,(X,Y).

Let ¢, : PC,(X xY) — PC,(X,Y) denote the quotient map implicit in the definition
and ¢,, the induced map on homology. There is a connecting homomorphism 9, :
PH,(X,Y) = PH, 1(X,Y) defined in the usual way, which we now recall. Consider a
chain a € PC,(X x Y) that represents a cycle in PC,(X,Y) and hence a homology class
[a] € PH,(X,Y). This means that d(a) € ¢, 1(PC,_1(X,Y)). Then define 6,([a]) :=
(L.t (d(a))] € PH,_1(X,Y). It is routine to check that ¢, is independent of the choice of
representative v of the class ], and that it fits into the following long exact sequence.
Moreover, this sequence is natural in the arguments X and Y. The result is the following.
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Proposition 4.4.4. For metric spaces (X,dx) and (Y,dy), there is a long exact sequence

I PHLX,Y) S PHA(X % Y) 5 PHL(X,Y) 2 .

which is natural with respect to distance non-increasing maps (X,dx) — (X', dx:) and

(Y, dy) — (YI, dy/). [

4.4.3 The Kinneth Theorem for dx + dy in low dimensions

The purpose of this section is to prove our main Theorem [4.4.5, which is a stronger version
of Theorem [£.1.7] from the introduction.

Theorem 4.4.5. Consider metric spaces (X, dx) and (Y, dy) and the product space equipped
with the sum metric (X X Y,dx + dy).

Then, the map t,, : PH,(X,Y) — PH,(X xY) (see [A.17)) is an isomorphism for
n = 0,1, and is a surjection for n = 2.

In particular, by Proposition[4.4.3, if X and Y are finite sets, then for n = 0,1 there is
a short exact sequence

0= @ PHi(X) @up, PH;(Y) = PH,(X xY) (4.19)

= €P Tor(PH(X),PH;(Y)) =0

i+j=n—1

which is natural with respect to distance non-increasing maps (X,dx) — (X', dx:) and
(Y,dy) — (Y',dys). Moreover, this sequence splits, but not naturally. O

Proof. In Lemma below we prove that PH,,(X,Y) = 0 for n = 0,1,2. Hence it follows
from the long exact sequence in Proposition[d.4.4] that ¢, is an isomorphism for n = 0, 1, and
a surjection for n = 2, as claimed. The short exact sequence for n = 0, 1 follows by replacing
PH,(X,Y) with PH,(X xY) in the short exact sequence from Proposition[1.4.3] O

The following lemma is used in the proof of Theorem above.

Lemma 4.4.6. Forn = 0,1, 2, the homology of the chain complex vanishes, that is,
PH,(X,Y) =0.

In particular, the map tn, : PH,(X,Y) = PH,(X xY) (see (4.17)) is an isomorphism
forn =0,1, and is a surjection for n = 2.

Proof. In dimensions n = 0 and n = 1, we claim that every simplex (o,7) € X,, X Y,, has
the property Ix(o) + ly(7) = lxxy(o,7). In dimension 0 this is because the max-length of
any 0-simplex is zero. In dimension 1 this is because the max-length is the length of the
unique edge in the simplex. Hence, by the definition (4.18)) of the relative chain complex,
we have PC,(X,Y) =0 and hence PH,(X,Y) =0 forn =0, 1.
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We now consider dimension n = 2. Since PC(X,Y) = 0, we have
PHy(X,Y) = PCy(X,Y) /im(d: PC3(X,Y) — PCy(X,Y)).
So, we must show that the differential
d: PC3(X,Y) — PCy(X,Y)

is surjective. Let (0,7) € X3 X Y3 and consider the corresponding generator [(o, )] €
PC5(X,Y). To show that [(o,7)] is in the image of d we must find some o € PC3(X x Y)
such that d(a) = (o,7) + r for some r € 12(PCy(X,Y)). This is possible by Lemma [4.4.7]

below. Hence d is surjective and so PHy(X,Y) = 0.

The final statement of the lemma about ¢,, for n = 0,1, 2 is an immediate consequence
of exactness of the long exact sequence in Proposition and the vanishing PH, (X,Y) =
0 forn=20,1,2. O

The following lemma is used in the proof of Lemma above.

Lemma 4.4.7. Given a 2-simplex (o,7) € Xox Yy, there exists an element a € PC5(X xY)
such that d(o) = (o, 7) +r for some r € 13(PCy(X,Y)).

Proof. Say o = (xo,x1,22) and 7 = (yo,91,y2). Up to permutations of the indices and
switching the roles of x and y, there are four possible cases:

(1) Ty = T1 = T2,
(ii) o = 21 # 29 and Y1 =y,
(i) zg = x1 # x2 and y; # Yo,

(iv) the z; are all distinct.

Notice that if (o, 7) € 12(PC2(X,Y)), then a := 0 and r := — (o, 7) satisfies the required
conditions. We claim that Case (i) and Case (i7) are of this form.

Indeed, in Case (i) we have [x (o) = 0, and moreover lx (o) + Iy (7) = Iy (7) = Ixxy (0, 7).
Hence by definition of 15, we have (0, 7) = 12((0, 7)) € 12(PC2(X,Y)), as claimed.

Similarly, in Case (i7), observe that lxxy(o,7) = dxxy (2o, %), (x2, y2)) = dx(zo,x2) +
dy (Yo, y2) = Ix(0) + Iy (1), and so (0, 7) = 12({0, 7)) € 12(PCs(X,Y)).

We now consider Case (iii). Consider the 3-simplices

o= (x0, 20, 21, 22) € X,

= (Y2, Y0, Y1, ¥2) € Y.
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We claim that a := (¢, 7') € PC3(X x Y') satisfies the required conditions. The faces of the
3-simplex (0/,7') € X3 x Y3 are

fo:=do(c',7") = (0,7),
fi= d1(0/,7',) {(x0792)7(xlayl)a(x27y2)}a
f2 :=dy(0",7") = {(x0,12), (o, %0), (2, 42) },
f3:= d3(0’77/) {(z0,12), (x0, %0), (x1,1)}-
From the assumption xy = z1, it follows that Ix.y (0, 7) = lxxy(0’,7"). Hence by definition

of the differential d on PC.(X x Y') we have

d((0", 7)) = (o,7) + 3 (1) - Thor oD loo ) (), (4.20)

i=1

Observe that, since g = z1, up to a permutation of the vertices Case (ii) applies to the
simplices f; and f, and Case (i) applies to the simplex f;. Hence for i = 1,2,3, we have
shown above that (f;) = w«2((f;)). Hence the summation term in is an element of
is(PCy(X,Y)), ie. d({o’,7")) = (o,7) + r where r € is(PC%(X,Y’)). This completes the
proof of Case (iii).

We now consider Case (iv). By definition of the max-length lxyy(o,7) and the sum
metric dxxy = dx + dy, we have in particular

dx (g, 22) + dy (Yo, ¥2) = dxxy (0, Y0), (T2, 12)) < Ixxy(0,7),
dx (w1, 22) + dy (y1,¥2) = dxxy(z1, 1), (22,12)) < lxxy(0,7)
It follows that either
d(xo, 22) + d(y1,12) < lxxy (0, T) (4.21)
or
d(x1,22) + d(yo, y2) < Ixxy (0, T)
holds. Without loss of generality, assume (4.21)) holds.
Consider the 3-simplices
o' = (w0, 20, 1, 22) € X3,
= (Y1, %0, Y1, 42) € Y.
The faces of the 3-simplex (¢/,7") € X3 x Y3 are
fO = dO 0/7 ") = (JJ T)7
fi=d (zo, 1) (1, 91), (T2, 42) },

(o', 7)

(o, 7) ={
fo = da(0, ") = {(w0,91), (0, o), (2, %2) },
fs = ds(0',7") = {(wo, 1), (20, %0), (21, 91) }-
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By (4.21)), an examination of all edge lengths shows that
Ixxy (0, 7') = lxxy(0,7)
holds. Hence by definition of the differential d on PC.(X x Y) we have

3
d({o',7')) = (o, 7) + Y (1) - T enboa i) (),
i=1
Observe that, up to a permutation of the vertices and interchanging the roles of x and y, the
simplices f1, fo and f3 are all of type (i), (ii), or (i7i). So, the lemma says that for i = 1,2, 3,
there exists a; € PC3(X x Y') such that d(a;) = (f;) + r; for some r; € 15(PCy(X,Y)). We
claim that

3
= <0/’ 7_/> + Z(_l)i-i-l . Tlxxy (0,7)=lx v (fi) oy
=1

satisfies the required conditions; indeed,
3
d(a) = (o,7) + Z [(_1)1' . Tlxxy (0,7)=lxxy (fi) | (f;)
i=1

+(=1)* Tlxxy (0:7)=lxxy (fi) d(a;)

3
— (0, 7) + S (1) TR D (D ((£) — d(ay)
i=1
3
_ (U, T> + Z(_l)i . Tlxxy (0,7)=lxxy (fi) | (—Tz’)-

=1

This completes the proof of Case (iv), and hence the lemma. n

4.4.4 Interleaving distance

We bound the interleaving distance between the module PH,(X,Y’) defined in (4.11)), which
we can compute using the split short exact sequence in Proposition f.4.3] and the homology
PH,.(X xY) of the metric space (X X Y,dx + dy) that we would like to compute; see
Theorem [£.4.9] Leonid Polterovich suggested we look for a bound of this type.

Here we view x[R,]-modules as persistence vector spaces (t — PHY (X,Y)) and (t —
PHY (X xY)); see Remark . The interleaving distance is a quantitative measure
of how far away the computable module PH,(X,Y’) is from the true persistent homology
PH, (X xY) of the product (X x Y,dyx +dy). The long exact sequence in Proposition
can be viewed as an algebraic measure of the difference between these modules.

The general definition of interleaving distance between persistence vector spaces is as
follows. The interleaving distance was introduced in [7], and has since become a standard
measure of distance between persistence vector spaces.
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Definition 4.4.8. Consider persistence vector spaces V = {Vi hier, and W = {W;}ier, with
structure maps lyy = Vi = Vi and spp : Wy — Wy, respectively, fort <t'.
For § >0, we say that V and W are d-interleaved if there exist linear maps

E:W_)Wt-f-&
Gy Wy = Vigs

such that, for all t <t', we have
lt+6,t/+6 oGy =Gypo Stt'y  St+6,t'+6 © F,=Fyo lt,tH
and
Gt+5 ok = lt,t+26a Ft+5 oG = St t+268-

The interleaving distance between V and W is the infimum over all 6 > 0 such that
V and W are §-interleaved.

Theorem 4.4.9. The interleaving distance between the persistence vector spaces
(t — PHY(X,Y)) and (t = PHY(X x Y))
is less than or equal to the minimum of the diameters
min(diameter(X ), diameter(Y")),
where the diameter is the mazimum distance
diameter(X) = max{dx(xo, 1) | ©o,x1 € X}.

Proof. Let 6 := min(diameter(X), diameter(Y")) denote the desired bound on the interleaving
distance. We must show that the persistence vector spaces (¢ — PHY (X,Y)) and (t —
PHY (X x Y)) are d-interleaved. Denote the structure maps on these persistence vector
spaces by Iy : PHY(X,Y) = PH")(X,Y) and 5, : PH? (X x V) = PH")(X x Y) for
t < t'. Note that the structure maps l; y and 5 on homology are induced by the inclusions of
chain complexes ;. : PC(X, V) = PC!)(X,Y) and sy : PCP(X xY) = PCY)(X xY).

We claim it suffices to show that the persistence vector spaces (t — PC(X,Y)) and
(t — pct (X xY)) are o-interleaved with respect to chain maps

FO . PCY(XY) = PCHI)(X xY)
GY . PCY(X xY) = PCU)(X,Y).

(The structure maps on these persistence vector spaces are the inclusions Iy and s;y.) In-

deed, since F® and G are chain maps, they induce maps on homology . pH ® (X,Y) —
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PH™ (X xY) and G : PHY(X x V) — PH™(X,Y), and so the required properties
of a d-interleaving
—(t+9)

G

—(t = —(t+9 —(t _
o F = lt,t425 F*eG" = St,t4265

= —i(t =) _ _ —(t =) =
liyspys0 G( : = G( ) O Sttry  St4a,t/+6 © F( : = F( ) ol

follow from the corresponding properties on the chain level.
We now define the maps F® and G® and show that they form a d-interleaving on the
chain level. By definition we have

PC»Et)(X7Y) = @ l{'<0-77—>7
lx(O')-‘rly(T)St
PCY(X xY) = @ K- {o,T).

Ixxy (o)<t

Since we have [y .y < [x+ly (see (4.15])), it is immediate that [xxy < [x+Ily+d holds, and so
we can define F¥) be the natural inclusion that takes generators to generators F®((g, 7)) =

{o.7).
Towards defining G, we first establish the bound

Ixxy(o,7) > max(lx (o), ly(T)).

Given simplices 0 = (xg,...,2,) € X, and 7 = (¥o,-.-,Yn) € Y,, there are integers
i,j €40,...,n} such that Ix(0) = dx(z;,x;), and similarly there are ¢, ' such that ly (1) =
dx(yi,y;), by definition of the filtration functions [y and [y. Hence by definition
(4.10) of Ixxy and the sum metric dxyxy = dx + dy, we have

Ixxy(o,7) = max{dxxy ((Ta, Ya), (75, y5)) | O
= max{dx (4, p) + dy (Ya, yp) | O
> max{dx (i, z;), dx (yir, yy)}

= max(lx(0),ly (7)),

as claimed. From this, we derive the bound

Ix(0) + Iy (7) = lxxy(0,7) < lIx(0) + Iy (1) —max(lx (o), ly (7))
=min(lx(0),ly(7))
<.

Hence we have Iy + ly < lxxy + 9, and so we can define G to be the natural inclusion
GO ((a,7)) = (o, 7).

It is immediate that the required properties of a d-interleaving hold, since the structure
maps l;p and s,y as well as the interleaving maps GW and F® are all the natural inclusions
of chain complexes defined on generators by (o, 7) — (o, 7). This completes the proof. [
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4.4.5 Example: The Hamming Cube [*

Let I = {0,1} denote the metric space consisting of 2 points at distance 1. Then for
any integer k£ > 1, the Cartesian product I* with the sum metric is the Hamming k-cube,
consisting of all k-tuples of zeros and ones with distance given by the number of coordinates
in which tuples differ.

The purpose of this section is to make the following computation using Theorem [4.4.5]
In particular, we carry out a technical computation of the nontrivial kernel of the surjection
Loy : PHy(X,Y) — PHy(X xY) inthe case X =T and Y = I*"1 k> 3.

Proposition 4.4.10. For k > 1, the Hamming cube I* = {0,1}* satisfies the following:

Proof. See Proposition [4.4.12| and Proposition [4.4.13] O

We introduce the following useful terminology for a standard coordinate embedding /™ —
I

Definition 4.4.11. Given 0 < r < k, a point £ € I*™", and any choice of r coordinates
1<iy <y <---<i, <k of I, there is an isometric embedding

o: 1" — I
where for x € I" the r chosen coordinates of p(x) are equal to x, i.e.

xr = (ml,- .. ,xr) = (@(’x)lla B 7(10(‘1')%)7

and the other k—r coordinates of p(x) are given by . We call these maps o the coordinate
inclusions of I" into I*.

For 7 < k, let C(r, k) denote the set of coordinate inclusions I" — I*.
Proposition 4.4.12. For k > 1, we have
PHy(I") 2 (0,1)" ! & (0, 0),
PH1<Ik> o (17 2>k-2’“_1*(2’“71)'

Moreover, PH,(I*) is generated by the collection of images of the induced maps PHy(I%) —
PH,(I*) of the coordinate inclusions I?> — I*. Precisely, we have

PH{(I*) = ( |J w.(PH:(1?)).
peC(2,k)
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Proof. Recall from Remark that for t € R, there is an isomorphism PHit)([ k) o
H,(V(I*,t)), where PHit)(Ik) is the homogeneous degree t persistent homology and V (I, )
is the Vietoris-Rips complex of I* at time t.

A simple calculation of PHy(I*) follows from the observation that V(I* 0) is a sim-
plicial complex consisting of 2* points and no higher dimensional simplices, and V (I*,1)
is connected. Alternatively, PHy(I*¥) can be computed inductively using the Kiinneth
Theorem for metric spaces applied to I* = I x I*7!, together with the observation
PHy(I) = (0,1) ® (0,00) and the formulas for tensor product and Tor of bars in Proposi-
tion 1.2.6

We now compute PH;(I*). The claimed formula holds for k = 1 since PH;(I) = 0. We
now prove the formula for £ > 1, assuming inductively that it holds for £ — 1. Indeed, by
Theorem applied to X = I and Y = I*~! together with the formulas for tensor product
and Tor of bars in Proposition 4.2.6, we compute

PH,(I*) = (PHy(I) @ PH,(I")) @ Tor, (PHy(I), PHo(I* 1))
(1, 2)(k—1).2k—1—(2k—2) ® (1, 2)2k—1—1
(1 2)k~2k*1—(2k—1)

I

as claimed.

It remains to prove that PH;(I*) is generated by the images of the induced maps of the
coordinate inclusions I? — I*. From the computed formula for PH,(I*), we see that it is
generated by homogeneous degree 1 elements. Hence it suffices to show that PH 1(1)(1 k) is
generated by the images of the induced maps PH"(12) — PH"(I*). This is the same as
showing that H,(V(I* 1)) is generated by the images of the induced maps H,(V (12,1)) —
H,(V(I*,1)).

The simplicial complex V(I* 1) is easily describable. The O-simplices are all the points
in I*. The 1-simplices are all pairs {x,y} such that d;x(z,y) = 1. There is a canonical
identification I* = F% where Fy = {0,1} is the finite field with 2 elements. Under this
identification, the set of 1-simplices in V (I*,1) is given by all pairs {x,z + ¢;} for x € I*
and 1 < ¢ < k, where ¢; € IF’; is the i-th standard basis vector. We claim that there
are no higher dimensional simplices in V(I*,1). Indeed, suppose for contradiction that
{x,2 + e, y1,. .. Yn} C I¥ is a simplex in V(I*,1) for some n > 1. Then dp(y;,z) = 1
implies y; = = + ¢; for some standard basis vector e;. If j = ¢ then y; = x + e;, which is not
allowed, and if j # i then dx(y1,z + e;) = 2, which is not allowed in V (I*,1).

We identify the Vietoris-Rips complexes with their geometric realizations. The complex
V(I?,1) is homeomorphic to S*. So, to show that H;(V (I*,1)) is generated by the induced
maps H,(V(I%,1)) — H,(V(I*,1)) of the coordinate inclusions I? — I* it suffices to show
that if we glue a disk D? along the induced map on Vietoris-Rips ¢y : dD* = V(I?,1) —
V(I*,1) for every ¢ € C(2,k), then every loop in V (I*,1) is nullhomotopic in this new space.
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Precisely, we form the space

X(k)y=v(I*1nu J D
)

peC(2,k

where for each ¢ € C(2,k) we identify 0D* = V(I?,1) with its image ¢y (V (1%, 1)) C
V(I*1).

It suffices to show that every loop in V(I*,1) is nullhomotopic in X (k). This clearly
holds for k = 1 since X (k) = V(I* 1) = [0,1] is contractible.

We proceed by induction. Let k& > 1 and assume that every loop in V(7*71,1) is nullho-
motopic in X (k —1).

Observe from the above description of the 1-simplices in V' (1*, 1) that we have an inclusion

V(IF 1) = ({0} x VIFH1)u ([0,1] x I*YHY U ({1} x V(IF1 1)
C [0,1] x V(I*1).

Moreover, there is an inclusion
0,1] x V(I*1)1) — X (k)

defined in the following way. Every 1-simplex o in V (I*71 1) has boundary points {z, z+¢;}
for some x € I*~! and standard basis vector e; € I*7! and so together with the first
coordinate of I¥ = I x I*~! the simplex ¢ determines a coordinate inclusion ¢, : I? — I¥,
where the 2 chosen coordinates of I* are the first one and the coordinate corresponding
to e; € I*1, and the ¢ € I*7% is given by z in the other coordinates. Then the inclusion
0, 1]xV (I*1,1) = X (k) is defined by identifying [0, 1] x o with the copy of D? corresponding
to pg.

Consider a loop S — V(I*,1). This loop is homotopic in [0,1] x V(I*71,1) to a loop
in {0} x V(I*711). After gluing on the disks corresponding to the coordinate inclusions
I? — I* that land in {0} x I*7! our loop is in the space {0} x X(k — 1), where it is
nullhomotopic by the induction hypothesis. This completes the proof. O

Proposition 4.4.13. For k > 1, we have PHo(I*) = 0.

Proof. By direct computation, one can check that the result holds for £ < 3. We now
proceed by induction. Let k > 3 and assume PHy(I*7!) = 0. By Theorem , the map
Loy o PHy(I,1F7Y) — PH,(I*) is surjective, so it suffices to show that to, = 0.

Let ¢ : I?2 — I*7! be any coordinate inclusion. Note that PH,(I) = 0 for n > 0.
Then by naturality of the short exact sequence and the long exact sequence from
Proposition [4.4.4) we have a commutative diagram

PHy(I?) +—— PHy(I,1%) —*— Tor,(PHy(I), PH,(I%))

| | [

PH,y(I%) — PHy(I, I*=Y) —% Tor (PHy(I), PH(I*71)).
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Moreover, since PH,(I) = 0 for n > 0 and since by induction we have PH,(I*"!) = 0, it
follows from (4.12)) that both maps labeled a are isomorphisms.
Since PHy(I) = (0,1) & (0, 00), by Proposition we have

Tory(PHo(I), PH,(I*Y)) = Tor,((0,1), PH, (I*)).
A free resolution of the bar (0,1) is given by
0— (1,00) = (0,00) — (0,1) — 0.

Now consider the bar (1,2). Dropping the (0,1) term from the free resolution and tensoring
with (1,2) yields (by Proposition |4.2.6) the sequence

0—(2,3) — (1,2) — 0.

Observe in particular that the map (2, 3) — (1, 2) is necessarily zero. Hence, since PH; (I*71)
is a direct sum of bars (1,2) by Proposition 4.4.12 we have

Tor((0,1), PH,(I*1)) = (1,00) ® PHy(I*71).
Hence we have shown that we have an isomorphism
Tor (PHy(I), PH,(I*7")) 2 (1,00) ® PH,(I"™).

Under this isomorphism, the map id;, ® ¢, in the commutative diagram above corresponds
to the map id(1 o) ® @, in the following commutative diagram, where we have also used

PHy(I%) = 0.

o)

0 «——— PHy(I,1?) —=— (1,00) ® PH;(I?)

| | [

o)

PHQ(Ik) T PHQ(I,[k_l) E— (1,00) ®PH1<[k_1)

Now, there is a generating set of PHy(I,I*"!) corresponding under the isomorphism
with (1,00) @ PH;(I*7!) to the generating set of PH,(I*~!) described in Proposition
(tensored with the generator of (1, 00)), which consists of the images of the induced maps ¢, :
PH,(I*) — PH,(I*!) of the coordinate inclusions ¢ : I? — I*~1. For any such coordinate
inclusion , commutativity of the above diagram shows that the image of (1, 00) ® PH,(I?)
in PHy(I*) is 0. Hence 9, = 0. O

4.5 Appendix: simplicial sets

We review basic notions about simplicial sets.
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Let A denote the simplex category. It has objects [n] = {0,...,n} for n > 0 and
morphisms the weakly order preserving maps, i.e. ¢ : [m| — [n] is a morphlsm in A if it
satisfies p(0) < p(1) < --- < p(m).

A simplicial set is a contravariant functor X : A — Set. Concretely, X consists of a set
X, for each n > 0 together with a set map X,, : X,, = X,,, for each morphism ¢ : [m| — [n]
in A such that the collection of these maps satisfy the usual functorial properties.

The category of simplicial sets sSet has simplicial sets as objects and natural transfor-
mations as morphisms. The morphisms are called simplicial maps.

There are special morphisms in A called the coface maps

d2 :[n] = [n+1]
js jif j <,
jes A 1ifj >

for 0 < i <n+ 1 and the codegeneracy maps

s2 1 [n] = [n—1]

g ity <,
js i —1ifj > .

for 0 <7 < n — 1. These generate the morphisms in A in the sense that any morphism can
be written as the composition of coface and codegeneracy maps.

Given X € sSet, the maps XdA are called face maps and the maps X, a are called
degeneracy maps. Often we denote XdA by d; and X, a by s; when the snnph(nal set X is
implicit.
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