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ABSTRACT. We begin this article by introducing smooth atlas stratified spaces. We show that this class is
closed under cartesian products; consequently, it is possible to define fiber bundles of smooth atlas stratified
spaces. We describe the resolution of such a space to a manifold with fibered corners and use this result in order
to prove that the class of smooth atlas stratified spaces coincides with that of Thom-Mather stratified spaces.
We then consider Witt pseudomanifolds (such as singular complex algebraic varieties) where it is well-known
that a bordism invariant signature is available and equal to the Fredholm index of a realization of the signa-
ture operator. For an oriented fiber bundle of stratified spaces, with Witt fibers, p : X — Y we define a bivariant
class £(p) € KK!(X,Y) [%], ¢ =dimX —dimY mod 2. Kasparov multiplication on the left by this element X(p)

defines the analytic Gysin map in analytic K-homology p' Kj‘.“(Y ) [%] — K% j(X ) [%} and one of our main re-

sults is that this Gysin map preserves the analytic signature class of Witt spaces: p' (signg (Y)) = signg (X). We
prove in fact a more general result: for three fiber bundles pys : X1 — X5, p23 : Xo — X3, p13 : X1 — X3 of Witt
pseudomanifolds satisfying pi3 = pa30 p2, we establish that X(p12) ® Z(p23) = Z(p13) in KK*(XI,X3)[%].
We also discuss this latter result for other Dirac-type operators satisfying an analytic Witt condition, for exam-
ple the spin-Dirac operator on a fibration of psc-Witt spin pseudomanifolds. We next define the analytic Gysin
map associated to an oriented normally non-singular inclusion of Witt spaces and prove that it also preserves the
signature class. Finally, we relate the analytic signature class of a Witt space X, signg (X) € K3"(X) [%}, with the
topological Siegel-Sullivan orientation A(X) € KOYP (X )[%} if W2 : KOYP(X )[%] — KOP(X )[%] denotes the
second Adams operation and ¢ : KO'*P(X) — K!°P(X) denotes complexification, then we show that signg (X)
corresponds to co (¥?)~'A(X) under the natural identification between K (X)[4] and K (x NESB

CONTENTS
LL.__Introduction and main results| 2
LL.1. Motivation and main results| 2
[1.2.  Organization of the paper| 5
LL.3. Further remarks| 5
(1.4.  Acknowledgements| 7
[L.5._Noftation| 7
[2. Smoothly stratified spaces| 7
[2.1. Prelude: Spaces of depth one and two| 7
[2.2. Smooth atlas stratified spaces| 13
[2.3.  'The resolution of a smooth atlas stratified space] 17
[2.4. Smooth atlas stratified spaces and Thom-Mather stratified spaces| 26
[2.5.  Witt spaces| 28
[3.  The analytic orientation class of a Witt pseudomanifold] 29
[3.1.  K-homology orientations| 29
[3.2. Wedge metrics and Dirac-type operators| 30
[3.3. KK-theory and the analytic signature orientation class of a Witt space| 32

Date: May 19, 2025.

2020 Mathematics Subject Classification. 55SN33, 55R12, 57N80, 57R20, 55N15, 19L41, 57Q20, 57Q50.

Key words and phrases. Stratified Spaces, Characteristic Classes, Orientation Classes, Bundle Transfer, Gysin maps, Intersec-
tion Homology, Bordism, K-Homology, L-Theory.



2 PIERRE ALBIN, MARKUS BANAGL, AND PAOLO PIAZZA

4. Invariance properties of the analytic signature orientation| 33
.1. Stratified diffeomorphism invariance| 33
4.2.  Witt bordism invariancel 34
4 1 rdism: smooth versus PL 37
[>. Analytic transfer of the signature orientation along a fibration| 38

1. _Resolutions of a stratified fiber bund] 38
[5.2.  Vertical wedge Dirac-type operators and the analytic transfer map| 46
[5.3.  Functoriality for fibrations| 52
[5.4.  Base change] 58
[6.  Analytic transfer of the signature orientation along a normally non-singular inclusion| 62
[/.  Compatibility of Analytic and Topological Orientations| 67
[/.1. Prelude: The Four-Sphere] 67
[Z.2. The Manifold Casel 71
[7.3. The Case of Singular Witt Spaces.| 73
[References| 77

1. INTRODUCTION AND MAIN RESULTS

1.1. Motivation and main results.

Let KO, (—) denote topological KO-homology and let M be a smooth n-dimensional closed oriented
manifold. In [Sul71]], Sullivan introduced a classﬂ Aso(M) € KO, (M), which is an orientation and plays
a fundamental r6le in studying the K-theory of manifolds. For instance, Sullivan showed that topologi-
cal block bundles away from 2 are characterized as spherical fibrations together with a KO[%]-orientation.
For certain classes of singular oriented pseudomanifolds, Goresky and MacPherson’s intersection homol-
ogy allowed for the construction of bordism invariant signature invariants that satisfy Novikov additivity, a
product formula, and agree with the signature of a manifold. Such a class of pseudomanifolds is given by
the Witt spaces considered by Siegel in [Sie83]]. A stratified space is a Witt space if its even-dimensional
links have vanishing middle degree rational intersection homology groups with lower middle perversity, see
e.g., Section 2.5 below. For example, every pure-dimensional complex algebraic variety is a Witt space.
Siegel extended Sullivan’s orientation Aso to an orientation A(X) € KO, (X)[3] for oriented compact Wit
spaces and used it to show that away from 2, Witt bordism and KO-homology can be identified. Under the
Pontrjagin character, A(X) is a lift of the Goresky-MacPherson L-class L. (X) € H.(X;Q).

The second named author proved in [Ban25] that the Siegel-Sullivan orientation A(X) is preserved under
KO-homological bundle transfer and Gysin restriction homomorphismsﬂ associated to oriented normally
non-singular bundles and inclusions of Witt spaces: Let j: X < Y be an oriented normally non-singular
codimension ¢ inclusion of closed piecewise linear (PL) Witt spaces. Since SO-bundles are KO[%]—oriented,

j has an associated Gysin homomorphism j' : KO.(Y)[5] = KO,_¢(X)[]. Under this homomorphism,
JAY) =AX).

Similarly, an oriented PL bundle p : X — Y of compact Witt spaces with closed d-dimensional PL. manifold
fiber has an associated bundle transfer homomorphism p' : KO, (Y)[3] — KO,4(X)[1], under which

PAY) = A(X).

In fact, this holds even when X is only a block bundle over Y. These results are obtained in [Ban23]
by lifting the construction of Siegel and Sullivan to the ring spectrum level. The lift is a multiplicative
morphism A : MWITT — KO[%] where MWITT denotes the ring spectrum representing Witt space bordism.

IFor an abelian group A, we use the notation A[1] to indicate A @7 Z[1].
In this paper, in accordance with parts of the literature and in contrast with others, we will use the terms transfer map and Gysin
map interchangeably.
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One then uses the L-theoretic results of [Ban20] in the immersive case and [Ban24| in the submersive case.
As an application, these results lead under the Pontrjagin character to a computation of the L-classes of
singular Schubert varieties [BW24] and to a proof of the Brasselet-Schiirmann-Yokura conjecture for such
varieties [BSW24].

Let us now move to the main results of this research. The work of Banagl takes place solely in topolog-
ical K-homology and employs heavily methods of stable homotopy theory. There is, however, a different
description of K-homology, due to Gennadi Kasparov; this goes under the name of analytic K-homology
and it is denoted by K%"(X) with X, say, a compact Hausdorff topological space. By definition,

K™ (X) := KK*(C(X),C)

with KK denoting Kasparov bivariant K-theory. More generally, for each pair of Hausdorff compact spaces
X, Y one can define the abelian groups KK*(X,Y) := KK*(C(X),C(Y)). One important property of Kas-
parov bivariant K-theory is the existence of an associative product, the Kasparov product:

KK/ (X,Y) @ KK (Y,Z) — KK/ (X, Z).

This product will play a fundamental rdle in this article.

As in the work of Banagl, we shall be interested in Witt pseudomanifolds, but since we plan to use
analytic methods we shall consider smoothly stratified Witt pseudomanifolds. Here smoothly stratified
means stratified in the sense of Thom-Mather but, as explained further below, this is a notion we revisit
and expand on in this article. Let X be such a space. It is well known, see, e.g., [MW97], [ALMP12, §6.2],
[ALMPI17, §5.1] and below, that there exists a well defined signature class in analytic K-homology
[DYF"] € KK*(C(X),C), with D§*" the signature operator on the regular part of X endowed with a wedge
metric g (the class turns out to be independent of the choice of g). After inverting 2 (and normalizing to
better match the Sullivan orientation), this class determines a K-homology orientation which we denote

signg (X) := 2712 DY € K, (X)[1], n=dimX.
Here is a (partial) list of the results established in this article.

o If W —X 25 Y is an oriented fiber bundle of oriented Witt pseudomanifolds, then there exists an
‘analytic transfer class’ £(p) € KK/(X,Y)[3], with j equal to the dimension of W mod 2. This class
is defined by normalizing the class of the vertical family of signature operators associated to the fi-

bration W — X 2 Y. The bundle p is understood to trivialize locally via stratified diffeomorphisms.
e We can define an analytic Gysin map p' : K(Y) [%] — K ;(X) [%] by taking the Kasparov product,
on the left, with £(p) € KK/(X,Y)[3].

e We show that the analytic Gysin map preserves the analytic K-homology orientation, viz.:

(1.1) p'signg (Y) = signg (X).

This result extends the work of Banagl from bundles with nonsingular fiber to bundles with singular
(Witt pseudomanifold) fiber.

e Formula (1.1} is in fact a special case of a more general result that we also establish in this article:
if

P12
X —X

\ l]’%
P13

X3
is a commutative diagram of Witt fiber bundles, then

(1.2) DY) ] = LDy ] @ [DyE]y, ) in KK* (C(X:), C(X3))
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with
. 2 if dimX;/X; and dimX, /X3 are odd,
)1 otherwise.

The corresponding analytic transfer classes satisfy

2(p13) = Z(p12) ® X(p23) in KK*(C(X),C(X3)) [3]-

The result is obtained by taking X3 = point, X; = X, X, =Y, p12 = p and p13, p23 equal to the
unique maps to a point.

e We discuss these results in the more general context of Dirac-type operators, giving results, for
example, on psc-Witt spin stratified pseudomanifolds [BPR21,BPR23|.

e For a codimension ¢ normally non-singular inclusion j : X < Y of Witt pseudomanifolds we define
an element () € KK’(X,Y)[4] and use Kasparov product on the left by this element in order to
define an analytic Gysin map j' : K* ,(Y)[}] — K" (X)[3]; also in this case we show that the Gysin
map preserves the analytic K-orientations:

(1.3) j'signg (Y) = signg (X).
e We discuss the compatibility between the topological orientation class of an n-dimensional Witt
pseudomanifold, A(X) € KO, (X)[1], and the analytic K-orientation signg (X) € K3 (X)[1]. Tt is
a folklore result that these two classes “correspond to each other”; we show that the situation is in
fact rather subtle, proving that if ¢ : KO — K denotes complexification and ¥? : KO[}] — KO[4] the
stable second Adams operation, then under the natural isomorphism between K;”(X) and K2"(X)
the class
c(¥?) I AMX) € KP(X)[3]
corresponds to the class
signg (X) € K;"(X)[3]-

All these results are discussed in the second part of the paper. The first part is devoted instead to a founda-
tional treatment of smoothly stratified spaces. It was already observed by Verona in his seminal monograph
[Ver84] that the cartesian product of two Thom-Mather pseudomanifolds, endowed with the product stratifi-
cation and the product Thom-Mather control data, is not a Thom-Mather pseudomanifold unless one of the
two factors is a smooth manifold. We give a simple counterexample below, in Remark . Inspired by
the treatment given in [AET17]], but adopting, crucially, a different notion of chart we introduce the notion
of smooth atlas stratified space; this notion is such that if X and Y are smooth atlas stratified spaces, then
their product X X Y is again a smooth atlas stratified space. Similarly, with this notion, it is possible to give
a consistent definition of fiber bundle of smooth atlas stratified spaces. We also provide a detailed account
of the process of resolution of a smooth atlas stratified space, giving as a final result a smooth manifold with
fibered corners, a notion due to Richard Melrose ﬂ In the context of Thom-Mather spaces this process is
due to Thom and Verona [Ver84|; recent treatments can be found in [BHS91]] and also in [ALMP12], where
it was proved that the resolution has in fact the additional structure of manifold with fibered corners. For a
smooth atlas stratified space we give a self-contained treatment of the resolution process and use it in order
to show that the class of smooth atlas stratified spaces coincides with the class of Thom-Mather stratified
spaces. Together with known results due to Goresky [[Gor76] (cf. [Teu81l]) and Mather [Mat12] this will
establish the remarkable fact that

(1) Thom-Mather stratified spaces,

(2) Whitney embedded stratified spaces,
(3) manifolds with fibered corners,

(4) smooth atlas stratified spaces,

3See Remarks[2.3{and for the consequence of this difference.
A smooth manifold with fibered corners is also known as a manifold with corners and an iterated fibration structure.
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all describe the same singular spaces. With this result we end the first part of the paper and this contribution
of ours to the general theory of smoothly stratified spaces.

1.2. Organization of the paper.

Section 2] is entirely devoted to the treatment of smooth atlas stratified spaces. In Subsection 2.1 we give
a prelude of the general theory by treating the case of depth 1 spaces, introducing the relevant notions and
techniques in this particular case; along the way we illustrate how to resolve a depth 1 stratified space to a
manifold with fibered boundary. We also treat briefly the case of depth 2 stratified spaces, mainly in order
to clarify what kind of spaces we obtain along the resolution procedure for spaces of arbitrary depth. In
Subsection [2.2] we give the general definition of smooth atlas stratified space whereas in Subsection 2.3| we
describe in detail and full generality the process of resolution of such a space to a smooth manifold with
fibered corners. Finally in Subsection [2.4] we compare the class of smooth atlas stratified spaces with the
class of Thom-Mather stratified spaces, showing that they coincide. From now on we briefly refer to such
a space as a smoothly stratified space or a smoothly stratified pseudomanifold if we do make the additional
assumption ensuring the pseudomanifold property.

In Section 3] we recall the definition, through the signature operator, of the analytic orientation class of an
orientable smoothly stratified Witt pseudomanifold. We begin in Subsection with a general discussion
about orientation classes for a generalized homology theory. In Subsection [3.2] we recall general results,
due to the first author and Gell-Redman [[AGR23||, about the analysis of (families of) Dirac operators as-
sociated to a wedge metric on the regular part of a smoothly stratified pseudomanifold. In Subsection [3.3]
we recall the fundamentals of unbounded KK-theory and we show/recall that the signature operator on an
n-dimensional Witt pseudomanifold X does define a class in KK"(C(X),C) =: K3"(X); using this class we
define an ‘analytic orientation class’ signg (X) € K (X)[3].

In Sectiond| we discuss invariance properties of the analytic orientation class. In Subsection[4d.T|we prove the
stratified diffeomorphism invariance of signy (X ), whereas in Subsection[4.2|we extend results in [ALMP17]
and prove a general form of Witt bordism invariance for signg (X). Finally, in Subsection we compare
smooth Witt bordism with PL-Witt bordism.

In Section 5| we tackle the analysis and geometry of a fiber bundle W' — X L5y of smoothly stratified
pseudomanifolds in which the fibers are /-dimensional oriented Witt pseudomanifolds. The final goal is to
describe how to assign to such a fiber bundle a class [D;%‘,} in the KK-group KK*(C(X),C(Y)). To this end
we treat in Subsection [5.1|the grid resolution of such a fiber bundle; this is a fiber bundle of manifolds with
corners with iterated fibration structures fitting into the sequence of manifolds with corners

res(W) — resgrig(X) — res(Y),

with res(W) and res(Y') the resolutions of the base and of the fiber. Using the grid resolution and the analysis

developed in [AGR23] we are able to define the class [D;“jr;] € KK*(Cy(X),Co(Y)) in Subsection we

use the class £(p) = 2~ LdimW] [D;%;] € KK*(Co(X),Co(Y))[4] and Kasparov product in order to define our

analytic Gysin map p' : K*(Y)[1] — K®(X)[3]. In Subsection we prove one of the main results of this
article: the functoriality formula for orientation classes (this is formula (I.2)) in this Introduction, a result
that implies as a special case formula (I.1))).

In Section [6] we define the analytic Gysin map associated to a normally non-singular inclusion of two
oriented Witt pseudomanifolds and we prove that this Gysin map preserves the analytic orientation class.
Finally, in Section (7| we compare the Siegel-Sullivan class A(X) with the class signg(X), proving that
c(P?)7'A(X) € Ky P(X)[1] corresponds to the class signg (X) € K¥(X)[1] under the natural isomorphism
between topological and analytic K-homology.

1.3. Further remarks.

Remark 1.1. Having defined X(i) for oriented normally non-singular inclusions and X(p) for oriented fiber
bundles with Witt fibers, it would be natural to define the Gysin map f* for any oriented map between
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smoothly stratified spaces f : X — Y which admits a factorization
X—szLyy
into such an i and p as Kasparov multiplication by £(f) = X(i) @ Z(p). We do not take this step because we
have not established that this produces a well-defined element, i.e., that it is independent of the factorization.
For K-oriented maps between smooth manifolds, treated by Connes and Skandalis [[CS81]], every map has

such a factorization by taking Z = X x Y, i the inclusion of X into the graph of f, and p the obvious projec-
tion. In this case one can show that X(f) = X(i) ® X(p) is well-defined by starting with two factorizations

X/ZXY
N

then filling in the diamond

and then showing that £(i) ® (p) (and by symmetry X(i') @ £(p')) is equal to X(J) @ £(Q) (see [CS&I],
Proposition 4.9] for details). The problem with carrying this out for maps between stratified spaces is that it
is easy for i and /' to be normally non-singular but for J not to be normally non-singular. (The difficulty boils
down to the fact that if X is a singular space then the inclusion of X as the diagonal in X? is not normally
non-singular.)

Remark 1.2. Our approach, of defining Gysin maps in K-homology by assigning KK-classes to oriented
maps between spaces, follows Connes [[Con82] and Connes-Skandalis [[CS81, [CS84] who worked out the
case of smooth manifolds and K-oriented maps. Later Hilsum [Hil89] worked in the setting of Lipschitz
manifolds and oriented maps and made use of the signature operator, as we do. In [HS87] Hilsum and Skan-
dalis extended the approach of Connes-Skandalis to K-oriented morphisms of spaces of leaves of foliated
smooth manifolds (Remark 7.1 in loc cit has a nice discussion of the relation between using K-oriented
maps versus oriented maps).

As the reader will see, our treatment is analytically quite intricate and one might very well wonder why
we can not just adapt the arguments of [CS84] to our singular case. In the latter, KK-classes are constructed
by quantizing normalizations of symbols of Dirac operators into bounded operators which are Fredholm
because the symbols are elliptic. When we pass to stratified pseudomanifolds we need to use the edge
calculus of Mazzeo [Maz91] (for spaces of depth 1) and, more generally, the edge calculus of [AGR23]] (for
spaces of arbitrary depth). These calculi involve the symbol of the operator we are studying but also the
so-called normal operators associated to the boundary hypersurfaces of the resolution of our stratified space.
The analysis of the normal operators adds complexity to all the arguments having to do with Kasparov theory
(for example, elliptic operators need not be Fredholm and a given elliptic symbol can have more than one
Fredholm quantization) and prevents us from easily carrying out the arguments of [CS84].

There are other technical difficulties stemming from the fact that we wish to carry out analytic arguments
suited to smooth spaces but apply these arguments to singular spaces. This leads, for example, to the
discussion of various levels of resolution of a fiber bundle of smoothly stratified spaces in section [5.1|below.
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Remark 1.3. Why work with the signature operator instead of spin-c Dirac operators? One reason is that
if a stratified space is Witt then we know that the signature operator will be Fredholm (see, e.g., [Che83,
ALMPI12])). In order for the spin-c Dirac operator associated to a wedge metric to induce Fredholm maps
between the natural Sobolev spaces it is necessary to (choose an appropriate domain and) guarantee that
certain model operators, the vertical spin-c Dirac operators on the link bundles, be invertible (see, e.g.,
[AGR16! [Cho85]]). This depends on more than the topology of the stratified space, or the choice of spin-c
structure, but depends even on the particular wedge metric being used. This difference makes the signature
operator a superior choice.

1.4. Acknowledgements. The authors thank the University of Heidelberg, Sapienza Universita di Roma,
Stanford University, and Washington University in St. Louis for hosting research visits and are happy to
acknowledge interesting conversations with Daniel Grieser, Jens Kaad, Markus Land, Eric Leichtnam, Rafe
Mazzeo, Richard Melrose, Jonathan Rosenberg, Jorg Schiirmann, Walter van Suijlekom, Lukas Waas, and
Jon Woolf. M. B. is funded by a research grant of the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) — Projektnummer 495696766. This research was also partially funded by INdAM,
Istituto Nazionale di Alta Matematica.

1.5. Notation. Various K-theoretic groups will play a rdle in the present paper and need to be distinguished
notationally. The symbols K}P, Kiops KO\ and KOy, denote topological complex K-homology, topological
complex K-theory, topological real K-homology and topological real K-theory. These are represented by
ring spectra K and KO. The connective versions of these spectra will be denoted by k and ko. The geometric
complex K-homology of Baum and Douglas [BD82] will be written as K§*°. The Kasparov K-groups of a
pair (A,B) of C*-algebras are denoted by KK*(A,B). Analytic complex K-homology groups of a (locally

compact Hausdorff) topological space X are given by the Kasparov groups Ki"(X) = KK*(Cy(X),C).

2. SMOOTHLY STRATIFIED SPACES

We will describe the classes of spaces and operators that we will be working with. One notational con-
vention that we hope will make it easy to keep track of which statements refer to singular spaces and which
to smooth spaces is that we will use X to denote a stratified space, M to denote a smooth manifold with
corners, and

W—X—Y and L—M—N,

to denote fiber bundles of these spaces.

2.1. Prelude: Spaces of depth one and two. This section can be skipped. As the constructions below
can be rather intricate, we thought it might be useful to the reader to have a discussion of the simpler case
of depth one spaces. We do not reference the bibliography in this section and refer to the main text for
attributions of ideas.

By a depth one smoothly stratified space we mean first of all a Hausdorff, locally compact topological
space X with a countable basis for its topology which can be decomposed as the union of two smooth
manifolds. One of them is called the singular part and will be denoted Xg;ne or Xo and the other is called the
regular part and will be denoted X, or X;. The regular part is required to be open and dense. For simplicity
we will assume that X, Xj, and X are connected.

(More generally below we will study stratified spaces with many strata. In that case we label them with
elements of a partially ordered set (poset) with the important requirement that if two strata have intersecting
closures then their labels are comparable.)

The usual extra structure to require is known as Thom-Mather data, making X a Thom-Mather stratified
space. In this case, this refers to a ‘tubular’ neighborhood Ty of Xp in X and a pair of continuous functions

oy To —)X(), po!To—)[O,OO)
such that 7y, = id and p, ' (0) = X, and with the property that
(0, o) ITyrx, = To N X1 — Xo % (0,0)
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is a smooth submersion.

Suppose X and X’ are both Thom-Mather stratified spaces of depth one, with Thom-Mather data ( 7y, 7, Po)
for X and (T}, ), p{;) for X'. The natural notion of morphism between them is a controlled map meaning a
continuous map

f:X—X
that restricts to smooth maps Xy — X and X; — X{ and moreover (after possibly shrinking the size of
the tubular neighborhoods) satisfies

f(T) CTy, fom=myof, po=pyors.

Given a Thom-Mather stratified space, one can resolve it to a smooth manifold with boundary (or more
generally corners) as follows. One can identify the neighborhood Ty with the total space of a fiber bundle

C(Z()) — T() — X()
with fiber the cone over a smooth manifold Z,
C(Z()) = [0,00) X Z()/{O} X Zy = {*} L (0,00) X Zy.

The manifold Z; is known as the link of Xj in X. If we remove Ty from X we obtain a smooth manifold with
boundary
M =res(X):=X\To
known as the resolution of X.
This manifold M is an example of a manifold with fibered corners, though in this simple case M is a
manifold with fibered boundary and no actual corners. The extra structure here, which is inherited from the
fiber bundle 7y — Xp, is a fiber bundle on the boundary of M,

Zo — oM -2 x,.

In order to be more systematic, and hopefully less confusing, with our notation we will denote the part of
the boundary of M that sits over Xy by doM (in this case this is all of the boundary, M = dyM, but when
there are more strata that will not be the case), then we will indicate the base of the fiber bundle by BoM and
the fiber by FoM, thus

FoM — oM 2 BoM,  with FoM =2y, oM =M, BoM = X,.

This notation is particularly useful when we study manifolds with fibered corners directly, as opposed to
starting with a stratified space and resolving it.

Every manifold with fibered boundary is the resolution of a Thom-Mather stratified space of depth one.
We have only to collapse the fibers of the fiber bundle ¢g in order to recover X from M. We obtain Thom-
Mather data from collar neighborhoods of the boundary of M.

If M and M’ are two manifolds with fibered boundary then the natural notion of morphism between them
is a fibered boundary map (more generally a fibered corners map) by which we mean a smooth map
f: M — M’ with the property that its restriction to dyM participates in a commutative diagram

oM —f> doM’

o

BoM —~ BoM’

for some smooth map f : ByM — BoM’. Every controlled map between Thom-Mather stratified spaces
X — X' induces a fibered boundary map between their resolutions, res(X) — res(X’). The converse
statement is trickier to work out but it is easy to see that a fibered boundary diffeomorphism is equivalent to
a controlled isomorphism for some choice of Thom-Mather data.

These two ways of studying stratified spaces, as Thom-Mather stratified spaces or manifolds with fibered
corners, are well known. In this paper we introduce another way of studying the same class of spaces by
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making use of an appropriate atlas.

Let us go back to just having a Hausdorff, locally compact topological space X with a countable basis for
its topology and a decomposition into two smooth manifolds Xy and X;. (Though now we would be happy to
just assume that this is a decomposition into two subsets since it will follow from the atlas description that
the subsets are smooth manifolds.) We continue to assume that X; is open and dense and that X, X, and X
are connected.

By a stratified chart around a point { € Xy we will mean a homeomorphism

¢:U— R"xC(L)

sending § to {0} x {x}, where the domain U is a neighborhood of { in X, i € Ny, L is a smooth manifold
which a priori could depend on {, and we require that

P(UNX) CR"x {x} and @(UNX;)CR"x (C(L)\{*}).
By a stratified chart around a point { € X; we will mean a homeomorphism
o:U—R"

sending ¢ to {0}, where the domain U is a neighborhood of { contained in X; and n € Ny.
To discuss compatibility of charts, we need to settle on when a continuous map

v R xC(L) — R xC(L)

should be considered a smooth stratified map. For us this will mean that there is a smooth map (between
smooth manifolds)
VR % [0,00) x L — R" x [0,00) x L'

participating in a commutative diagram

R" x [0,00) x L —= R x [0,00) x L’

| |

Rf x C(L) ———=R¥ x C(L)

where the vertical arrows are the collapse maps defining the cones. Having settled on this definition, it is
clear what we mean by compatibility of charts. Indeed the only interesting case is when we look at two
charts ¢ and ¢’ centered around points in Xp,

0:U—R'xCL), ¢ :U—R"xC(L)
and in this case we require that either UNU = 0 or that
oo ioUNU) — ¢ (UNU)
is a smooth map (in the sense just described) whose inverse is also a smooth map.
By a stratified atlas for X we mean a collection A of stratified charts whose domains form a basis for the
topology of X. A stratified space endowed with a stratified atlas is a smooth atlas stratified space.
A smooth stratified map between two smooth atlas stratified spaces (X,A) and (X', A’) (of depth one) is
a continuous map f : X — X’ satisfying f(Xo) C X and f(X;) C X{ and such that for every stratified chart
(U, ) on X and (U, @’) on X', compatible with the respective atlases, satisfying f(U) C U, the composition
o' fo ' :R'xC(z) — RY xC(Z)
is a smooth stratified map.

We explain below how to resolve a smooth atlas stratified space to a manifold with fibered boundary. The
key player is obtained from the space of paths that start at Xy and immediately move on to X,

Py ={x :R" — X smooth stratified map : y(t) € Xo <= t =0}
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(where we are considering R™ as a stratified space of depth one with (R™)y = {0} and (R™); = (0,)). By

definition of smooth stratified maps, whenever (U PyRixC (Z)) is a stratified chart centered at at point in
Xo and ¥ € Z2,, @ o x has a lift

R" x [0,00) x Z
=2
Rt P2 REx C(2).
Let us define an equivalence relation on & by
21(0) = x2(0) and

X1~ x
9©0x1(0)=@ox(0) forall charts in A including j; (0)

and denote the set of equivalence classes by S,
So=P,/ ~.

(If X is a smooth manifold that we happen to be considering as a stratified space then 8 is the spherical
normal bundle of Xy in X. If X is the cone over a space Z, X = C(Z), then 8y is Z.) There is an obvious map

0o : 80 — Xo, [x]~ x(0)

and we will see that the stratified charts on X can be used to structure ¢ as a smooth fiber bundle of smooth
manifolds.

To see this, start with any stratified coordinate chart centered at a point in Xg, ¢ : U — R" x C(Z), and
denote

Up=UNXo, ¢o=y :U — R"
and then
0 (Uo) — 2~ R x Z, and @s, = (@5 xid) o @ : 0" (Uo) — Uo x Z.
] ——90%(0)

The idea is to declare that @, is a diffeomorphism and we just need to check that this is unambiguous. But
if we started with another coordinate chart ¢ : W — R" x C(Z), with U} = Uy, then on UNU’ these charts
differ by a stratified diffeomorphism ¢’ = f o @ and, by definition of smooth stratified map, f participates
in a commutative diagram

R'xRxZ 2O VxRxZ VxRxZ C R'xRxZ

RixRtxZ D VR xZ L%V xR x Z C R'xRtxZ

L,

R'xC(Z) 2 VxC(Z) ———=VxC(Z) C R'xC(2)

and f restricts to a stratified diffeomorphism V x {0} x Z — V' x {0} x Z of the form (y,0,z) — (/' ()0, /" (y,2)).
It follows that @5 : ¢y "(Up) — Uy x Z is given by

05 (Uo) 20 Uy x Z L5 Uy x Z, where 7 (u,2) = (u, " (@o (1), 2))
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and hence differs from @s, by a stratified diffeomorphism. Thus 8 inherits a smooth manifold structure.
Moreover, over each Uy we have a commutative diagram

)
w7
with the arrow on the right given by the projection onto the first factor, so ¢ : So — Xp is a smooth fiber

bundle with fiber Z.
Having defined 8y we define the resolution of X to be

Qs
¢61(uO # Uy x Z
0
Uo

res(X) = (X \ Xo) L Sp.

(We also denote this by [X;Xp] and view it as the ‘radial blow-up’ of X along Xp.) It is easy to see that
the stratified charts on X induce charts on res(X) making it a smooth manifold with boundary. Finally the
boundary of res(X) is 8 and so participates in the fiber bundle ¢y.

(If X is a smooth manifold that we happen to be considering as a stratified space then, for example we
could pick a Riemannian metric on X and identify

res(X) ={xe X :d(x,Xo) > €}

for some €, so that dres(X) can be identified with the spherical normal bundle of Xy in X and @ is the
projection map of this bundle. If X is the cone over a space Z, X = C(Z), then res(X) = R" x Z and
@0 : {0} x Z — Z is the identity map.)

In this way we have gone from smooth atlas stratified spaces of depth one to manifolds with fibered
boundary. This construction is reversible and we may obtain from any manifold with fibered boundary
a smooth atlas stratified space structure on the stratified space obtained by collapsing the boundary fiber
bundle. As we have noted above, Thom-Mather stratified spaces are also in one-to-one correspondence with
manifolds with fibered boundary, so all three of these spaces represent the same geometric objects. We
may add one more description to the list as it is well-known, thanks to the work of Mather [Matl2] and
Goresky [Gor76] (cf. Teufel [Teu81]]), that Whitney stratified subspaces of Euclidean space are equivalent
to Thom-Mather stratified spaces.

Moreover, let us point out that the morphisms between smooth atlas stratified spaces are themselves
in one-to-one correspondence with those between manifolds with fibered boundary. Indeed, if X and X’
are smooth atlas stratified spaces with resolutions res(X) and res(X’) then every smooth stratified map
f:X — X' which satisfies that f(Xo) C X and f(X;) C Xj is associated to a unique fibered boundary map

VE res(X) —> res(X’) participating in a commutative diagram

res(X) N res(X’)

|

X ! X'

where the vertical maps are obtained by collapsing the boundary fiber bundles. Moreover every fibered
boundary map res(X) — res(X’) arises in this way.

There is one more type of space that will be used below: ‘hybrid’ spaces that arise as intermediate spaces
in the resolution process. Let us discuss the resolution of a very simple space of depth two to explain how
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these come about. Consider the ‘toy case’ﬂ in which X is given by
X =Y xCp1)(W xCpp1)(2))
where ¥, W, and Z are compact smooth manifolds and Cjg ;) denotes the truncated cone. The strata of X are
Xo=Yx{x}, Xi1=Yx(0,1),xWx{x}, Xo=Yx(0,1),xWx(0,1),xZ
and satisfy
X1 =XoUX; and X=X,=X UX>.
A stratified chart around a point in Xy is a homeomorphism
@:U— R" x C(W x Cpp1)(2))

where A is the dimension of Y. The restriction of ¢ to UM Xy corresponds to a coordinate chart on Y. For a
point in X; we can can choose a neighborhood U C X \ X and a homeomorphism

o U —R"xC(2)

where h is the dimension of X;. The restriction of ¢’ to U N X; corresponds to a coordinate chart on
Y x (0,1), x W. Finally points in X, have charts that are homeomorphisms of the form

(P” o J AN ha

where h; is the dimension of X5.
The resolution of X is obtained by first blowing-up Xy and then blowing-up (the lift of) X;. The first step
produces the hybrid space

X =[X;Xo] =Y x[0,1), x W x Cjp 1)(Z)
where hybrid refers to the fact that this space presents a boundary as well as singularitieﬁ This space has a
natural blow-down map
B X — X
which is the identity map between ¥ x (0, 1), x W x Cj 1)(Z) and sends Y x {0} x W x Cjp1)(Z) to ¥ x {*}
in the natural way. The hybrid stratification of X has three strata, which correspond to the three strata of X
by E , namely

Xo=Yx {0} xW xCppy(Z2), Xi=Yx(0,1)xxWx{x}, Xo=Yx(0,1),xWx(0,1),xZ.
The restriction of 5 to Xp is the trivial fiber bundle
G0 :Y x {0} x W x Cg.1y(Z) — Xo =¥ x {*}
with fiber W x Cy 1)(Z). Points in Xo have ‘res-charts’ in X (where res refers to resolved) of the form
@:U:=Vx[0,6) xW xCp1)(Z) — VXRT xW xCy1)(Z)

where V is an open subset of Y. (What makes this a res-chart is that the restriction of ¢ to U NXp is a
trivialization of ¢y, its restriction to U N X; has image in V x R* x W x {x}, and its restriction to U N X
has image in V x R* x W x (0,1), x Z. The point in the latter two cases being that the image is in V x R™

times a stratum of the fiber of 50.) Points in X \Xvo have ‘sing-charts’ in X which are just lifts (along E ) of
stratified charts on X.

SThis is not technically an example of a smoothly stratified space as we have defined them, since the link W x C[O’I)(Z) is not
compact, but we will use it as it is easy to discuss. If the reader prefers an ‘honest’ example to work through, replacing the truncated
cones with suspensions produces ¥ x S(W x S(Z)) which is almost as simple.

©A similar notion is used by Verona [Ver84l §5] as an intermediate step in showing that Thom-Mather stratified spaces have
resolutions to smooth manifolds with corners. Verona refers to the intermediate spaces as ‘abstract stratifications with faces’.
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The resolution of X is obtained from X by blowing-up the closure of X| in X, i.e., the smooth manifold

with boundary, )71 =Y x [0,1), Xx W x {x}. As this set consists of the cone points in the cone factor of X,
we have

res(X) = [X;X;] =Y x [0,1), x W x [0,1), X Z.

Let us denote the blow-down map by

B ires(X) — X
and the composition of the two blow-down maps by § = E o E’ rres(X) — X.

The resolution of X is a smooth manifold with corners. It is partitioned into three subsets by the inverse
images along f3 of the stratification of X, thus

res(X)o=Y x {0} xW x[0,1), xZ, res(X); =Y x[0,1), xW x {0} xZ,
res(X)o =Y x (0,1), x W x (0,1), x Z.
The first of these (and also the second) consists of a collective boundary hypersuface (i.e., a disjoint union

of boundary hypersurfaces) and the last of these is simply the interior of res(X). There are natural (in this
case trivial) fiber bundle structures

@o:res(X)g — Y, withfiber W x[0,1),xZ,
given by ﬁ |res(X)07 and
01 :res(X); — Y x[0,1), x W, with fiber Z,

given by f’ lres(x), - Note that in the former case the base of the fiber bundle is X and the fiber is the resolution
of the link of Xy in X and the latter case the base of the fiber bundle is the resolution of the closure of X;
in X and the fiber is the link of X; in X. At the corner res(X)oNres(X); =Y x {0} x W x {0} x Z these
fiber bundles are compatible in that there is a fiber bundle ¢;p : ¥ x {0} x W — Y (in this case trivial)
participating in a commutative diagram of fiber bundles

res(X)oNres(X); id

& 910

Y

Y x {0} xW

It is convenient to also endow res(X), with a fiber bundle but in this case we just take the identity map to
itself. This structure makes res(X) a manifold with fibered corners.

2.2. Smooth atlas stratified spaces. We find it convenient to adopt the point of view of [AFT17]] in which
smoothly stratified spaces are defined as topologically stratified spaces with a choice of smooth stratified
atlas. Our definition of smooth function between stratified spaces, and hence of what constitutes a smooth
stratified atlas, differs from that of [AFT17], see Remark [2.3] For this reason we develop the theory of these
spaces without making use of the results in loc cit. We will then explain why this class of spaces coincides
with that of stratified spaces in the sense of Thom-Mather, and with the class of manifolds with fibered cor-
ners. (The latter also goes by many names, e.g., interior maximal manifolds with fibered corners in [KR23]]
and manifolds with corners and iterated fibration structures in [AGR23]].)

Definition 2.1 (Conical poset stratifications). [AFT17[], [Lur, Appendix A.5]

e If A is a partially ordered set (poset) then a subset U C A is open if it is ‘closed upwards’ meaning
that if x <y and x € U then y € U.

e If A is a finite poset and X a second countable, Hausdorff topological space then an A-stratification
of X is a continuous surjective map X — A. Open subsets of poset-stratified spaces naturally inherit
poset-stratifications (though generally with a different poset). If A consists of a single point we refer
to the poset-stratification as the trivial stratification.
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Given an A-stratification of X, we let X,, X<;, X<4, X>4, X>4, denote the inverse images of the
corresponding subsets of A.
If A and A’ are posets, we define A x A’ to be the poset with

(a,d) < (b,b) < (a<b) & (d <P).

We define the product of two poset-stratified spaces X — A and X’ — A’, tobe X x X’ — A x A’ with
the product map.

Let [1] be the two-element poset {0 < 1} and let R™ — [1] denote the [1]-stratification of R™ in
which 0 € RY is the inverse image of 0 € [1].

If A is a poset we define C(A) to be the poset obtained from A by adjoining a new smallest element
denoted * or equivalently as the quotient poset

C(A) = ([1] xA) ({0} x A).
If X is a topological space then C(X) denotes the quotient topological space
C(X) = (R xX), ({0} xX)

and we denote the cone point by *. The poset-stratification Rt x X — [1] x A descends to a poset-
stratification C(X) — C(A). (Our convention is that C(0) consists of a single point {}. We some-
times use Cjg 1(X) to indicate the quotient ([0, 1] x X) ({0} x X).)

e A continuous stratified map f between two poset-stratified spaces, X —+ A and X' — A’, is a
commutative diagram of continuous maps

X*f>X’

| |

A—= A

A stratified homeomorphism is a continuous stratified map that has a continuous stratified inverse.

e Let X be an A-stratified space and let { € X, C X. A stratified chart around  consists of an open
subset U C X containing §, a natural number /4, a compact A~ ,-stratified space Z, and a stratified
homeomorphism

¢:U— R"xC(2)

which sends ¢ to the point {0} x {*}, where we regard U as poset-stratified as an open subset of X,
and R" x C(Z) as stratified with the product of the trivial stratification on R" and the C(A~,) = A,
stratification on C(Z). (If A~, =0 then Z = 0 and C(Z) = {x}.)

e A conical A-stratification of an A-stratified space X consists of a collection of stratified charts on
X, {Uq, @q }acor, such that the domains of these stratified charts form a basis for the topology of X.

If X is a conically A-stratified space then the connected components of X,, which we refer to as the strata
of X, are topological manifolds and satisfy the ‘frontier condition’, i.e., if a connected component Y of some
X, intersects the closure of a connected component Y’ of some X,/ then Y is contained in the closure of Y/,

YNY' #0 = YCY/

(see [Fri20, Lemma 2.3.7]), moreover in this case a < a’ holds in A. Spaces with conical A-stratifications are
referred to as CO-stratified spaces in [AFT17]. If we assume that strata of X are comparable only when their
closures intersect, then spaces with conical A-stratifications coincide with Siebenmann’s ‘CS sets’ [Sie72],
[Fri20, Definition 2.3.1] (cf. [PA0I] Definition 3.10.1]). If { € X, € X has a stratified chart U — R" x C(Z)
then the space C(Z) is determined up to stratified homeomorphism but Z itself is not, see [Fri20, Example
2.3.12]. In this generality Z is referred to as a link of ¢ in X. For smooth atlas stratified spaces, defined
momentarily, Z will be determined up to stratified diffeomorphism and referred to as the link of { in X.
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For simplicity, we will assume that every X, is connected. This does not represent a real loss of gener-
ality as one could always refine the stratification to achieve it without changing the geometry. We refer to
each X, as a stratum.

If X is an A-stratified space, define the depth of X to be the length of the longest ascending sequence
a; < ap < --- of elements in the range of X — A. If X is conically stratified and { € X define the depth of §
in X to be the depth of a link of { in X (by convention, { has depth zero if its link in X is 0).

Note that is X is endowed with a conical A-stratification then the points of depth zero are dense in X and
the corresponding strata are maximal. We denote the union of these strata by

Xreg = {C € X : depth (C) = 0}

and refer to it as the regular part of X.

Note that different components of the regular part might have different dimensions. For example, if
Z = {pt} US! then we can identify C(Z) with the subset of R? consisting of the x-y plane and the non-
negative z-axis and so its regular part with the positive z-axis and the x-y plane minus the origin. A conical
A-stratified pseudomanifold is a conical A-stratified space whose regular part is dense and has a fixed
dimension and whose other strata have dimension at least two less than the regular part.

Definition 2.2 (Smooth atlas stratified spaces and functions). Our definition proceeds by induction on depth.

A smoothly stratified space of depth 0 is a smooth manifold and a smooth stratified map between
smoothly stratified spaces of depth zero is a smooth map of smooth manifolds.

Assume inductively that we have defined smoothly stratified spaces of depth less than &, as well as smooth
stratified maps between stratified spaces of depth less than k.

We first define smooth stratified maps between spaces that play the réle of coordinate charts as follows.
If Z) — A and Z, — A, are smooth atlas stratified spaces of depth less than &, 41,4, € Ny, and

fiRMxC(Z)) — R x C(2y)

is a continuous stratified map then we will say that it is a smooth stratified map if there a smooth stratified
map
]‘:Rhl X R x Z; — R X R X Z;,

(as defined by the inductive hypothesis) that makes the diagram

f

RM xR x Z; R2 xR x Z,
R xRt x 7, R2 xRt x 7,
RM x C(2)) — = R" x C(2,),

where the descending vertical arrows are the quotient maps of the cones, commutative. (If Z, = @ then the
corresponding f maps R" x R x Z; into R"2.)
Next, let X be a conically A-stratified space of depth k. By a smoothly stratified chart on X we mean a
stratified chart
XU R xC(2)
in which Z is a smoothly stratified space of depth less than k. Two smoothly stratified charts {U;, ¢; } and
{Us,, @, } are compatible if either U; NU, = O or the stratified homeomorphism

v=@oo 1o (U NU) — ¢:(UaNUy),

where @;(U; NU,) is stratified as an open subset of R% x C(Z;), is a smooth stratified map and so is its
inverse.
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A smoothly stratified atlas on a conically poset-stratified space X of depth k consists of a collection of
compatible smoothly stratified charts {Uy, Qg }, Wwhose domains form an open cover of X. Two smoothy
stratified atlases are equivalent if their charts are mutually compatible.

A smooth atlas stratified space of depth k consists of a conically poset-stratified space X of depth
k together with an equivalence class of smoothly stratified atlases, (X,.2/). A smooth stratified map f :
X — Y between smoothly stratified spaces of depth at most k is a continuous stratified map such that
for each smooth chart (U;, ;) on X and (U, @) on ¥, compatible with the respective atlases, satisfying
f(Uy) € Uy, the composition

ofer R < C(2)) — R x C(2)

is a smooth stratified map. A stratified diffeomorphism between two smoothly stratified spaces of depth at
most £ is a stratified homeomorphism that is smooth with smooth inverse.

We will usually refer to a smooth atlas stratified space simply as a smoothly stratified space. This is
justified by the fact, established in that this is the same class of spaces as Thom-Mather stratified
spaces and (hence) as Whitney stratified subsets of Euclidean space.

As anticipated, the advantage of this definition is that it helps to generalize the constructions of differential
geometry to stratified spaces. For example, let us consider the Cartesian product. An easy induction shows
that if X; — A; and X, — A, are smooth atlas stratified spaces then so is X; X X; — A X A, with
coordinate charts given by the product of coordinate charts on each factor. Indeed, for the inductive step it
suffices to recall that

RM x C(Z1) x R"™ x C(Z,) = R"™ % C(Z % Z),

where Z| x Z,, the join of Z| and Z,, is given by

ZyxZy = Cio(Z1) x 2> | | Z1 x Co1)(Z2)
VARV
and so, inductively, a smooth atlas stratified space.
Similarly, a fiber bundle of smoothly stratified spaces

w—x-Ly
is a smooth map between smoothly stratified spaces X % ¥ such that for every point in Y there is an open
neighborhood U of that point and a stratified diffeomorphism W x U — ¢ ~'(U) such that the diagram

WxU——s ¢~ (U)

L)

U————Y

in which the left vertical arrow is the canonical projection, commutes. The stratum poset of X is the product
of those of W and Y.

A smoothly stratified pseudomanifold is a smoothly stratified space whose regular part is dense and has
a fixed dimension and whose other strata have dimension at least two less than the regular part. We say that
a smoothly stratified space is orientable if its regular part is an orientable manifold and an orientation refers
to an orientation of the regular part.

Remark 2.3 (Relation to conically smooth stratified spaces). Our definition of smooth atlas stratified spaces
is inspired by that of “conically smooth stratified spaces” in [AFT17], however our notion of smooth function
is different from theirs. Suppose Z is a smooth manifold and let us consider what constitutes a smooth
stratified function from C(Z) to itself. For us, this is the same as a stratified function F : C(Z) — C(Z)
that lifts to a smooth function R* x Z — R™ x Z; equivalently, a stratified function F : C(Z) — C(Z)
which restricted to the regular parts (0,00) X Z — (0,00) X Z extends by continuity to a smooth function
[0,00) X Z — [0,00) X Z.
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On the other hand, from [AFT17, Definition 3.3.1], a function F : C(Z) — C(Z) will be conically smooth
if its restriction to the regular parts (0,0) x Z — (0,0) x Z is smooth and f is “conically smooth along
R%”. Let us consider what this means for a function whose restriction to the regular parts is of the form

F(s,2) = (5, /s(2))
where s — f; is a smooth family of functions on Z. From [AFT17, Definition 3.1.4], in order for this to be
“C" along R",” we make use of the dilation % s,z) = (s,z), consider
(

Df :(0,00) x Z — (0,00) X
Df(s,z) —hm(% ofor)(s,z) = (S fo(2)),

and require for this function to extend to a continuous function C(Z) — C(Z). This computation also shows
that D(Df), defined in the same way, is again equal to Df. Thus as long as fy : Z — Z is a continuous
function, F will be conically smooth along R? and hence conically smooth as a map C(Z) — C(Z). Note
that, e.g., by mollification, it is possible for any continuous function f : Z — Z to appear as the limit of a
family f;(z) which is smooth in both s and z for s > 0. On the other hand, in order for F' to be smooth in our
sense fp(z) must be smooth. (The authors are grateful to Lukas Waas for explaining this example to them.)

2.3. The resolution of a smooth atlas stratified space. There is a resolution process for smoothly strat-
ified spaces, somewhat analogous to a € resolution of singularities, that can be interpreted as saying that
any smoothly stratified space of finite depth can be obtained from a manifold with corners by making certain
identifications on the boundaries. In fact this construction establishes an equivalence of categories between
smoothly stratified space of finite depth and a class of manifolds identified by Richard Melrose. We discuss
the resolution of a stratified space with a single singular stratum into a smooth manifold with fibered bound-
ary in the prelude above. For a stratified space with more than a single singular stratum, the resolution of X
is a manifold with corners and its structure is the following.

Definition 2.4 (Manifolds with fibered corners). [ALMP12, Definition 2], [AM11, Definition 3.3]
Let M be a second countable Hausdorff topological space.

e A chart with corners on M consists of an open subset U C M and a homeomorphism
@ : U — R" x [0,00)F
for some h,k > 0. Two charts, (U;, ¢;) and (Uz, ¢2), are compatible if either U; N Uy = 0 or
®oor o (Ui NU) — (U NUa)

is a diffeomorphism of open subsets of R x [0,00)%1 and R x [0,c0)*2. (This means that there are
open sets V; C R4 guch that

@;(W;NUy) = V;N(RY x [0,00)%)

and a diffeomorphism V; — 'V, that restricts to @, o @, I In particular by +ky = hp + ky =: n,
h] = /’lz, and k] = kz.

e A C”-structure with corners on M is a collection, {Uy, Qg } qc.r, of compatible charts with corners
on M such that the domains of these stratified charts form a basis for the topology of M.

e If M has a C-structure with corners and § € X is represented by (xi,...,x,) in some chart with
corners then the number of zeros in this n-tuple,which we denote by ¢({), is independent of the chart.
By a boundary hypersurface of M we mean the closure of a component of {§ € M : ¢({) =1}
and by a collective boundary hypersurface we mean the union of a disjoint collection of boundary
hypersurfaces.

e The space M is a manifold with corners if it is endowed with a €*-structure with corners and every
boundary hypersurface is embedded. (Equivalently, for every boundary hypersurface H there is a
non-negative smooth function p : M — R such that p~'(0) = H and near each point of H there are
coordinates with p as a first element. We call such a function a boundary defining function for H.)



18 PIERRE ALBIN, MARKUS BANAGL, AND PAOLO PIAZZA

e By a boundary stratification of a manifold with corners M we mean a poset-stratification S : M —
A such that, foreacha € A,
M = S"1(a)

is either the interior of M or a collective boundary hypersurface and such that if S~ (a) NS=1(b) £ 0
then a and b are comparable.

e An iterated fibration structure on a manifold with corners M with a boundary stratification S :
M — A consists of, for each a € A, a smooth fiber bundle with compact fibers,

FuM — o.M =2 B.M,

where the base B,M and the fiber F,M are smooth manifolds with corners, and, whenever S~!(a) N
S~1(b) # 0 and a < b, a commutative diagram of smooth fiber bundles

)

aa]VI N 8bM 8aB »M

q)a ¢ba

B.M

where d,B,M is a collective boundary hypersurface of B,M. For the interior of M the fiber bundle
is the identity map M° — M°.

e We refer to a manifold with corners with an iterated fibration structure as a manifold with fibered
corners.

e If M and N are manifolds with corners and iterated fibration structures then by a smooth fibered
corners map between them we mean a smooth stratified map between them that sends fibers of
each boundary fiber bundle of M to fibers of the corresponding boundary fiber bundle of N. By a
fibered corners diffeomorphism we mean an invertible smooth fibered map whose inverse is also
a smooth fibered map.

Remark 2.5. Note that if M is a connected manifold with fibered corners then the interior of M corresponds
to a maximum in the poset of strata. In the terminology of [KR23]] what we have described is an “interior
maximal” manifold with fibered corners. As we shall have no need of other iterated fibration structures we
omit the ‘interior maximal’ qualifier.

Remark 2.6. If M is a manifold with fibered corners and F,M — d,M L B,M is one of the correspond-

ing boundary fiber bundles, then both the fiber F,M and the base B,M themselves inherit the structure of
manifold with fibered corners (see, e.g., [KR23| Proposition 4.2]).

Remark 2.7. Note that a manifold with corners can be considered as a smoothly stratified space with strata
given by the connected components of the level sets of the codimension function ¢ above. Endowing (RT)"
with this stratification, which we refer to as the natural stratification of a manifold with corners, we
can obtain a smooth stratified atlas from an atlas of charts with corners. This is generally not a boundary
stratification as just defined but will be useful in section (For example if M = [0, 1]? then an example of
a boundary stratification would be to take A = {0, 1}, doM = {0,1} x [0,1] and )M = [0,1] x {0, 1}, while
the natural stratification would have strata (0,0), (0,1), (1,0), (1,1), {0} x (0,1), {1} x (0,1), (0,1) x {0},
and (0,1) x {1}.)

To resolve a stratified space we will perform a radial blow-up of a minimal singular stratum thereby
replacing it with a boundary hypersurface. To carry this out systematically we will need to introduce another
definition for the intermediate spaces we will encounter.

Definition 2.8 (Hybrid spaces and functions). We will define hybrid spaces as particular types of poset
stratified spaces, inductively by depth. A hybrid space of depth zero is a smooth manifold and a smooth
hybrid function is an ordinary smooth function. A hybrid space of depth one is either a smooth manifold
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with boundary or a smooth atlas stratified space of depth one, with the corresponding smooth functions as
defined above.

Assume inductively that we have defined hybrid spaces of depth less than £ and the corresponding smooth
functions and let A be poset of depth k. Let X be a connected second countable Hausdorff topological space
with a poset-stratification X —> A. Assume that A is partitioned into

A = Apes UAging LI {reg}.

The stratum X;eg, known as the regular part, is open and dense, and reg is the maximum element of A. The
set Aes (Which will correspond to the strata that have already been resolved) and the set Agiyg (Which will
correspond to the strata that have not yet been resolved) are possibly empty, and no element of A is greater
than an element in Agjp,.

For a € AL, X, is a hybrid space of depth less than k and participates in a fiber bundle

Z— X, B
where B,X is a smooth manifold with corners with a boundary stratification and Z is a hybrid space of depth
less than k. A res-chart centered at a point { € X, isamap ¢ : U — R* x V x Z, where V is a coordinate
chart in B,X, with the property that UNX, = ¢, ' (V) and @|yyx, participates in a trivialization of ¢,,

olunx,

(2.1 o (V) —— > VxZ
m /
Vv

and such that ¢ is a stratified homeomorphism which sends strata of U corresponding to As to (strata of
R* x V) times Z and strata of U corresponding to Aging tO R* x V times (strata of Z).

For a € Agng U {reg}, X, is a smooth manifold. A sing-chart centered at a point { € X, consists of a
smoothly stratified chart which does not intersect any X;, with b € Aps.

A smooth hybrid map between sets of the form

(2.2) (RY)Y'xZDVxZ—VxZ C R xZ,

in which Z and Z' are hybrid spaces of depth less than k, is a poset-stratified map when the first factors are
endowed with a boundary stratification if appropriate (i.e., if V has boundary) which is also a smooth map
when the first factors are considered as smooth (i.e., trivially stratified).

Two overlapping charts are compatible if the corresponding transition map of the form is a smooth
hybrid difeomorphism.

A hybrid atlas on X consists of a collection of compatible charts whose domains form a basis for the
topology of X. A space X as above endowed with a hybrid atlas is a hybrid space of depth k. A smooth
map between hybrid spaces of depth at most & is a continuous stratified map whose localization to charts in
the atlases is smooth as described above.

To show that every smooth atlas stratified space resolves to a manifold with fibered corners, the key result
is the following proposition.

Proposition 2.9. Let X — A be a hybrid space with partition A = Ares LI Aging U {reg} such that Aging # 0,
and let a be a minimal element of A;yg.

i) the closure of X, in X, X,, is a smooth manifold with corners,
ii) there is a hybrid space ., participating in a fiber bundle

z— 7, x,
where Z is the link of X, in X,
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iii) a hybrid atlas on X induces a hybrid atlas on
X:X) 1= (X\ X)) U7,
endowed with the poset stratification [X;X,] — A’ where
A=A with Al =AwsU{a}, Agne = Asing \ {a}

and where the strata are

X,\X, ifb<a
ifb=a
Xp otherwise

[X;Xa]b =

AN

iv) if there is a stratum X}, such that X, N X, # 0 (necessarily b < a) and

X, 2 BoX, [X:Xa] 2 ByX
are the corresponding fiber bundles, then
X:XaloNTo = 0, ' (Xa N Xp)
participates in the commutative diagram

X: X, 0% & XN X,

B,X

Proof. We proceed by induction on the depth of A. If the depth of A is zero then there is nothing to prove.

i) Let us denote the link of X, in X by Z, so that each point in X, has a stratified chart that identifies a
neighborhood with R" x C(Z). Our immediate goal is to show that points in the closure of X, have compat-
ible charts with image in (R*)" x C(Z). Note that here to ease the notational burden we will use charts into
(RH)" x C(Z) with the understanding that they are homeomorphisms onto their image but while we assume
that this image projects onto the second factor we do not assume that it is onto the first factor. Thus when we
use (RT)" we are allowing corners up to codimension h but not asserting that this codimension is realized.
If we recall that a smooth map defined on (R™)" means the restriction of a smooth map defined on some
open set in R”, then our notion of smooth map between the images of charts of this form is as one would
expect.

We know that strata in Agjn, Whose closures have non-trivial intersection satisfy the frontier condition, so
if { € X, \ X, is contained in X, then b € Aes. If

O:U—RTxVxW

is a res-chart of X, centered at {, where we are using the notation from Definition then @(UNX,) is of
the form R™ x V x W’ for some stratum W’ of W. Now W is itself a hybrid space and since approaching W’
from W \ W’ corresponds via @ to approaching X, from X \ X,, W’ must be a stratum in the ‘sing’ part of
the partition of the strata of W. Thus points in W’ have sing-charts in W of the form ¢’ : V' — R x C(L)
for some /4’ and L (the link of W in W). Let W C X be ¢~ !(R* xV x V'). By combining ¢ with an open
embedding of V into an appropriate (R™)"" and with ¢’ we obtain

U R xVxV — R x (RN xRY xC(L).
Since the restriction of ¥ to U ' NX, is a coordinate chart (a sing-chart for X,) we see that 1 +4 +h" = h

and L = Z. To simplify the notation we assume that the image of ¥ lies in R* x (RT)" x (Rt)" x C(Z) =
(R*)" x C(Z) (by composing with a stratified diffeomorphism if necessary) and we refer to

v U — (RN xC(2),

as an extended coordinate chart.
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Note that
(2.3) Y(WNX,) C (RY)" x {x}
(since @'(W') C R x {*}) and that every point in X, \ X, is in the domain of such an extended coordinate
chart. These charts and the compatibility they inherit from that of the charts of X give X, the structure of a

smooth manifold with corners.

ii) Let o7 be the union of a hybrid atlas for X and the extended coordinate charts for points in X, \ X,
from (i), and let <7, be the subset of those charts centered at points in Xy,

oy ={(U -5 (RY)' < C(2)) € o : o7 (RT)! x {x}) C Ko}

Let us consider Rt — [1] as a smooth atlas stratified space with poset {0 < 1} and R = {0}, and let &,
be the paths in X that start at X, and immediately move on to ‘higher’ strata,

P, ={x:R" — X smooth stratified map : y(¢t) € X, <= t =0}.

By definition of smooth stratified maps, whenever (U — (R*)" x C(Z)) € o/, and € P,, @ o x has a lift

RY)P xRt xZ

2

R+ 22 (R x C(2)
Let us define an equivalence relation on &, by

X1 (0) = X2 (0) and
X1~ X2 <
@ox1(0)=@ox(0) forall charts in .27, including y; (0)

and denote the set of equivalence classes by .7,
Sa=P)/ ~.
To give the set .¥, some more structure, first note that there is an obvious map
9a: S0 —Xay  [x] 7 2(0).
Next, given (U —2 (R*)" x C(Z)) € o7, let us denote
Ue=UNKe, @0 = Py, : Ug — (RY)”
and then

(2.4) Ga: 07 (W) — (R x Z, and @, = (@, ' xid)o @, : ¢, (Uy) — Uy X Z.

[x] ———=95%(0)
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If (W AN (RT)" x C(Z)) € 7, is another chart with W' NX, = U, then, on UNUW, ¢’ = f o ¢ for some
stratified diffeomorphism whose lift

(2.5) R xRxZ D VxRxZ—L sV xRxZ C RY)'xRxZz

RY'xRtxZ D VxRY xZ v xRt xz C (RY)r xR xZ

| |

RY)'xC(Z) 2 VxCZ) —L=Vxcz) < ®RY'xC(Z)

restricts to a stratified diffeomorphism V x {0} x Z —s V' x {0} x Z of the form (y,0,2) — (f'(¥),0, f" (y,2)).
It follows that ¢, : ¢, (Us) — U, x Z is given by

(X7 N

¢;l(uﬂ) — utl XZ— utl X Z’ where ]‘”/(M,Z) = (M7‘];7/((Pa(l/t),2))

and hence differs from ¢, by a stratified diffeomorphism. Thus we may, without ambiguity, give .7, the
structure of a hybrid stratified space by requiring that all of the maps ¢, are hybrid diffeomorphisms.
Finally, over each U, we have a commutative diagram

0, ' (Ua)

?s,

with the arrow on the right given by the projection onto the first factor, so ¢, : ., — X,, is a stratified fiber
bundle with fiber Z.

iii) Next we define the blow-up of X along X, to be
[X:Xa] = (X \ Xo) U 74

together with a blow-down map

B:X:X)) — X
given by collapsing the fibers of ¢,. We define a poset stratification [X;X,] — A by

closure of B~ (X, \X,) ifb<a
[X:Xalp = { Sa ifb=a
B 1(X) otherwise

(which is just a more careful version of the statement in the proposition). We will show that a hybrid atlas for
X induces a hybrid atlas for [X;X,] with a moved from the ‘sing’ part of the partition of A to the ‘res’ part.
That is, we will show that we can produce a hybrid atlas for [X;X,] for which points in a stratum indexed by
Ares U{a} have res-charts and point in a stratum indexed by Aging \ {a} have sing-charts.

First let us produce res-charts for the new res stratum [X ;Xj]a = .%,. The interesting charts we need

¢

to consider are the ones obtained from &7 as follows. If (W — (RT)" x C(Z)) € 4/, then, recalling the

definition of @, from [2.4), we let U, = UNX, and

U= U\U) Loy (Ua)y &= @, UG : U — (RY)' xR xZ
where we are identifying Image(@,) C (R*)" x Z as a subset of (R*)" x {0} x Z. Let us consider the
behavior of this construction when changing coordinate chart. Suppose (U —— (RT)" x C(Z)) € 7, is
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another chart with UNU’ # @ then, on UNW, (p: = f o ¢ for some stratified diffeomorphism participating

in a diagram like and, since flyy(0.m)xz = flvx(0e)xz and @' = fly,(o1xz© @, we have
¢'=f000.
Thus ¢ and @’ are compatible res-charts for [X;X,].

(Although we started our induction with the case of depth zero, we note that the proof thus far could be
used to establish the case of depth one as the base of the induction.)

Now let us consider a stratum [X;X,|p,, b # a. For b € Agin, the pull-back of a sing-chart from X to [X;X,]
is again a sing-chart. Indeed, a sing-chart centered at a point { € Xj, is a stratified diffeomorphism of the form
@: U — R xC(W) with U C X \ X, and, since f3 restricts to the identity map between [X;X,]\ [X;X,], and
X\ X4, oo B: B~ (U) — R’ x C(W) is a sing-chart. Similarly compatibility between these sing-charts is
clear because their overlap takes place in X \ X, and so is untouched by the blow-up of Xj,.

It remains to consider a stratum [X;X,],, with b € Ares. If [X;X,]5, does not intersect the new ‘front face’
[X;X,|a = -7, then res-charts of X}, lift to res-charts of [X;X,], essentially unchanged, so let us assume that
(X;Xu|p NSy # 0, ie., that X, N X, # 0. Let us denote the fiber bundle of X}, by

w—x, -, B,X.

The discussion in (i) shows that the restriction of ¢, to X, N X, still fibers over B,X and (as we did above)
we denote the fiber by W', thus

bl g

W' — X, NX, ——— BpX.
Since X, is a minimal sing-stratum in the stratification of X, W’ is a minimal sing-stratum in the stratification

of W and so our inductive hypothesis applies and we know that [W;W’] is a hybrid space. It follows that
blowing-up X, in X has the effect of blowing-up W' in each fiber of ¢, and so produces the fiber bundle

WiW'] — XX, 22 pyx.
A trivialization of ¢, lifts to a trivialization of @ and correspondingly a lift of a res-chart ¢ : U — R™ x
V x W for X, lifts to a res-chart @ : U — RT x V x [W; W] for [X;X,]p.

iv) Finally let us consider the relation between the fiber bundles ¢, and ¢,. We have seen how blowing-up
X, in X has the effect of blowing-up W’ in each fiber W of ¢,. The ‘front face’ of [X;X,], i.e., the boundary
hypersurface produced by the blow=up, [X;X,],, thus corresponds to the front face of [W;W’] in each fiber
of ¢. That is to say that ¢, restricts to a fiber bundle

FEW W] — [X:Xo]p N [X: Xo]a 2 BLX.

On the other hand, since ¢, is equal to the restriction of f3 to [X;X,], we have
¢a([X;Ya]b N [X;Ya]a) =X, mYa-

Thus we have the commutative diagram

— — 0a —
[X:X,)a N [X5Xalp X.NXp
9 %mei)
BpX
as required. O

If X — A is a smooth atlas stratified space and then repeated applications of this proposition produce
the resolution of X, res(X), a smooth manifold with corners with a boundary stratification parametrized by
A. That is to say,

res(X) := [+ [X: X0 [: Xa 5+ 1 X0, ],

n
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where ay, . ..,a, is any non-decreasing enumeration of A. (It is easy to see that the result is independent of
the order, up to a fibered corner diffeomorphism.) The natural map
Bx :res(X) — X,

known as the blow-down map, is the composition of the blow-down maps of the individual blow-ups.

Theorem 2.10. Whenever X — A is a smooth atlas stratified space, its resolution res(X) inherits from
X the structure of a manifold with fibered corners with boundary stratification parametrized by A. The
restriction of Bx : res(X) — X, the blow-down map, to res(X)° is a diffeomorphism onto Xeo. Moreover,
for each a € A we have

(2.6) dares(X) = By ' (Xa),
and, if Z is the link of X, in X, then the corresponding fiber bundle satisfies

FareS(X) = I'CS(Z) - 8ares(X) L BareS(X) = I‘CS(E), ¢a|(8ares(X))° = ﬁX|(¢9ares(X))°‘

Whenever M — A is a manifold with fibered corners whose boundary stratification is parametrized by A
there is a smooth atlas stratified space X — A such that M = res(X).

Next, suppose X' — A’ is another smooth atlas stratified space and f : X — X' is a stratified map such
that

2.7 f(Xreg) € Xy

reg’

Then f is a smooth stratified map if and only if there exists a smooth fibered corners map f: res(X) —
res(X'), called the “lift’ of f, participating in a commutative diagram

(2.8) res(X) N res(X’)
ﬁxl lﬁx/
X ! X'

Every smooth fibered corners map satisfying
(2.9) F(res(X)°) C res(X')°
is the lift of one and only one smooth stratified map.
It follows that resolution induces an equivalence of categories between smooth atlas stratified spaces and
smooth stratified maps satisfying (2."7) and manifolds with fibered corners and smooth fibered corners maps

satisfying ([2.9).

Proof. The statements about the structure of res(X) follow immediately from the proposition. So too does
that fact that every manifold with fibered corners M is the resolution of a smooth atlas stratified space.
Indeed note that blowing-up a minimal singular stratum of a hybrid space is reversible. So starting with M
we can choose a maximal boundary stratum and blow it down to obtain a hybrid space with one singular
stratum. Iterating until we have blown-down all of the res-strata produces a smooth atlas stratified space
whose resolution is, manifestly, equal to M.

Next let us consider the statements about lifting maps. First note that two maps fand f participating in
(2.8) mutually determine each other since the blow-down map identifies the interior of the manifold with
corners with the regular part of the stratified space and these are each dense in their corresponding space.
Thus if a map has a lift, it is unique.

Given a smooth stratified map f : X — X’ and a minimal stratum X, of X there is a stratum X/, of
X' such that f(X,) C X/,. It is easy to see that f will lift to a smooth map XX — (X';X!,]. (We
assume that X, and X/, are singular strata for the sake of concreteness.) Indeed, denote the blow-down maps

by B : [X;X,] — X and B’ : [X";X/,] — X’ and suppose U 2y R x C(Z) and W 2R x C(Z') are
coordinate charts of points in X,, X/, respectively, such that f(U) C U'. Each of these charts induce a chart
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of the corresponding blown-up space, UL REXRY xZand W -2 R x RY x Z/ , and by definition of
smoothness there is a lift fi of f]y fitting into a commutative diagram

ﬁ Ju ﬁ,

X (;,,1

RExRTxZ—=RxRT xZ

(I .

R" x C(Z) R x C(Z')

/ (P/—l
flu

u u

From the definition of smooth atlas we see that this lift of f]y is independent of the particular coordinate
chart used in its definition and hence lifting f one coordinate chart at a time produces a global lift ]7

If X and X’ are hybrid spaces then the analogous argument, with greater notational complexity, shows
that f lifts to f : [X; X,] — [X":X ’,]. In this way, lifting one blow-up at a time, we see that smooth stratified
maps satisfying lift to maps of the resolutions. (Note that if does not hold then the analogous
result is usually false. Indeed if f(Xe,) C X!, then lifting f would require a smooth f~satisfying

8a/res (X /)

res(X) I res(X)

Ou

-

and this is clearly topologically obstructed.)

On the other hand given a smooth fibered corners map f : res(X) —s res(X’), the definition of smoothness
requires that fsends the fibers of a boundary fiber bundle of X to the fibers of the corresponding boundary
fiber bundle of X’ and so it descends to a map between the spaces obtained by blowing-down these boundary
faces. Successively blowing-down all of the boundary fiber bundles we end up with a map between X and
X' such that (2.8) commutes.

Finally note that uniqueness implies that the lift of a composition is the composition of the lifts. Thus
resolution and blow-down are mutually inverse functors of categories between smooth atlas stratified spaces
and smooth stratified maps satisfying and manifolds with fibered corners and smooth fibered corners

maps satisfying (2.9). O

The idea of resolving a stratified space to a manifold with corners goes back to Thom [Tho69|]. For
Thom-Mather stratified spaces (which we will discuss next) resolution was worked out by Verona [[Ver84,
§6.3.1]. That one obtains a manifold with fibered corners was pointed out by Melrose, see [ALMP12| §2]
where this is discussed following [BHSO1]].

Resolution of ‘conically smooth’ spaces is studied in [AFT17, §7] where it is referred to as “Unzip”. In
[AET17, Theorem 7.3.8] the authors establish that Unzip is a functor, however see Rernark

Below, we will find it useful to identify the C*-algebra of continuous functions on a smooth atlas stratified
space X with a C*-subalgebra of the continuous functions on res(X). Specifically, we define

(2.10) Co(res(X)) = {f € C(res(X)) : forall a € S(X) we have f|y x € ¢,C(B.X)}
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and it is easy to see that pull-back along the blow-down map By : res(X) — X establishes an isomorphism
of x-algebras between C(X) and Co(res(X)). We see that the smooth functions X — C are precisely the
functions in C(X) that pull-back along By to be in Cg(res(X)) := Co(res(X)) N C=(res(X)).

2.4. Smooth atlas stratified spaces and Thom-Mather stratified spaces. This section will not be used
in the rest of the paper. In this subsection we will show that the class of spaces we defined in Definition
[2.2] coincide with Thom-Mather stratified spaces. We will first show that Thom-Mather stratified spaces are
examples of smooth atlas stratified spaces. The converse is easy thanks to the resolution process.
Definition 2.11. A Thom-Mather stratified space consists of a triple (X,S,T) where:

i) X is a Hausdorff, locally compact topological space with a countable basis for its topology.
ii) 8 is a locally finite family of locally closed subsets of X, known as the strata of X, each of which is a
smooth manifold. The strata cover X and satisfy the frontier condition

LMcSandLNM+#0 — LCM.
iii) T contains, for each M € 8, a triple (Ty, Ty, Par) in which T)y is an open neighborhood of M in X, and
7TM:TM—>M, pMITM—>[O,°°)

are continuous functions such that 7|y = idy and p;ll (0) = M. The neighborhood T, is known as a
tubular neighborhood of M in X and the triple (7, Ty, Par) as the control data of M in X,
The control data are compatible in that, if L and M are distinct strata such that L C M and Tim=T.NM,
Ty = 7|1 PLM = PL|T,,,, then
(a0, pLm) : T — L x (0,0)
is a smooth submersion and, if N is a third distinct stratum such that M C N, then for any e TimNTLyN
ﬂ[ljl,lN(TbM) we have

TN (G) = mn(C),  prmimn(C) = pLn(E).

Remark 2.12. As mentioned above, the main reason we work with smooth atlas stratified spaces is that they
make it easy to work with fiber bundles of stratified spaces. An example of the complications that arise when
working with Thom-Mather stratified spaces is that, while the product of Thom-Mather stratified spaces is
again a Thom-Mather stratified space, the product of the Thom-Mather data is not Thom-Mather data for the
product (pointed out in, e.g., [Ver84, §1.2.9]). For a simple example, consider Y = [0, ), as a Thom-Mather
stratified space with strata {0} and (0, o0), and with Thom-Mather data

Ty =10,1), moy(x) =0, pyop(x) =,
T00) = (0,%0),  Toe)(x) =X, P(0e) =0
Now on X = Y? with the product stratification, the product Thom-Mather data would be
T(0,0) = [0,1), x [0,1)y, T(0,0) (x,x") = (0,0), P0,0) (x,x') =x+x,
T(03x (000) = [0, 1) X (0,00) 1, M0} (0,00) (6,X)) = (0,X),  Proyx(0.00) (%, %) = x,
T(000)x{0} = (0,0)2 X [0, 1), T(g.0o)xjo} (6,X)) = (%,0), P00y {0} (X,%) = X,
T0p = (0,0)%, Moo (x,X) = (£,X'),  P(gcp =0

and the problem is that this data does not satisfy the compatibility condition

)

P(0,0) © {0} % (0,00) = P(0,0) O T(0,0) N T(0} x (0,00) 5

as this would imply, e.g., that p(g 9y (0,x") = p(o,0) (x,x") for all (x,x’) in this set. This makes the definition of
a fiber bundle of Thom-Mather stratified spaces inconvenient.
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Given a Thom-Mather stratified space (X,8,7T), we can naturally consider 8 as a poset with L <M <=
L C M and X as poset stratified by the obvious map X — 8.

A controlled map between Thom-Mather stratified spaces (X,8x,7Tx) and (Y,8y,TJy) is a continuous
stratified map f between X — Sy and ¥ — Sy such that, whenever f(X,) C Y}, the restriction

flx, : Xa — Y
is a smooth map and (possibly after shrinking the size of the tubular neighborhoods) we have
f(Ix,) € Ty,, fomx,=my,of, px,=pyof
A controlled isomorphism is a bijective controlled map whose inverse is also controlled, hence it is in
particular a homeomorphism that restricts to a diffeomorphism on each stratum.

An important property of controlled isomorphisms, identified by Brasselet-Hector-Saralegi [BHS91] is
that they lift under ‘déplissage’. In particular this means that for every controlled isomorphism

fiRM xC(Z)) — R x C(2)
there a controlled isomorphism
f:Rh‘ X R x Z; R X R X Z;,

that makes the diagram

RM xR x Z; / R2 xR xZ,
R xRt x Z; R2 xRt x Z,
RM x C(2)) — = R" x C(2,),

where the descending vertical arrows are the quotient maps of the cones, commutative. (We have taken
this property and, for not necessarily bijective maps, made it the definition of smooth stratified maps in the
setting of smooth atlas stratified spaces above.)

Theorem 2.13. Thom-Mather stratified spaces admit smooth stratified atlases such that controlled isomor-
phisms are smooth stratified diffeomorphisms.

Smooth atlas stratified spaces admit control data giving them the structure of a Thom-Mather stratified
space.

Proof. Since the statement is obvious for Thom-Mather stratified spaces of depth zero, let us assume induc-
tively that we have established the statement of the proposition for stratified spaces of depth less than some
¢eN.

Let us recall some of the well-known consequences of Thom’s first isotopy lemma [Ver84, Theorem
2.6] when applied to the Thom-Mather control data. This lemma says that every proper continuous map
F : X — M between a Thom-Mather stratified space X and a smooth manifold M, whose restriction to
each stratum of X is a smooth submersion, is a locally trivial fibration. Thus such a map participates in a
fiber bundle whose fiber is a Thom-Mather stratified space and with structure group given by the controlled
isomorphisms of the fiber.

If M is a stratum of a Thom-Mather stratified space with control data (7, Ty, py) then (possibly after
shrinking Ty, and scaling p;s) we can apply the isotopy lemma to recognize

F= (ﬂ-M7pM)|TM\M : TM\M — M X (0, 1),

which the definition of Thom-Mather spaces assures us is a smooth submersion when restricted to each
stratum of Ty \ M, as a locally trivial fibration. If we denote the restriction of my to H = ijll(%) by
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¢y : H — M then we can identify the typical fiber of F with H x (0,1), recognize that ¢y is a locally
trivial fiber bundle, and, if we denote the typical fiber of ¢y by Z, finally conclude that 7y, : Ty — M is a
locally trivial fiber bundle with fiber Cjg 1)(Z).

In more detail, for every point p € M there is a neighborhood V C M and a stratified homeomorphism
vm (V) — VX Clo,1)(Z) participating in the commutative diagram

T (V) ————
DN
v
where the unlabeled arrow is the obvious map. If ¥ : 7,,' (V) — V x Co,1)(Z) is another such homeomor-
phism then the transition map

V x C[OJ)(Z)

IVJO l[/_l 1V x C[Ol)(z) —Vx C[O,l)(z)

is the identity on the first factor and is a controlled isomorphism on the second factor. As mentioned above,
this controlled isomorphism lifts to a controlled isomorphism on the ‘déplissage’ and so, if the depth of Z is
less than ¢, a stratified diffeomorphism thanks to the inductive hypothesis.

Thus if (X,8,7) is a Thom-Mather stratified space of depth at most ¢ then we obtain stratified charts from
the trivializing neighborhoods of these fiber bundle structures on the tubular neighborhoods of the strata
of X, together with the coordinate charts of the regular part of X. The analysis above shows that this is a
smooth stratified atlas. Finally this same analysis shows that a controlled isomorphism is a smooth stratified
diffeomorphism.

Next if we start with a smooth atlas stratified space X —» A we can obtain control data by using its
resolution f3 : res(X) — X. This goes back at least to [Ver84, §5-6] but a nice exposition can be found in
[KR23|, Proposition A.4], to which we refer the reader for details. ]

Remark 2.14. Note that the unzip result in [AFT17, §7] should imply a categorical equivalence between
the category of conically smooth spaces and stratified diffeomorphisms and the category of manifolds with
fibered corners and fibered diffeomorphisms; however if this were true then the conically smooth maps
would coincide with our smooth maps between smooth atlas stratified spaces and Remark shows that
this is not the case. (In particular [AFT17, Conjecture 1.5.3] is true and well-known for Thom-Mather
stratified spaces and hence for smooth atlas stratified spaces.)

In [NV23]], it is shown that Thom-Mather stratified spaces are conically smooth spaces. The authors do
not make use of the resolution studied in [AFT17, §7] to relate the two types of spaces, perhaps because
they were unaware of the parallel resolution result in [Ver84] for Thom-Mather spaces.

In summary, we now know that

(1) Thom-Mather stratified spaces,

(2) Whitney embedded stratified spaces,
(3) manifolds with fibered corners,

(4) smooth atlas stratified spaces,

all describe the same singular spaces, which we refer to as smoothly stratified spaces.

2.5. Witt spaces. In this short subsection we recall the main objects we will be studying throughout the
rest of the paper.

Definition 2.15 (Witt spaces [Sie83] Definition 2.1]).

A smoothly stratified space X is a Witt space if whenever Z is the link in X of a singular stratum we either
have that £ = dimZ is odd or that IHT/Z(Z;Q) = 0, where IH"(Z; Q) denotes the lower middle perversity
intersection homology groups of Z with rational coefficients [GMS80, §5.1].
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Siegel introduced Witt spaces, though he worked with PL stratified spaces. He introduced a bordism
theory of oriented PL Witt pseudomanifoldﬂ QWVitt(_) "which is now well known to be a homology theory.
The name ‘Witt spaces’ comes from the fact that the bordism groups of a point can be computed to essentially
equal the Witt groups of Q; specifically, [Sie83] pg. 1068]

4 ifg=0
QM (pt) =<0 ifg#£0 mod4
Witt(Q) ifg>0,¢g=0 mod4
One can also consider the bordism theory based on cycles given by continuous maps on smoothly stratified
oriented Witt pseudomanifolds, szm’w(—). We show in Proposition |4.5|that these are naturally equivalent.)

Natural examples of oriented Witt pseudomanifolds include pure-dimensional complex algebraic vari-
eties, or indeed any stratified space all of whose strata are even-codimensional.

3. THE ANALYTIC ORIENTATION CLASS OF A WITT PSEUDOMANIFOLD

3.1. K-homology orientations. Let E be a ring spectrum. We review E-homological orientation classes of
manifolds, see e.g. Rudyak [Rud98]. First, spheres S" are E-oriented as follows. Let 1 € my(E) be the unit
of the homotopy ring 7, (E). The homology theory E, determined by E has a suspension isomorphism
0, Mo(E) = Eg(S°) — Eq(S") = Ea(S", ).

One defines the orientation of S” to be [S"]g := 0. (1). Now let M be an n-dimensional topological manifold,
say without boundary. For every point p € M and every disc neighborhood U C M of p, let coll”V : M — §"
be the map which collapses the complement of U. If U’ is another disc neighborhood of p, then coll”Y" and
coll”V are homotopic. Thus we obtain a well-defined homotopy class

coll” : M — S".
Definition 3.1. An element [M|g € E, (M) is called an E-orientation of M, if
3.1 coll’[M|g = £[S"|g
for every p € M.
Suppose that M is connected. Then the homotopy classes coll” and coll” coincide for any two points

p, P € M by choosing a path from p to p’. So it suffices for connected manifolds to verify (3.1) at a single
point p. If M is E-oriented, then the Poincaré duality map

—N[Mg : EX(M) — E,_1(M)
is an isomorphism.

Proposition 3.2. Let ¢ : E — F be a ring morphism of ring spectra and M an n-dimensional manifold. If
[M]g € E,(M) is an E-orientation of M, then its image ¢.[M|g € F,(M) is an F-orientation of M.

Proof. The morphism ¢ induces a natural transformation ¢, : E,.(—) — F.(—) of homology theories. This
transformation commutes with the induced homomorphisms coll?, and with the suspension isomorphisms.
Furthermore, it maps the unit 1 € Eo(S°) to the unit 1 € Fy(S®). Therefore, for every p € M,
coll? 9. [M|g = ¢.colll [ M]g = £0.[S"|g = 0.0 (1) = £0r0.(1) = £0F(1) = £[S"|F.
O

Since complexification and the stable second Adams operation are multiplicative, Proposition[3.2]together
with Theoremimplies that the (normalized) class signy (M) of the signature operator is a K[}]-orientation
for a closed smooth HZ-oriented manifold M. (It is not an orientation at 2.)

Recall from that a pseudomanifold is a stratified space whose regular part is dense and has a fixed dimension and whose
other strata have dimension at least two less than the regular part.
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3.2. Wedge metrics and Dirac-type operators. We recall the definition of wedge Dirac-type operators
from [[AGR23]]. The example most important to us will be the signature operator of a wedge metric acting
on wedge differential forms.

Let M be a manifold with fibered corners and let M — S(M) denote the corresponding boundary strati-
fication. Wedge one forms are defined by

Vv, ={6 € C*(M;T"M): foreacha € S(M) andy € BsM, 6|,-1.,) =0}
and by the Serre-Swan theorem or by direct construction as in [Mel93, §8.1-8.2] there is a vector bundle
"T*M — M
endowed with a bundle map i : WT*M — T*M with the property that
L.CT(M"T*M) =V, CC”(M;T*M).
In particular, i is a bundle isomorphism over M° and hence

"T*M

me is canonically isomorphic to 7" (M°).
Since M is homotopic to M°, it follows that ' 7T*M is isomorphic to 7*M over M (although not naturally and i

is not an isomorphism over the boundary of M). In local coordinates near the total space of F,M — d,M ¢—”>
BuM, (x,y1,...,Yh,21,---,2v), in which x is a boundary defining function for d,M, y; are coordinates pulled-
back from B,M, and z; are coordinates on F,M, a differential form

0= a(x,y, Z)dX‘F b](x,y,z)dyj + ck(x,y,z)dzk

is in 'V}, if and only if the coefficients ck vanish when x = 0 and so the differentials dx, dy;,...,dyn,
xdzy,...,x dz, make up a local frame for V},. Abusing notation we think of elements of Vyj;, as sections
of WT*M. Importantly though, a form like x dz; does not vanish at {x = 0} when thought of as a section of
WT*M (e.g., because dz; is not a section of "7T*M so x dz; is not x times another section).

The wedge tangent bundle ¥ TM is the dual bundle to the wedge cotangent bundle. A general wedge
metric can be defined as a bundle metric on W7 M but it is convenient to require more structure. Namely, a
product-type wedge metric is one that near each d,M has the form

dx* + ngQaM/BaM +9,88.m
where g5 1/8,m + 98B, is @ submersion metric on d,M. A totally geodesic wedge metric is one that
coincides with a product-type wedge metric at each d,M up to O(x?). (See [AGR23, §1.2] for more details,
and also [KR23| §6].)
For totally geodesic wedge metrics (and more generally) one can use the Koszul formula to see that the
Levi-Civita connection defines a connection on the wedge tangent bundle,

VM. (M TM) — C*(M; T*"M @ TM),
and hence also on the wedge cotangent bundle.

Definition 3.3. Let M be a manifold with fibered corners and a wedge Riemannian metric gy;. A wedge
Clifford module on M consists of a complex vector bundle E — M endowed with a Hermitian metric gg,
a metric connection V£, and a bundle homomorphism (referred to as Clifford multiplication)

o :CCI("T*M,gy) — End(E)
satisfying that, for any 6 € C*(M;"T*M) and V € C*(M;TM),
ge(cl(0),) = —gg(-,cf(6)) and VEel(0)=cl(0)VE+cL(VY0).
The corresponding Dirac-type operator is the differential operator given by the composition
E
3 : C2 (M E) —— (M T*M @ E) — C2(M°;E),

where we have used that 7*M and " T*M are canonically isomorphic over the interior of M.
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A Z,-graded wedge Clifford module is a wedge Clifford module in which E has a splitting E =E" ®E~
which is orthogonal with respect to g, parallel with respect to V£, and odd with respect to ¢/ .

Using the metrics on M and on E we can define L?(M;E) and consider ¥ as a symmetric unbounded
operator with initial domain C’(M°;E). Elliptic regularity in this setting establishes that any element of
L>(M;E) that is mapped into L>(M;E) by 0F (acting distributionally) must have Sobolev regularity but
measured using “edge vector fields”. An edge vector field on M is one that is tangent to the fibers of all of
the boundary fiber bundles of the iterated fibration structure on M and we denote the corresponding Sobolev
space by H! (X;E). Thus the elliptic regularity statement is that

Dimax (3F) := {u € > (M;E) : 0Fu € L*(M;E)} C H (X;E).

For our purposes, the initial domain C°(M°;E) of OF is too small and the maximal domain, Dy (0F), is
too large so we use an intermediate domain known as the ‘vertical APS domain’ (so called because of its
close relation to the domain introduced by Atiyah-Patodi-Singer in [[APS735]]). This domain is defined as

'DVAPS(8E) = pl/zHel (X;E) N ‘Dmax(ﬁE)

where p is a ‘total boundary defining function’, i.e., a smooth non-negative function that vanishes simply at
the boundary of M. In [AGR23]] this was shown to be a natural choice of domain for 0% and to have several
nice properties as long as an ‘analytic Witt assumption’ is satisfied.

To state this assumption, note that for any o € S(M), a wedge Dirac-type operator OF takes the form

1 i
—(a(x%,y, 2)x0 + ' (x,,2)x0y; + ¢ (x,3,2) 9y + £ (%,3,2))
near dgM = {x = 0}. We refer to

0% = x0% |3 = ¢“(0,%,2) 0y, + £(0,3,2)

as the boundary family of 3° at d,M. Itis a family of operators on the fibers of ¢y, : dgM — BoM. In fact
it is practically equal to a family of Dirac-type operators with respect to an induced wedge Clifford module,
see [AGR23, Lemma 2.2]. We say that 0% satisfies the analytic Witt condition if every boundary family,
endowed with its vertical APS domain, is invertible.

In [AGR23| Theorem 1] it is shown that if M is compact and 0¥ satisfies the analytic Witt condition then
(0F , Dyaps(0F)) is closeﬂ Fredholm, and self-adjoint with compact resolvent. In case M is non-compact,
but the links of the associated stratified space are compact, the method described in [ALMPI18, §3] and
implemented in, e.g., the proof of [ALMP18, Theorem 5.2] shows that (3%, Dy4ps(dF)) is closed, locally
Fredholm, and self-adjoint with locally compact resolventﬂ

The most important special case of this construction for us is the signature operator. First if we replace
the ordinary differential forms on M with the wedge differential forms, defined to be the sections of the
exterior powers of the wedge cotangent bundle,

e (M:A"("T*M)),
then the de Rham operator d + § is a wedge Dirac-type operator. The analytic Witt assumption is satisfied
by d + & if and only if M is (the resolution of) a Witt pseudomanifold in the sense of Siegel [Sie83]] (this is
why it is called the analytic Witt assumption); see e.g., [ALMP18| Corollary 4.2].

To define the signature operator we first replace wedge cotangent bundle with its complexification " T2 M =
WT*M & C and then let x be the involution obtained from the Hodge star * by multiplying it with an appro-
priate (form degree dependent) power of i so that x> = 1. If dimM is even then the signature operator
D" = Osign is the operator induced by the de Rham operator together with the Z,-grading induced by *.
If dim M is odd then the de Rham operator commutes with x and the signature operator (known as the ‘odd

8In the statement of JAGR23| Theorem 1] the vertical APS domain is defined as the graph closure of the domain defined above
but the proof of [AGR23| Theorem 4.3] shows that the domain is already closed in the graph norm.

9By locally compact we mean an operator whose product with any smooth function of compact support is a compact operator
and by locally Fredholm we mean an operator that is invertible up to a locally compact operator.
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signature operator’) is its restriction to the 41 eigenspace of . (In either case, the analytic Witt assumption
for the signature operator holds precisely when the analytic Witt assumption for the de Rham operator does,
i.e., when M is a Witt pseudomanifold.)

Summarizing, we have the following fundamental result:

Theorem 3.4. Let X be a smoothly stratified Witt pseudomanifold and let M = res(X) be its resolution, a
manifold with fibered corners. We endow the regular part of X and thus the interior of M with a wedge
metric g. Then the signature operator D;flgn associated to g satisfies the analytic Witt condition and there-
fore admits a closed self-adjoint extension Dyaps(Dsign)) C L*(M,A*("T*M)) which is Fredholm and has
compact resolvent.

For some wedge metrics on a Witt space, called adapted iterated edge metrics in [ALMP12, §5.4], the
de Rham operator is essentially self-adjoint as an unbounded operator on L? differential forms. Any wedge
metric can be deformed to one of this form and this deformation produces a homotopy of the de Rham (or
signature) operators within Fredholm operators (see [AGR23, Remark 4.9]). Thus for some purposes, e.g.,
defining a K-homology class, one may if convenient assume that the operator is essentially self-adjoint.

3.3. KK-theory and the analytic signature orientation class of a Witt space. We find it convenient to
make use of the unbounded description of KK-theory set out by van den Dungen and Mesland in [vdDM20)]].
For the reader’s convenience we start by reviewing some of the relevant notions.

Let A and B be countably generated, o-unital, Z,-graded C*-algebras. A B-Hilbert module € is a right
B-module equipped with a B-valued inner product (-, -)¢ which is complete with respect to the norm ||v||¢ =
|{(v,v)e H119/ *. A B-Hilbert module is an (A, B)-bimodule if A acts on it via adjointable bounded operators.

Let D : dom(D) C € — € be a closed, densely defined, self-adjoint and regula operator and define

Lip(D) = {T adjointable, bounded operator on E :
T(dom(D)) C dom(D) and [D, T] is adjointable and bounded},

Lipsc(D) ={T € Lip(D) : T(1d+D%)"1/2,T*(1d + D?) "'/ € K}

An unbounded A-B-cycleEI is a Zp-graded Hilbert bi-module 4 € together with an odd regular self-adjoint
operator D on E such that the elements of A act as operators in the closure of Lipy (D). Direct sum makes
the set of unbounded A-B-cycles into a semi-group. The equivalence classes of unbounded A-B-cycles with
respect to operator homotopy form a group with respect to direct sum denoted

UKK(A,B).
Van den Dungen and Mesland show that if A is separable the bounded transform induces an isomorphism
UKK(A,B) 2 KK(A,B).

The odd KK-groups UKK' (A,B) = KK'(A,B) are defined by the same procedure as above but work-
ing with ungraded Hilbert bi-modules. We will denote the even groups by UKK(A,B) = KK(A,B) or

UKK (4,B) = KK’(A, B) interchangeably. A superindex in this setting is to be understood modulo two.

1070 say that D is regular is to say that D and D* are densely defined and that Id + D*D has dense range.

T An unbounded Kasparov module for (A,B), in the sense of Baaj-Julg [BJ83] is an (A, B)-bimodule € together with a self-
adjoint regular operator D on E, homogeneous of degree one, such that (1+ Dz)*la extends to an element of Kp for all a € A and
such that there is a dense *-subalgebra A C A contained in Lip(D).

A significant complication of using unbounded Kasparov modules is that in order to define the direct sum of two modules we
would require that the subalgebra A is the same for the two modules. This is avoided with unbounded A-B-cycles where instead it
is required that A C Lip(D).
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Roughly speaking if X and Y are stratified spaces (and more generally) then

K%(X) := KK(C,Cy(X)) = “Fredholm operators parametrized by X”,

K§'(X) :==KK(Cy(X),C) = “Fredholm operators on X,

KK(Cy(X),Co(Y)) = “Fredholm operators on X parametrized by Y.
In particular a wedge Dirac operator on X satisfying the analytic Witt condition will define a class in K" (X)
and, as we will show in §5] a family of wedge Dirac-type operators on the fibers of X — Y satisfying the
analytic Witt condition will define a class in KK(Cy(X),Co(Y)).

Let us describe the case of a single operator in detail. Suppose X is a smoothly stratified space (not

necessarily compact) with resolution M = res(X), that (gys, E — M, gg, VE, cf) is a wedge Clifford module
on M and that the associated Dirac-type operator 0%, satisfies the analytic Witt condition. Let us set

A=Coo(M):=Co(M)NCy(M), B=C, &=L*(M;E)

and endow & with a left A-action and right B-action, both given by multiplication, and note that the L2-
inner product on € is a B-valued inner product so that € is a Hilbert A-B-bimodule, Z,-graded if E is. The
operator Oy, ,,pg is closed, densely defined, self-adjoint and regular and Co (M) :=CgM)NCZ (M) C

Lipy (3M vaps) so the elements of A act as operators in the closure of Llpx(ESM vaps)- Thus we obtain a class

(05 vaps) € ORR™™ (Cop 0(M), C) = KKI™ (Cg, o (M), C) = KKI™X (Cy(X), C) = Kifhx (X).

The case of most interest to us is the K-class of the signature operator of a Witt pseudomanifold X,
[Dblgn] € Kiimx (X).
For compatibility with the Sullivan orientation, as we will show below in §7}, it is natural to define
signge(X) = 271X 2 DY) €Kit (X)[3]-
We refer to this as the analytic signature orientation of a Witt space.
Remark 3.5. The class of the signature operator in K3+ (X) coincides with that defined in [ALMP12] §6.2]

(and that defined in [MW97])). See also the definition of the K-homology class of the signature operator on
Cheeger spaces (generalizing Witt spaces) in [ALMP17, §5.1].

4. INVARIANCE PROPERTIES OF THE ANALYTIC SIGNATURE ORIENTATION

In this section we consider the behavior of the analytic signature orientation under changes of the under-
lying structure.

4.1. Stratified diffeomorphism invariance.

Proposition 4.1. The analytic signature orientation of a smoothly stratified oriented Witt space is indepen-
dent of the choice of wedge metric used in its definition.
If ¢ : X — Y is a stratified diffeomorphism between smoothly stratified oriented Witt spaces, then

Pusigng (X) = signg (¥) € KM (Y) = KK*(Co(Y),C).

Proof. If g and g’ are wedge metrics on X then they are quasi-isometric and hence the space of L? sections of
wedge differential forms is the same for both metrics (though of course the L2-norm of an individual element
is not). The path of wedge metrics 7 — 1g+ (1 —1)g’ lifts to an operator homotopy between the correspond-
ing signature operators, endowed with their VAPS domain. Since operator homotopies between Kasparov
bimodules do not change the KK-class, we see that the analytic signature orientation is independent of the
metric.

Let gy be a wedge metric on Y and consider ¢*g on X. It can be proved that this is also a wedge metric.
This can certainly be proved directly as in [BHS92, Lemme 5.2]. However, it also follows from the following
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general principle: a wedge metric gy extends to define a bundle metric on the wedge cotangent bundle over
the resolved manifold of Y, Y; a stratified diffeomorphism ¢ lifts to a diffeomorphism ¢ of the resolutions
and thus induces a well-defined bundle map, covering ¢, between the respective wedge-cotangent bundles.
The pull-back of the metric gy is then a metric on the wedge-cotangent bundle of the resolved manifold X;
such a metric defines on the interior of X, which is the regular part of X, a wedge metric.

Consider any class [H,a : C(X) — B(H),F] € K (X) and recall that if y : X — Y is a continuous map,
then

V. [H,o0: C(X) — B(H),F|:=[H,o0y*:C(Y)— B(H),F|] € K¥(Y).

A similar formula works in the unbounded picture, considering a suitable dense subalgebra A (X) of C(X).
Consider now Hy := L?(X™ A*(X™2), ¢*gy) and the class

[Hy, My : A(X) — B(Hy), Dy] € KI'(X)
with D, the signature operator associated to ¢*gy, A(X) the dense subalgebra of Lipschitz functions on X
and My equal to the multiplication operator. By wedge-metric invariance

[Hy M A(X) = B(H), D] = D] € K¥'(X)
On the other hand, let now Hy be the space of L>-forms on Y associated to gy. Pull-back by ¢ defines a
unitary isomorphism U : Hy — Hy, such that U~! o D} o U = D}*" or, equivalently, U o D}y¥" o U~! = Dj.
Thus, on the one hand,
0.[DYE"] = 0. [Hy, Mx : A(X) — B(H), Dx] = [Hy, My 0 9" : A(Y) — B(Hy), D]

and, on the other hand, ‘ .

[Dy*"] = [Hy, My : A(Y) — B(Hy),Dy®"].
We set M := My o ¢*; we want to show that

[Hy, M - A(Y) — B(Hy),Dy] = [Hy, My : A(Y) — B(Hy),D}"].

But for ® € Hy we have

M) (Uw)=9¢"(f)(¢"0) = ¢"(fo) = UMy (f)(@)).
Together with our remarks so far, this means that the 2 cycles
(Hy, M : A(Y) — B(Hy),Dy) and (Hy,My : A(Y) — B(Hy),D}%")
are unitarily equivalent, and so define the same K-theory class, which is what we wanted to show. U

Remark 4.2. For a general wedge Clifford module (g, E — M,gg, V), the resulting K-homology class
may well depend on the metrics involved. The reason that the argument above does not apply is that, while a
homotopy of metrics lifts to a homotopy of the corresponding Dirac-type operators, this homotopy might not
take place within Fredholm operators. For the signature operator the analytic Witt condition is independent
of the metric but for example the dimension of the space of harmonic spinors on a surface of genus greater
than two depends on the metric [Hit74, Theorem 2.6].

4.2. Witt bordism invariance. The following proposition, for smooth manifolds, is Proposition 4.1 in
[PRWIS] (cf. [BDT&9, Propositions 4.4 & 5.4]). Our proof follows [Hig89, §5] (cf.[HROO, Proposition
11.2.15]). A different approach for smooth manifolds can be found in [MP92].

Proposition 4.3 (The boundary of Dirac is the Dirac of the boundary).

Let W be a smoothly stratified space with boundary X = dW, and denote their resolutions by N =res(W),
and M =res(X) = dN. Let (gn,E — N, gg, VE) be awedge Clifford module on N whose associated Dirac-
type operator 5§7VAPS satisfies the analytic Witt condition. If W is even-dimensional, assume that E is
graded with grading operator y. Let v be a normal vector field to M and define a wedge Clifford module
(gn|m, 0E — M, gElor, VE|oE) on M as follows:

(1) If W is odd-dimensional, JE = E |y, graded by Clifford multiplication by iv;
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(2) if W is even-dimensional, JE is the +1 eigenspace of the involution ivY.

Then the wedge Dirac-type operator associated to this Clifford module, 5,‘?,}% Aps Satisfies the analytic Witt
condition and the boundary map in K-homology, d : K, (W, 0W) — K3 (W), satisfies

dim oW
d [61151,VAPS] = [@?ﬁv/ws]-

Proof. 1t is pointed out in [Hig89] §5] that if A is a C*-algebra and J an ideal in A, so that we have a short
exact sequence

0—J—A—A/J—0,
then the boundary map @ : KK/(J,C) — KK/~ (A /J,C) factors as

(4.1) KK/(J,C) — KK/ (Cy((0,1)) ®A,/J,C) — KK/~ '(A,/J,C)

where the first map is defined using the mapping cone associated to the short exact sequence and the second
map is the inverse of the Kasparov product with the class

[B0.1)] € KK'(Co(0,1),C) = Ki"((0, 1))

of the Dirac operator on the positively oriented open unit interval.

We wish to apply this with A =Co(W),J ={f € Co(W): f|x =0}, sothat A /J = Cy(X). Naturality of the
boundary map allows us to replace W with a collar neighborhood of X so instead we take A = Cy([0,1) x X)
and J = Cp((0,1) x X). Arguing as in the proof of [Hig89, Theorem 5.1] this has the happy consequence
that the first map in (4.1)) is the identity map and hence the boundary map in K-homology is the inverse of
the Kasparov product with [5(071)]. Thus we can conclude the proof if we can show that

J
[61@,\//4135] =[0,n]® [5M€VAPS} € Kgimw ([0,1) x X, {0} x X).
This can be checked using the fact (e.g., from [BJ83\ (1)]) that the Kasparov product of [Jq ;)] and [5,‘3}?\/ ApS)
is represented by g y&1 41 ®5]‘?£V 4ps- Lhis is also a particular case of Theorem below. U

In the non-singular situation, the following proposition has been established in [PRW95 pg. 290],
[RWO06, Theorem 2]. We note that certain bordism invariance results for the signature operator K-homology
class on Witt spaces have also been obtained by Hilsum in [Hil14} Section 3].

We use the notation [D;;,ggw} to denote the class induced by the signature operator of a wedge metric on

an oriented Witt space with boundary in the K-homology group of W relative to dW.

Proposition 4.4.

(1) If W is an oriented smoothly stratified Witt space with boundary then the boundary map in K-

homology, d : K&\, (W,0W) — K - (dW), satisfies

. ‘ 1 ifdimW is even
d[Dy55, ] = kD35 th k=
Dy owl = kDgy 1 wi {2 if dimW is odd

(2) Let X be a compact oriented smoothly stratified Witt space, % any finite CW complex, and let
sign

f:X =% be a continuous map. Then f,[Dy""] € Kgima (¥) is a Witt bordism invariant of the pair

(X, £)-

Proof. (1) Denote the resolution of W by N = res(W) and that of dW by M = res(dW) = dN. Since the
signature operator of a wedge metric on W is a Dirac-type operator we know from Proposition {.3] that
d[Dy"] is the K-homology class of a Dirac-type operator d on dW. Without loss of generality we may
assume that the wedge metric on N is collared near dN, i.e., that there is a collar neighborhood of N which
is isometric to [0, 1) x M for some wedge metric on M, and we may restrict attention to this neighborhood.
Rosenberg and Weinberger computed the decomposition of the signature operator on a product of closed
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manifolds in [RWO06, Lemma 6] but, as the computation only involves the Clifford algebras and gradings, it
applies to [0, 1) x M, and shows that, in K-homology,

[Digity<awl = k (Do) © Dy

] ik 1 ifdimW is even
wi =
2 if dimW is odd

Finally we know from the proof of Proposition 4.3 that the boundary map in K-homology for a product is
the inverse of the Kasparov product by the Dirac operator on the interval, so the result follows.

(2) Let n = dimX. Suppose that f : X — % is Witt nullbordant. Thus, there is a compact smoothly
stratified oriented Witt space W with boundary 0W = X and a continuous map F : W — % that extends f.
Let i : X — W denote the inclusion of the boundary and consider the commutative diagram

whose top row is exact. If n is even, then from (1) we know 8[D;:,%;] = [D") and thus
F.IDFE) = i [DPE] = Fi.0[Dy] = 0.
If n is odd, then (1) asserts that d [D;:,g;] = 2[D§(ign]. Therefore, f [D;gn] is either zero or has order 2:
21D = F.in 2IDYE) = Fi.d[Dfy] = 0 € K(#).

In either case, f;[Dy*"] vanishes in the localization K2"(#)[3]. However as in [RWO06, Theorem 2] it is
possible to use arguments from [PRWO9S| §4] to avoid having to invert 2.

Specifically, Pedersen, Roe, and Weinberger point out that on a smooth manifold with boundary equipped
with a unit vector field v which is normal to the boundary (but defined on all of the manifold) the operator
of right Clifford multiplication by iV is an involution and the restriction of the signature operator to either
of its eigenspaces produces an operator whose boundary is the signature operator of the boundary on the
nose. The argument above then establishes that f,[Dy*"] = 0 € K2(%/). A smooth manifold with boundary
admits such a vector field if and only if its Euler characteristic vanishes. Rosenberg and Weinberger explain
how to reduce to this case by making modifications (either a connected sum or punching out a small disk)
away from the boundary.

To apply these arguments to our situation first note that if two bundles are isomorphic and one has a
nowhere vanishing section then so does the other. If N is the resolution of W, N = res(W), then we may
‘round out the corners’ and homotope N to a smooth manifold with boundary N’. If N has vanishing Euler
characteristic then N’ has a smooth nowhere vanishing vector field normal to the boundary. Since the tangent
bundle of N is isomorphic to the pull-back of the tangent bundle of N’, N also has a nowhere vanishing vector
field which we can assume (by how we round out the corners) is normal to the boundary hypersurfaces of N
that correspond to the boundary of W. Next, since the wedge tangent bundle of N is isomorphic (albeit not
naturally isomorphic) to the ordinary tangent bundle, we see that there is a nowhere vanishing wedge vector
field on N, normal to the lift of the boundary of W, which we can normalize to have everywhere unit length.
Applying the Pedersen, Roe, and Weinberger argument as done in [RWO06, Theorem 2] then establishes the
result. U

Recall from ~ that Q™ denotes the bordism theory based on oriented PL Witt pseudomanifolds and

QY% denotes the corresponding theory based on oriented smoothly stratified Witt pseudomanifolds. The
proposition implies that the assignment

4.2) [f:W"'—=X]| — fi[Dw]
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constitutes a well defined homomorphism
Q¥ (X) — K3N(X).

Since bordism of PL stratified Witt spaces is isomorphic to bordism of smoothly stratified Witt spaces
(Proposition .5)), we may also regard this as a homomorphism

QY (X) — K(X).

This map is a natural transformation of homotopy functors, but not of homology theories (Rosenberg-
Weinberger [RW06, Remark 4]). The modified map

0+ QY =(X)[3] — K (X)L,
O([f: W' = X]|®zr) :=r27 "2y, [D‘S,:,gn] = rf.(signg (W)),

is a natural transformation of homology theories, since the powers of 2 correctly absorb the behavior of the
connecting homomorphism as described in Proposition 4.4 (T)).

4.3)

4.3. Witt bordism: smooth versus PL. In several places, particularly in Section [/| where we consider a
natural transformation from Witt bordism to analytic K-homology via the signature operator, we need to
identify Siegel’s bordism theory of PL Witt spaces with bordism of smoothly stratified Witt spaces. Let us
discuss this identification in more detail. Recall that QY(—) denotes the bordism theory of PL Witt spaces
as introduced in [Sie83]]. This functor is well-known to be a homology theory. Let szm’m(—) denote the
bordism theory based on cycles given by continuous maps on closed smoothly stratified Witt spaces. This

functor is a homology theory as well, since transversality is available for smoothly stratified spaces.

Proposition 4.5. Triangulation induces a natural equivalence of homology theories
1: QY (=) — QM ().

Proof. Let % be a CW complex and let f : X" — % be a continuous map on a closed smoothly stratified
Witt space X. By Goresky [[Gor78], Thom-Mather pseudomanifolds can be triangulated compatibly with
the stratification. The triangulation can be taken to be a smooth embedding on the interiors of simplices.
Choose a Goresky-triangulation of X. This choice yields a PL pseudomanifold X with the same underlying
topological space as X. It is not clear that different choices of Goresky-triangulations yield PL-isomorphic
PL pseudomanifolds. Nevertheless, we claim that (f : X — %) — (f : X — %) induces a well-defined
homomorphism ¢ : Q" (%) — QWVi'(%). The reason is indicated by Goresky and MacPherson in Section
5.3 of [GMS&0]: Goresky’s techniques imply that any two Goresky-triangulations of X are concordant. This
yields a triangulation of the cylinder X x [0, 1], which is then a PL bordism between the two triangulations
of X. The map f extends continuously over the cylinder by f xidjp . If F: W — & is a smoothly
stratified Witt nullbordism for f : X = dW — %/, then we may Goresky-triangulate W to obtain a PL. Witt
nullbordism F : W — % for f: X — %, where X is chosen to be the restriction of the Goresky-triangulation
of W to the boundary. Hence we obtain a well-defined map ¢ and this map is a homomorphism. It is
natural in %/, since maps induced by g : % — % are just given by composing f and g. For % a point, the
map ¢ was already considered by Zentarra in [Zen19], who proved that it is an isomorphism over a point.
(The map is surjective, since Siegel’s generators of QX}?“(pt) are given by Whitehead-triangulating certain
compact smooth manifolds and then coning off the boundary. The smooth manifold with cone attached to
the boundary then possesses a smooth stratification such that a Goresky-triangulation may be taken to be
the Whitehead triangulation, coned off. The map is injective as is seen by carefully verifying that Siegel’s
singular surgeries can be carried out within the class of smoothly stratified spaces. In addition to the fact that
Siegel’s intersection form invariant w(—) € Witt(Q) is a fopological invariant, one exploits the observation
that if the triangulation restricts to a smooth embedding on the interiors of simplices, then the skeletal
filtration determined by the triangulation is indeed a smooth Thom-Mather stratification.) Finally, ¢ is an
equivalence, for ¢ is a natural transformation of homology theories which is an isomorphism on coefficient
groups. U
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5. ANALYTIC TRANSFER OF THE SIGNATURE ORIENTATION ALONG A FIBRATION
The goal of this section is to describe how to assign to every fiber bundle of smoothly stratified spaces
w-x sy,
in which the fibers are oriented Witt pseudomanifolds, a class in the KK-group KK(Cy(X),Co(Y)). Indeed
from [ALMP12, IAGR23| the family of vertical signature operators associated to any choice of vertical
wedge metric is a family of Fredholm operators and we will see that it defines the desired class. To do this,

in order to apply the theory developed in [AGR23]], we discuss the “grid resolution” of this fiber bundle to a
fiber bundle of manifolds with corners with iterated fibration structures,

res(W) —resgrig(X) — res(Y).
5.1. Resolutions of a stratified fiber bundle. Starting with a fiber bundle of smoothly stratified spaces
w-x-Lsy,

we will discuss the partial resolutions that result from resolving the base or the fibers and the grid resolution
that results from resolving both. The grid resolution continues to participate in a fiber bundle. One could go
further and fully resolve X but, unless one of W or Y is smooth, at the cost of the fiber bundle structure.

In the simplest interesting situation when X is the product of two stratified spaces of positive depth,
X =W x Y, endowed with the projection onto Y, p : X — Y, the partial resolutions of base and fiber are,
respectively

respase (X, p) =W xres(Y), resap(X,p) =res(W) XY,
and the grid resolution of X is
resgrid (X, p) =res(W) xres(Y).
This is a smooth manifold with corners but, as neither ¥ nor W are smooth, this is not equal to the resolution
of X and it does not have a natural iterated fibration structure. Indeed in [[KR23|] Kottke and Rochon have
shown that res(X) can be obtained from res(W) x res(Y) by a sequence of real blow-ups of appropriate
submanifolds of the boundary producing what they call the ‘ordered product’ X so that

res(X) = res(W) xres(Y).

It is worth noting that the lifted projection res(X) — res(Y) is no longer a fiber bundle map (it is a “b-
fibration™), as this is one of the reasons why we have use for the grid resolution.

While the grid resolution is a smooth manifold with corners, the partial resolutions of base and fiber
above are the product of a smooth manifold with corners and a smoothly stratified space. For the purpose
of regularity we consider such a product as a smoothly stratified space with the stratification obtained by
endowing the manifold with corners with its natural stratification (see Remark [2.7).

Prelude: When the base and fiber each have depth one. Since the constructions below are a bit intricate,
we thought it would be useful to first describe the simplest interesting situation. This prelude can be skipped.

Suppose that W — X LY is a fiber bundle of smoothly stratified spaces where W has singular part Wy
and regular part W and Y has singular part ¥ and regular part ¥; and X has poset stratification given by the
product poset

(0,1)
/ \
(0,0) (1,1)
\ /
(1,0)
where we have chosen that the first entry corresponds to the fiber and the second entry corresponds to the
base. The regular part of X is Xieg = X1 1), the singular part of X is Xing = X(0,0) UX(0,1) U X(1,0)- The
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singular stata X(q 1) and X1 ¢ are disjoint but their closures are both obtained by the inclusion of X(g o). Note
that p_l (YO) = X(O,O) UX(LO) and p_l (Yl) = X(O,l) UX(l,l)'

Resolving along the base: The resolution of the base res(Y) comes with a blow-down map fy : res(Y) —
Y and we obtain the partial resolution of X along the base by pulling-back p along By, i.e.,

I'€Spase (}57 P) —X

P, b

res(Y) ——Y.
The induced map p participates in a fiber bundle

W — resbase(Xap) L res(Y)

(and for the purposes of regularity we note that if we regard res(Y) with its natural stratification as a man-
ifold with boundary, i.e., the stratification with strata dres(Y) = dypres(Y) and res(Y)°, then p is a smooth
fiber bundle of smoothly stratified spaces). The new base res(Y) is a manifold with fibered boundary with
boundary fiber bundle

Fyres(Y) — dores(Y) R Bores(Y) =Y.

We denote the pre-image of the boundary of res(Y) under j by dl'respase (X, p) with the  exponent denoting
‘horizontal’, it fits into the restriction of the pull-back diagram above,

o resbase&X ,p) — X(0,0)UX(1,0)

®o
dores(Y) ———— ¥y
since @o = By|jres(v)- The unlabeled arrow in this diagram is a fiber bundle map, just as the labeled arrows
are, and we denote it by

h

o
Fohresbase(Xap) - a(ﬁlresbase (X,p) — X(O,O) UX(I,O) = Bgresbase (X,p)-

Note that here Fohresbase (X, p) = Fyres(Y) is a smooth manifold and Bgresbase (X, p) is a smoothly stratified
space. We refer to the fiber bundle (pé’ and its compatibility with the fiber bundle ¢ as a horizontal iterated
fibration structure on resp,s. (X, p).

Resolving along the fibers: Returning to our fiber bundle W — X SN Y, we can use the fact that p is a
smooth map of smoothly stratified spaces to see that it induces a fiber bundle

Wo — X(070) UX(O,[) — Y.

We can use this to simultaneously resolve all of the fibers of p to obtain the partial resolution of X with
respect to the fibers, resgh(X,p). The resolution maintains the fiber bundle structure and we denote the
result by

res(W) — resgy (X, p) =Y.

This partial resolution replaced Xy UX(o,1) with a new boundary face which we denote dyresnX , with
the v exponent denoting ‘vertical’. The restriction of p to this face is a fiber bundle over Y with fiber the
boundary of the resolution of W,

dores(W) — dyresap (X, p) = Y.
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The blow-down maps of the fibers, By : res(W) — W, fit together into B : ressn (X, p) — X so that

res(W) resqb (X, p)
K
Bw B Y
/
W——--—"-X
and if we restrict this diagram to djressp (X, p), we get
dores(W) —— dyressn (X, p)
X
¢0:BW|80res(W) ¢(¥:ﬁﬁb‘9(‘;r65ﬁb(xp) Y
/
Wo ——— X(0.0) UX01)

This shows how the boundary fiber bundles of the fibers of p,

Fyres(W) — dores(W) N Bores(W) =Wy,
fit together into

¢V
FOVI'CSﬁb (X,p) — Bgresﬁb (X, p) — B(‘gresﬁb (X, p) = X(O,O) UX(O,I) .
We refer to the fiber bundle ¢ and its compatibility with the fiber bundles ¢y and p as a vertical iterated
fibration structure on resg, (X, p).
Resolving both the base and the fibers: If we resolve the fiber bundle W — X Ly along the base we again

have a stratified fiber bundle whose fiber is W and so we may proceed as above and resolve along the fibers.
We refer to the result as the grid resolution of X,

resgrid (X ) = resgp (respase (X, p), 7).

The result is a smooth manifold with corners that participates in a smooth fiber bundle

res(W) — resgria(X) N res(Y)

where the base and the fiber are smooth manifolds with fibered boundary. The only displeasing aspect of
resgrid (X ) is that it does not have a natural structure of manifold with fibered corners. The problem is that
the two boundary hypersurfaces of res,iq(X) correspond to the labels (0,1) and (1,0) and, since these are
non-comparable elements of the poset, their corresponding boundary hypersurfaces should not intersect.
This is easily fixed, we need only blow-up their intersection to obtain the resolution of X

res(X) = [resgia(X); gresgria(X) N of'resgia(X)].

As this blow-up does not treat all of the fibers of p equally, the fiber bundle structure of p does not survive
beyond the grid resolution.

Returning to the general case, let W — X L5 ¥ be a fiber bundle of smoothly stratified spaces, so that
the poset of X satisfies
S(X)=8S(W)xS(Y)
(with the obvious notation). By resolving the strata corresponding to (max S(W)) x S(Y) of X we will obtain
the partial base resolution of X, which will fiber over the resolution of ¥ with typical fiber W, and similarly
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by resolving the strata corresponding to S(W) x (max S(Y)) of X we will obtain the partial fiber resolution of
X, which will fiber over Y with typical fiber the resolution of W. In general neither of these partial resolutions
will result in a smooth manifold with corners. Once we perform both resolutions (in either order) we will
obtain the grid resolution of X, resgiq (X), which will be a smooth manifold with corners but it will not have
a natural iterated fibration structure. Instead it will have two structures, one inherited from the base Y and
the other inherited from the fiber W. We will start by defining these structures, then we will construct the
grid resolution, and then we will show that it has the advertised properties.

Definition 5.1.

(1) LetW — X Y, N be a fiber bundle of smoothly stratified spaces in which the base is a smooth
manifold with corners. A horizontal iterated fibration structure consists of an iterated fibration
structure on the base N, associated to the boundary stratification N — S(N), such that:

e Forall @ € S(N), with corresponding fiber bundle Fyu N — doN LN BoN, i X := y=1(9yN)
is either a disjoint union of connected codimension one strata of X or the regular part of X, and
participates in a fiber bundle of smoothly stratified spaces

h
Fix — 9hx %, plx.

If &,y € S(N) are such that 92X N 8{,’X # 0 and o < 7, there is a commutative diagram of fiber
bundles of smoothly stratified spaces

I X NIyX 9y BhX

o ¢/

h
Bl X

where 8{,’BZCX is a disjoint union of connected codimension one strata of B, X.
e For all o € S(N), the restriction of ¥ to a map 92X — dyN is the pull-back of a fiber bundle

h
Bix Yy BN, ie.,

9%
5.1 ohx —=BlLX

-
‘VJ/ lw{;
b

aaN e BaN

is a pull-back diagram.

2) Let L — X ¥, ¥ be a fiber bundle of smoothly stratified spaces in which the fiber is a smooth
manifold with corners. A vertical iterated fibration structurd consists of an iterated fibration
structure on the fiber L, associated to the boundary stratification L — S(L), such that:

e Forall a € S(L), with corresponding fiber bundle F,L — d,L L B,L, thereis d)X C X, either
a disjoint union of connected codimension one strata of X or the regular part of X, such that
y restricted to d)X fibers over Y with fiber d,L. Each d)X participates in a fiber bundle of
smoothly stratified spaces

F'X — a'x 2 prx.

12When the base is smooth, this is referred to as a locally trivial family of manifolds with corners and iterated fibration
structures in [AGR23| Definition 1.3].
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If a,b € S(L) are such that ;X NdyX # 0 and a < b, there is a commutative diagram of fiber
bundles of smoothly stratified spaces

9

AXNAX OYBIX

B'X

where d)B; X is a disjoint union of connected codimension one strata of B} X .

e Forall a € S(L), there is a fiber bundle map B,L — B\ X Yy participating in the commuta-
tive diagram

NX—>X

(3) We say that a fiber bundle carries a grid iterated fibration structure if it is equipped with both a
horizontal and a vertical iterated fibration structure.

Starting with a fiber bundle W — X Ly of smoothly stratified spaces, we obtain the partial resolution
corresponding to the base by considering the pull-back of p along the blow-down map from the resolution
of Y,

5.2) respase (X, p) := By X, where ﬁ;%*)X

| b

res(Y) — Y.

The partial resolution corresponding to the fiber is obtained by resolving the strata of X corresponding to
S(W) x (maxS(Y)). As these strata are transverse to the fibers of p, the composition of the blow-down map
with p is again a fiber bundle map, p,

resgp (X, p) B X
X /
Y

with typical fiber res(W). Indeed, given an open cover of ¥, {U,} that is trivializing for p and the corre-
sponding transition functions ¢y : Uy N Uy — Diff(W) (valued in the stratified diffeomorphisms of W),

we can lift these to ¢y : Uy N'Uy — Diff(res(W)) (valued in the fibered diffeomorphisms of res(W)) and
obtain transition functions for p.

Finally the grid resolution of W — X L4 ¥ is obtained by performing both of these partial resolutions,

I'CSgrid (X7 p) = ICSfib (resbase (X, P) ) ]5)
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and so fits into the diagram

B «
(5.3) resgrid (X, p) X ﬁy)i X
S i ip
128 N By
res(Y) —Y.

Theorem 5.2. I[fW — X Lsyvisa fiber bundle of smoothly stratified spaces then its partial resolutions
corresponding to the base and fiber inherit a horizontal and vertical iterated fibration structure, respectively.
Its grid resolution thus has a grid iteration fibration structure.

Proof. To simplify notation we assume during this proof that two strata are comparable if and only if their
closures intersect. Thus, e.g., the closure of W, is W<,,.

Let us start by establishing the vertical iterated fibration structure of the partial resolution corresponding
to the fiber.

Without loss of generality let us assume that Y is connected and let us denote by o the maximum on S(Y),
so that Y, is equal to the regular part of Y. Every stratum W,, a € S(W), corresponds to a stratum X,, ., where
axoeS(W)xS(Y)=S(X), and by restricting p we obtain a fiber bundle of smoothly stratified spaces

P<a =Pl <)<

Weo — Z<a = X(<a)x (<o)
Just as discussed above for p, p<, lifts to the resolution of Z<, corresponding to the fibers,
P<a : 1e8ib(Z<a; P<a) — Y.

Now if we recall from Theorem (see (2.6)) that res(W<,) is the base of the boundary fiber bundle of

W corresponding to a, dres(W) LN Bgres(W), then since resolving the stratum X,., of X resolves the

corresponding stratum of each fiber, we see that we have a commutative diagram

daressip (X, p) —— resgp(X)

|

res(Z<,) P

X

Y

and hence the vertical iterated fibration structure we expected.
Next let us establish the horizontal iterated fibration structure of the partial resolution corresponding to
the base. Let us momentarily introduce the notation

X = respase (X, p)-

For each a € S(Y) the stratum Y, of Y has closure Y<, and we denote the restriction of p to this closure
by

|

Ygacﬂ Y
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where X|<q = p~!(Y<q). Next define

By X :=respase(X|<a:pl<a) = By, X|<a, where By Xl<a —>Xl<a

P<al lp<a
ﬁyga

res(Y<q) —— Y<q.

Recall that res(Y<¢) is the base of a fiber bundle projection in the iterated fibration structure of res(Y),

dgres(Y) o, Bgres(Y) =res(Y<q),
and let us define 92X := 7' (dgres(Y)), where P is the map in (5.2). We claim that there is a fiber bundle
map ¢/ : 92X — Bl X that participates in a pull-back diagram

h

(5.4) ohx — > BiX

'

dgres(Y) O Bgres(Y).

To prove the claim, we will use that res(Y') is obtained from Y by performing a radial blow-up of the
singular strata of Y in any non-decreasing order. If we denote by Y; the space obtained from Y by blowing-
up all of the strata that come before Y, then the closure of the pre-image of Y, in Yi is precisely res(Y<q) =
Bgres(Y) since we have blown-up all of the singular strata of Y. Let us denote the partial blow-down map
171 — Y by 1, so we have

Bgres(Y)—— Y,

ﬁkai l%

S —

Next let ?2 be the space obtained from ?1 by blowing-up Bgres(Y), let y : ?2 — ?1 denote the blow-
down map, and let dp Y, = ¥, '(Bqres(Y)) be the boundary hypersurface resulting from the blow-up. The
restriction of 9 to daY> is a fiber bundle projection onto Bgres(Y)), which we denote by 7, 4. Finally,
as res(Y) is obtained by performing blow-ups on Y3, there is a blow-down map 73 : res(Y) —» ¥, whose
restriction to dyres(Y) is a blow-down map 93 ¢ : dgres(¥Y) — 94 Y. Thus we have

By
Y

=~
h<

res(Y) ”

\JA Y. V2.a ﬁyga

S~

Let us denote the composition of the maps along the bottom of this diagram by W, : dyres(Y) — Y<. Now
notice that both of the fiber bundle maps

p:PyX —res(Y) and Poy: Py X|[<a — res(Y<q) = Bqres(Y)
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are obtained by pulling-back p : X — Y in the former case and p restricted to Y<¢ in the latter case. Thus
ﬁ?‘X

they are related by

res(Y) BY<a

Waxga

><

aares(Y X\<a

Bares Y

k

YS(Z

from which we recognize that the restriction of p : ;X — res(Y) to the pre-image of dyres(Y) is equal to
the pull-back of p, : By X|<a — Bares(Y) along ¢ That is

ﬁ;Xbaﬁs(Y) - ﬁ;/;ax‘éa

C

dgres(Y) St Bgres(Y)

is, as indicated, a pull-back diagram. Recognizing that this diagram is the same as (5.4) establishes the claim
and produces the desired horizontal iterated fibration structure. ([l

It will happen that we will start out with a fiber bundle of smoothly stratified spaces
w—x-y

then we will resolve it to some extent in order to carry out analytic constructions but we will then want
to make conclusions that refer back to the original stratified spaces. For this reason it is convenient to be
able to recognize the continuous functions on the stratified spaces among the continuous functions on the
resolutions.

Analogously to how we defined Cq(res(X)) in , we can define

(5.5)  Co_y(resan(X)) = {f € C(ressin(X)) : foralla € S(W), we have f|jrres;, (x) € (95) C(BX)},

Coo—n(respase(X)) = {f € C(respase(X)) : forall o0 € S(Y), we have f|yneq (x) € (¢§)*e(3’;x)},

and the analogous Co_j —v(resgria(X)), and these too will be x-isomorphic to C(X).
Finally we point out that the Kottke-Rochon result mentioned above, [KR23, Theorem 5.1], extends to fiber
bundles. That is to say

res(X) = [resgria(X); codim 2 corners |

where the codimension two corners are blown-up in any order consistent with the partial order on S(X) =
S(W) x S(Y). Indeed the proof of this result in loc cit is coordinate based so it continues to hold in this
setting.
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Similarly, by choosing a connection for resgiq(X) 2 res(Y) we can consider a Riemannian metric on
the interior of resgiq(X) of the form

8resgria(X)/res(Y) D ﬁgres(Y)
where the first summand is a family of wedge metrics on the fibers of p and the second summand is the

lift of a wedge metric on res(Y). The argument in [KR23| Alternate proof of Theorem 6.8] shows that this
metric lifts to res(X) to be a non-degenerate and non-singular bundle metric on

r*eS(X) (WTresgrid(X)/res(Y) @WTres(Y)) ,

where Breg(x) : 1es(X) — resgia(X) is the blow-down map. As pointed out in loc cit, it follows that this
pull-back bundle is isomorphic to the wedge tangent bundle of res(X),

res

(5.6) "Tres(X) = Bres(x) <WTresgrid(X)/res(Y) @WTres(Y)>.

(Note that resgiq (X) generally does not have an iterated fibration structure and hence does not have a wedge
tangent bundle.)

In fact, Kottke-Rochon show that if the vertical and horizontal wedge metrics are product-type (which
they call rigid), then so is the lift to res(X). It follows that the same holds for totally-geodesic wedge metrics.

5.2. Vertical wedge Dirac-type operators and the analytic transfer map. In this section we gather to-
gether the final pieces needed to assign a KK-class to a fiber bundle of oriented Witt pseudomanifolds. More
generally, we explain how a family of wedge Dirac-type operators defines a KK-class. Starting with a fiber
bundle of stratified spaces, we pass to the grid resolution to apply results from [AGR23|] but we want the
KK-class to correspond to the initial stratified spaces. This is where the structure developed above comes in
as it allows us to show that the C*-algebras of functions that we use on the resolved spaces can be identified
with the continuous functions on the stratified spaces.

Our first step is to describe the structure of wedge differential forms on a fiber bundle of manifolds with

corners L — M — N endowed with a grid iteration fibration structure. We shall have need of the vertical
wedge cotangent bundle, defined as follows. First recall that the vertical tangent bundle, which we denote
TM/N — M, is the vector bundle given by the null space of Dy and its restriction to any fiber L, = v (g
is equal to its tangent bundle TL,. The vertical cotangent bundle, which we will denote T*M /N — M, is
the dual bundle to the vertical tangent bundle. Finally, to define the vertical wedge cotangent bundle we
proceed as above to first describe the vertical wedge one-forms,

Vi, (M/N)={6 € C*(M;T"M/N) : foreacha € S(L)andy € B;M, 6|,-1.,, =0},
and then appeal to the Serre-Swan theorem to obtain the associated bundle, denoted
"T*M/N — M.
Next we consider how this construction relates to the horizontal iterated fibration structure.

Proposition 5.3. Let L — M Y Nbea fiber bundle of manifolds with corners endowed with a grid
iteration fibration structure.
For every o € S(N) and every k > 0, we have a pull-back diagram

A"(WT*M/JN) lan —= A*("T*BlLM/ByN)

| l

oh 95 h
190, B'M

where ¢l : 9"M — Bl M is the fiber bundle from Definition ] ).
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Proof. We first note that commutativity of the diagram (5.1) implies that the differential of ¢/, D¢/ :
TO!M — T Bl M restricts to a map between the vertical tangent bundles,
T(0!M/dyN) — T (B",M/ByN).

As (5.1) is a pull-back diagram, D¢/ sends each fiber of the vertical bundle of y isomorphically onto the
corresponding fiber of the vertical bundle of /. Indeed, if U C ByN is an open set such that we may
trivialize y! over U and p over ¢ ' (U) then the diagram restricts to

(5.7) 0 (W) x L — " xr
0a' (W) — " ——u

where L is the typical fiber of w! (and ), and then the claimed behavior of D¢/ is clear. It follows that the
vertical tangent bundles participate in a pull-back diagram

(5.8) T(9gM/9aN) —— T (BoM/BaN)
o
ohm - BM,

ie., ()T (BLM/ByN) =T (LM /duN).
We can then obtain a bundle morphism
(0q) T*(BoM/BaN) — ((95)"T (BuM /BaN))* =T" (M /daN)
by noting that any element
0 € (0a) T"(BoeM/BaN))lccopm
defines a functional on T'(92M /9y N)| ceany since we have identified it with T(BLM/ByN)| oh(0)eBhm- This
bundle morphism restricts to an isomorphism between fibers and hence justifies the pull-back diagram

T* (agM/JaaN) — T*(B".M/ByN)

o,

ohm i BIM.

Again appealing to (5.7), we see that this identification restricts to a bijection between the vertical wedge
one-forms on 9/2M and the vertical wedge one-forms on B, M and so induces a bundle isomorphism

(6q)"(“T"(BGM/BaN)) = "T*(9gM [ daN).

Finally, since pull-back commutes with taking exterior products, the statement of the proposition follows.
n

A useful consequence of this proposition is that we can define vertical wedge bundles of the partial
resolution corresponding to the fibers of a fiber bundle of stratified spaces.

Remark 5.4. Let us consider what this says in the setting of the prelude from section [5.1] We start with

w—x-y , a fiber bundle of smoothly stratified spaces where the base and fiber have stratifications of
depth one and we denote its grid resolution by

W =res(W) — X = resgia(X) LY =res(y).

As this is a fiber bundle of smooth manifolds, its vertical tangent bundle is TX /W = Ker(Dp) C TX. One
consequence of (the proof of) Proposition that we want to point out is that there is also vertical tangent
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h
bundle even if we only resolve the fibers. Indeed, there is a natural map resgriq(X) B resgp(X) which
collapses the fibers of 9J X, i.c., replaces 9'X with BEX, and (5.8) shows that the vertical tangent bundle is
the pull-back of a vector bundle on resgy,(X) along B2. The proposition points out that this is true also for
the wedge cotangent bundle.

Definition 5.5 (Vertical cotangent bundle of vertical iterated fibration structures).

Let L — X -2 Y be a fiber bundle of smoothly stratified spaces, in which the fiber is a smooth manifold
with corners, endowed with a vertical iterated fibration structure, let

L — M =respyse (X, p) LiN= res(Y)

be the partial resolution corresponding to the base, and let By : M — X denote the blow-down map. Since

M £ N has a grid iterated fibration structure, it follows from Proposition that there is a vector bundle
over X, which we will call the vertical wedge cotangent bundle of X 5y and denote ¥T*X JY — X,

which pulls-back along By to the vertical wedge cotangent bundle of M LN ,

YT*M /N —YT*X Y

L

M ————-X.

The bundle "T*X /Y — X is smooth as a fiber bundle of smoothly stratified spaces and restricts to each
fiber of p to the cotangent bundle of L,
YTUX Y|y ="T Ly,
Of course one can similarly define the vertical wedge tangent bundle and the bundles of vertical wedge
differential forms of a vertical iterated fibration structure.

Our next objective is to obtain KK-classes from vertical families of Dirac-type operators associated to
vertical iterated fibration structures, which we will accomplish by applying results from [AGR23]]. As this
paper worked in the setting of fiber bundles of smooth manifolds with corners we will also make use of grid
iterated fibration structures.

Definition 5.6.

(1) Let L — X 25 Y be a fiber bundle of smoothly stratified spaces, in which the fiber is a smooth
manifold with corners, endowed with a vertical iterated fibration structure, let gx y be a smooth
family of (totally geodesic) wedge metrics on the fibers of p, i.e., a bundle metric on the vertical
wedge tangent bundle, 7X /Y, which restricts to each fiber to be a totally geodesic wedge metric.
A p-vertical wedge Clifford structure on X consists of a smooth complex vector bundle £ —
X endowed with a Hermitian metric gg, a metric connection VZ, and a bundle homomorphism
(referred to as Clifford multiplication)

C[ . C@CI(WT*X/Y,gx/y) — End(E)

compatible with the metric and the connection.

(2) Given a fiber bundle of smooth manifolds with corners, L — M YuN , endowed with a grid iterated
fibration structure, a horizontal system of vertical wedge Clifford structures consists of a V-
vertical wedge Clifford structure, (gy/n,Em — M,gg,,, V", cf), and, for each o € S(N) with
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associated pull-back diagram of fiber bundles

oh 9% i
i o Bl

J
‘l’l J{w[i

(9aN & BaN,
a l//g—vertical wedge Clifford structure (g BLM /By N Ea — Bsz y8Eqy s VEa of ), such that these satisfy
((Pg)*(gB’&M/BaNaEOC — BZzMagEaa VE&» C[) = (gM/NvEM — MngMaVEMa C[)|B$M'

Note that Proposition is implicitly used in asking for the Clifford multiplication on d2M to be the
pull-back of the Clifford multiplication on B/, M. The same proposition also shows that the bundle of wedge
differential forms makes up part of a horizontal system of vertical wedge Clifford structures, which we can
complete by picking a suitable vertical wedge metric. The fact that this horizontal system is pulled-back
from a vertical iterated fibration structure is no coincidence. Indeed, immediately from the definition we see

that if L — X —2 Y has a vertical iterated fibration structure,
L — M =respase (X, p) LyN= res(Y)

is the partial resolution corresponding to the base, and By : M — X is the blow-down map, then any
p-vertical wedge Clifford structure (gxy, E — X, gk, VE ¢l) can be pulled-back along By to produce a
horizontal system of vertical wedge Clifford structures. It is also easy to see that all horizontal systems can
be obtained in this way.

Associated to a vertical iterated fibration structure, L — X — Y, endowed with a p-vertical wedge
Clifford structure is a family of wedge Dirac-type operators,

Y9y»—>6£

defined as in which we denote 5§ Jye We denote the realization of this family acting on L? sections of

E with the vertical APS domain by 9% JY.VAPS:

Similarly if L — M Y5 N is a fiber bundle of smooth manifolds with corners endowed with a grid
iterated fibration structure and a horizontal system of vertical wedge Clifford structures, we can define a

family of wedge Dirac-type operators in the same way. We denote the resulting family by Bf,l IN and the

realization of this family acting on L? sections of E with the vertical APS domain by 3%, IN.VAPS®

In either case we say that the family of Dirac-type operators satisfies the analytic Witt condition if the
individual Dirac-type operators satisty the condition (as described in §3.2).

Theorem 5.7. [AGR23| Theorem 1] Let L — M Y Nbea fiber bundle of smooth manifolds with corners
endowed with a y-vertical iterated fibration structure and a y-vertical wedge Clifford structure. If the
corresponding family of Dirac-type operators 5/‘5’ IN.VAPS satisfies the analytic Witt condition then it is a
family of self-adjoint Fredholm operators with compdct resolvent.

This theorem does not require a grid iterated fibration structure but it does require that the spaces involved
are all smooth manifolds with corners. However by applying it to fiber bundles L — M Y, N of smooth
manifolds with corners that are endowed with a grid iterated fibration structures and a horizontal system of
vertical wedge Clifford structures, we can obtain the following corollary.

Corollary 5.8. Let L — X LY bea fiber bundle of smoothly stratified spaces, in which the fibers are
smooth manifolds with corners, endowed with a p-vertical wedge Clifford structure. If the corresponding
family of Dirac-type operators 5)13; /Y.VAPS satisfies the analytic Witt condition then it is a family of self-adjoint
Fredholm operators with compact resolvent.
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This corollary is the result we have been aiming for. Our aim has been to assign a KK-class to a fiber
bundle of smoothly stratified Witt spaces by means of the vertical signature operators (to be realized in
Corollary [5.10] below). This leads us to using the grid resolution for a couple of reasons: first, defining
Clifford structures requires tangent bundles and, second, the results (and proofs) in [AGR23|] assume fiber
bundles of smooth manifolds with corners. What we have shown is that we can start with a fiber bundle of
smoothly stratified spaces, resolve only the fibers, and still make sense of and apply the results of [AGR23]].
We will now carry out the usual repackaging of these results to obtain an unbounded cycle and define a
KK-class. (The final result will be nicest if we start with a fiber bundle in which all of the space involved
are potentially singular spaces and we assume that the Clifford structure is defined on the partial resolution
of the fibers.)

Thus let Z — X -2 Y be a fiber bundle of smoothly stratified spaces and let
L:=res(Z) — X :=resgp(X, p) Py

be the partial resolution with respect to the fibers. Suppose that L — X 24 ¥ is endowed with a p-vertical
wedge Clifford structure (g¢ /Y,E — X, gg, VE, ¢[) whose associated Dirac-type operators satisfy the ana-
lytic Witt condition. Let us endow

A

&' = Co(Xreg: E)
with the Cy (Y )-valued inner product defined by

<-,->g/ . & x & eo(Y)
(fh) = (3 10 86(F(£), H(E)) dvoly, )

and then define € to be the closure of &’ with respect to the resulting norm. Since € is a Hilbert module over
Co(Y) it can be identified with the space of continuous sections vanishing at infinity of a continuous field of
Hilbert spaces over Y. In this case, of the Hilbert bundle

LX(LE)—L*(X)Y;E) — Y
induced by p, so that we have
& =Cy(Y;L*(X/Y;E)).

We let Cop_,(X) (defined in (5.5)) act on € by left multiplication and €(Y) act on € by right multiplication

and we obtain a Ce_,(X)-C(Y) Hilbert bi-module, Z,-graded if E is Z,-graded. Define 58 3y t© be the

operator on € given by

(5.9) (85, ®)(y) = 0r,vars(@(y)),

for all ® € dom(fﬁi/y) {o € &:0(y) € Dyars(d7,) & 5§/Yw el

Since 5§ 1Y.VAPS is closed, densely defined and dom( )| yey is dense in dom(E}E ) (in fact they are equal),

it follows from [Hil89) Proposition 2.9] that 5§ is self—adjomt and regular.

XY

Next note that elements i € Ck, V(A) are such that [58 is adjointable and bounded and such that

vl
X[y
multiplication by & preserves the VAPS-domain. Hence €} (X ) - L1p(58 / ) and Lip(@i /Y) Lipx(;% /Y)

since the resolvent of each 0¥ L,.vaps 18 compact. Thus the closure of Lipg (& ) contains the multiplication

X[y
operators acting by elements of Cg_,(X). This shows that these data define an unbounded Cq_,(X)-C(Y)-
cycle,

rdimZ

[eO(Y;LZ()?/Y;E)),éi/Y] € UKK™"™(Cp_,(X),C(Y)).
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If X is not compact, but the links of Z are compact, then as discussed at the end of §3.2] we can define a
KK-class using functions that vanish at infinity. Finally, since Cp_,(X) is *-isomorphic to C(X) and the
unbounded KK-groups coincide with those defined by Kasparov we can summarize this as folllows.

Corollary 5.9. If Z — X L3Yisa fiber bundle of smoothly stratified spaces, resgy, (X, p) A Y is endowed
with a p-vertical wedge Clifford structure whose associated Dirac-type operators satisfy the analytic Witt
condition and &, 5)% jy are defined as above then these data define

0% € KKIMX/Y (©0(X),Co(Y)).

The case of most interest to us comes from specializing this corollary to the signature operator.

Corollary 5.10. To any smooth oriented fiber bundle p : X — Y of stratified spaces, whose typical fiber Z
is a Witt pseudomanifold, there is associated a KK-class

[Dy5}] € KKI™X/Y (o (X), €9 (Y))

given by the KK-class of the family of signature operators associated to any totally geodesic vertical wedge
metric.

Proof. For any choice of totally geodesic vertical wedge metric Corollary defines a KK-class from the
family of signature operators of the resolutions of the fibers of p, so we only need to justify that this class
is independent of the choice of metric, and so it suffices to note that any two appropriate totally geodesic
vertical wedge metric can be connected by a homotopy which induces a homotopy of the corresponding
families of signature operators and hence does not affect the KK-class. U

Just as we defined the analytic orientation by normalizing the K-homology class of the signature operator
after inverting 2, so too do we define the analytic transfer class in KK-theory as a normalized version of the
class of the vertical family of signature operators after inverting 2. This has two advantages: first, product
formulas will hold ‘on the nose’ without occasional factors of two (see Corollary and secondly, to be
consistent with the K-homology class of the signature operator when Y is a point (see Proposition [5.13)).

Definition 5.11. Let p : X — Y be a smooth oriented fiber bundle of stratified spaces whose typical fiber
Z is a Witt pseudomanifold. We define the analytic transfer class associated to p to beEI

E(p) =27 [ RIDIE] € KRI™X/Y (€o(X), €o(Y))[3]-

Another important special case is when the partial resolution corresponding to the fibers of the fiber
bundle Z — X -2 Y,

X =respp(X, p) Loy

admits a vertical wedge spin structure; that is, when the vertical wedge tangent bundle " T7X /Y is spin.
Choosing a spin bundle and a vertical wedge metric we obtain a family of spin Dirac operators and if they
satisfy the analytic Witt condition then we obtain a KK-class.

Corollary 5.12. To any smooth fiber bundle p : X — Y of smoothly stratified spaces, whose vertical wedge
tangent bundle " Tresqy, (X, p)/Y is endowed with a spin structure, there is for each vertical wedge metric g
an associated a KK-class

D] € KRIMX/Y (o (x), €0 (Y))

given by the KK-class of the corresponding family of spin Dirac operators.

I3NB: In the setting of Lipschitz manifolds, Hilsum [Hil89| §2.4] uses the same notation with a slightly different meaning: for

him X(p) denotes the class of [D;“;’I;,]
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Unlike for smooth manifolds, the class of the spin Dirac operator in KK-theory will depend on the choice
of wedge metric. Indeed, whether or not the spin Dirac operator is Fredholm will depend on the choice of
metric.

A natural condition that ensures that the analytic Witt condition holds is known as ‘psc-Witt’. Suppose
that (X, g) is a smoothly stratified pseudomanifold all of whose strata are spin, endowed with wedge metric
g, we say that the psc-Witt condition holds if the induced metrics on the links of X have positive scalar
curvature (see [BPR21, [BPR23])). Since all of the strata are spin, the boundary family at each stratum con-
sists of the spin Dirac operators of the links and hence the Lichnerowicz formula shows that the psc-Witt
condition implies the analytic Witt condition. A stronger sufficient condition is to assume that the wedge
metric has non-negative scalar curvature near the singularities; this implies that the operators are also essen-
tially self-adjoint (see, e.g., [AGR16, §7]). (One can analogously treat spin-c structures; the analogue of the
psc-Witt condition is the ‘generalized psc-Witt condition’ see [BR24].)

Note that if in the fiber bundle Z — X —2 Y the base Y consists of a single point then the construction of
the unbounded Co_,(X)-C(Y)-cycle coincides with the construction of the KK-class associated to a single
Dirac-type operator in The special case of the signature operator is important enough for us that we
label it as a proposition.

Proposition 5.13. Let X" be an orientable compact closed n-dimensional smoothly stratified Witt pseudo-
manifold. Then the Gysin element of the constant map h : X — pt agrees with the class of the signature
operator,

2(h) = signg(X) in Ku(X)[3]

Definition 5.14. The analytic transfer maps associated to any smooth oriented fiber bundle p : X — Y
of stratified spaces, whose typical fiber Z is an oriented Witt pseudomanifold, are the maps induced by
Kasparov product with X(p). We denote the corresponding maps in K-homology by
" r "
K&(Y)[3] = KK*(Co(Y), C)[5] —— KK*(Co(X),C) 5] = K& (X)[5]
[A] Z(p) @A,

and the corresponding map in topological K-theory by

K*(Y)[3] = KK*(C,Co(X))[4] —= KK*(C,Co(Y))[] = K*(¥)[]
[A]+ [A]©X(p)

where ® denotes the Kasparov product.

(]

5.3. Functoriality for fibrations. In this section our aim is to start with a commutative diagram of fiber
bundles of smoothly stratified spaces

(5.10) Xi——Xp
\ lm_z
P13
X3

and enough data to define appropriate Dirac-type operators and then to understand the relation between
the corresponding KK-classes. In particular we will generalize [RWO06, Lemma 6] and relate the analytic
signature class of pj3 with the Kasparov product of those of pi; and p»3 in Corollary An important
special case corresponds to taking X3 to be a single point:

Theorem 5.15. If X LY is an oriented fiber bundle map of Witt pseudomanifolds, then
signg (X) = E(p) @signg (Y) = p'signg (¥)  in Ky (X)[3]
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i.e., the analytic transfer map takes the signature orientation of the base Y to the signature orientation of
the total space X .

A special case of this latter result, when X — Y is a real oriented vector bundle over a Witt pseudoman-
ifold, was worked out by Hilsum in [Hil14, Théoreme 4.4, pg. 187].

Our proof of the functoriality, just as proofs of similar statements for smooth manifolds in, e.g., [KvS18}
vdD22]], consists of relating the corresponding Dirac-type operators and then using Kucerovsky’s unbounded
version of the Connes-Skandalis characterization of the Kasparov product [Kuc97]].

We will show something more general than the relation between the analytic signature classes, namely that
data sufficient to define a family of Dirac-type operators for pj» and p;3 are also sufficient to define a family
of Dirac-type operators for p;3 and that the resulting KK-classes are related by Kasparov product. To state
this more precisely let us start by denoting the typical fiber of the map p;; by F;; so that

I‘eS(Flz) — 5(\1 = reSﬁb(Xl,plz) & Xz,
reS(F23) — 5(\2 = TI€Sfip (Xz,p23) ﬂ) X3,
I‘CS(F13> = res(Flz)Qres(FB) — }?1 = resﬁb(Xl,p13) A} X3,

where x denotes the ordered product of Kottke-Rochon [KR23] mentioned in Locally over an open
set U C X3 on which we can trivialize all of the p;; we have natural maps

res(Fip) xres(Fp3) x U — res(Fia) x Fa3 x U

| |

I‘CS(F23) x U F; x U

l

u

and these maps fit together into the diagram

resgb (X1, p13) —— resqp (X1, p12)

g |

resgp (X2, p23) —Xo

|

X;.
The bundle
(5.11) Ot*WT*X\1/X2@[3*WT*X\ /X3 —>resﬁb(X1,p13)

is, by [KR23, Alternate proof of Theorem 6.8] mentioned above (3.6)), the vertical wedge cotangent bundle
of resqn(X1,p13) — X3, WT*X1 /X3. Thus vertical wedge metrics for X; — X, and X, —> X; induce a
vertical wedge metric for X1 — X3.
If we are given
e a vertical wedge Clifford structure (g)?l/x27E12 — fl,gglz, VER ¢f), for X = resqb (X1, p12) SLEEN
X27

e a vertical wedge Clifford structure (g)?2 Jx; B3 — X, 8Ey, VE® o), for X> = resgp (X2, p23) BLEEN
X37 \
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then we define a bundle Ej3 — resgp (X1, p13) by
E;3 = 0"En®B*Ens,

where & denotes the graded tensor producﬂ There is an induced bundle metric gg,, = 00*gg,, ® B*gE,,, an
induced connection

VRS = o'V @ 1+ 1@ BV,
and an induced Clifford action: at each § € X,
forany 6 @n € CL(a™" Ty X1 /X2) ECL(B™ T £ X2 /X3),
andoRTE a*(EIZ)a(C)®B*(E23)ﬁ(C)7
cL(0®N)(c®7T) = (—1)%e@de) [(9)cc(n)1.
Thanks to the identification of "T*X, /X3 with a™mT*X, /X, @B WY, /X3, this defines an action of the
complexified Clifford algebra of "T*X; /X3 on E}3.

Thus we almost have an induced vertical Clifford structure for X; — X3. The only issue is that VE13:# js
a Clifford connection with respect to the connection

vXi/X® a*vXi/x Q14+1 ®ﬁ*vffz/X3,
and this is generally not equal to the vertical Levi-Civita connection determined by 8%, /Xy VA% Tf we
denote the difference between the two connections by
V)?l/x} _ V)?l/x,%@ -

then @ is an one-form valued in the endomorphisms of vertical tangent bundle. We can regard  as a
T*X;-valued vertical wedge two form using the identification

(@(V1,V2),V3) = g5, (V5 = ViS00, vy,
where V3 € Gm(XV];TXV]) and V1,V € (‘3°°(le WTX, /X3), and then define

d(0) € (X T* X1 @CI("T X1 /X3)), el (0) =1} o(eq,ep)® cl(e*)cl(e),
a,b

where e, runs over an orthonormal basis of *7X; /X3, and it follows from [BGV04, Proposition 10.12] that
VES .= VES® 1 o[ (@)

is a Clifford connection with respect to VX1/%: | We refer to the data defined in this way, ( ,E13 —

8, /x5
Xi, gE,;, VEB, cf), as the induced vertical Clifford structure for the fiber bundle resqb (X1, p13) — X3.

Finally, if the vertical wedge Clifford structures for X, —> X, and X, % X3 are Z,-graded then we
endow the vertical wedge Clifford structure for X; — p13X3 with the natural Z,-grading. If neither of these
is Z»-graded then we endow the vertical wedge Clifford structure for X; — pi3X3 with the Z,-grading
obtained by considering the ungraded Clifford structures as CI/(1) structures in the usual way (see, e.g.,
[vSV22, Appendix A] and [BMvS16, Examples 2.38-2.40]).

Theorem 5.16. Suppose we are given fiber bundles of smoothly stratified spaces as in (5.10) and vertical
Clifford structures for resgn (X1, p12) — Xo and resqn (X2, p23) — X3, and suppose that the families of
Dirac-type operators of these two families, as well as that of the induced vertical Clifford structure for
resqv (X1, p13) — X3, satisfy the analytic Witt condition. Then the associated KK-classes satisfy

[0%x,) = [052,) © (0325, ] € KK (Co(X1), Co(Xs)).

14The graded tensor product of Clifford modules is discussed in, e.g., [ABS64, §6].
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Proof. For simplicity, let us first assume that dim X, /X; and dimX, /X3 are even.

Let (8,,,5X/X ), with (7, j) € {(1,2),(2,3),(1,3)}, denote the three unbounded cycles. Recall that ;; is

defined as the closure of C.(X; reg> Ei J) with respect to the Co(X ) valued inner product induced by integation
along the fibers X;/X .

Step 1: We can assume without loss of generality that, for each § € X»,
(5.12) ®VAPS(61IE‘1M) = pH, (Fip.0:E).

Indeed, it is pointed out in [AGR16|, Remark 4.9] that any family of wedge Dirac-type operators satisfying
the analytic Witt condition is homotopic through Fredholm families of wedge Dirac-type operators satisfy-
ing the analytic Witt condition to one whose “indicial roots” are as large as desired{ | Since this does not
change the KK-class of the family of Dirac-type operators we do not lose any generality by assuming that
this condition holds.

Step 2: We can identify &, ®e(x,) &3 with E13.

Recall (e.g., from [Lan95, Chapter 4]) that the interior tensor product used here is defined by first endow-
ing the algebraic tensor product €3 ®,); €23 with the inner product given on simple tensors by

(feh f'el)= (h(f f)H),

modding out by N = {z € €12 ®,1g €23 : (z,2) = 0} and then completing with respect to this inner product.
In our setting this inner product is given on simple tensors with f, f € €, and h,h’ € €53 by

X3 S>q— <f®h,f’®h’>(q) :/EZTI( )gE23( ( ) <f f,>( ) /( )) dVOlres(Fzg‘q)

_/ gEzs / gElZ (s), f (s)) dVOlres(F;;,))”(’”)) dVOlres(Fzm)‘
epzz E1’12

Notice, directly from the definition of the &;;, that we obtain the same completion if we start with the
algebraic tensor product Ce(X| reg; E12) @atg Cc (X2 req; E23) and that then we may rewrite the inner product as
an integral over the fibers of p13 : X; — X3,

X32q— (f@h f@h)(q)

= * * ol * %7/ "
B ﬁ;31(q) gE]Z(a f7a f )gE23 (B h?ﬁ h ) dVOlFlZ.p2_3I(q) ﬁ dV01F23q

= /A71 ga*E12®ﬁ*E23 <f®ﬁ*h7f/®ﬁ*h/) dVOlFB,q?
P13 (q)

where we have used that o] Kimee = id. Thus the completion with respect to this inner product produces
C(X3, L* (X1 eg/X3)) = C(X3,L*(X1 /X3)) = €13, as promised.

Step 3: We obtain a local expression relating the Dirac-type operators.

I5As noted in [AGR16, Remark 4.9] the deformation is through Dirac-type operators but other structures are not necessarily
preserved. For example it is not necessarily possible to arrange (5.12)) for the signature operator. Indeed a simple computation such
as [ALMP12| Lemma 5.6] shows that (5.12)) for the signature operator requires a “thick Witt condition”:

IHA(Z) = 0/if |dimZ — 2k| < 4.

(This seems to have been overlooked in [HLV1S8] and this hypothesis should be included in their Theorem 1.1.) However it is
possible to deform the signature operator to a Dirac-type operator satisfying (3.12)).
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This is straightforward since we may, by localizing on X3 and restricting to the regular parts, reduce to
relating the the Dirac-type operator on the total space of the fiber bundle of smooth manifolds,

FlZ,reg - Fl3,reg — F23,reg7

with the family of Dirac-type operators on the fibers and a lift of the Dirac-type operator on the base and this
is carried out in Proposition 10.12 and Theorem 10.19 in [BGVO04] (see also [KvS18, Theorem 22], [KvS20,
Theorem 30]). Thus we may write, as differential operators acting on smooth sections over the regular part
of X 1,

Oy, = 0%, + 0%, — & 1 2 &x /s (s Sl ee) el (F) el (f7) el (&)

a<b c¢

=E» - . Fo3
where 8X2/X3 is a lift of 6X2/X3

lifted to X; and (e.) runs over an orthonormal frame for " 7X; /X,. Let us define

FE E =E:
pDEs 5k 23
X% = Ox 7% T 0% x,

to X, and in the final sum (f,) runs over an orthonormal frame for *7X, /X3,

and point out that DE3_ s a relatively compact perturbation of 3% when both are endowed with the

X1/X; X1/X3
VAPS domain of the latter since from, e.g., [AGR23| §1.2], the final sum in the expression for 523/)(3 is a
uniformly bounded section of the endomorphism bundle of E13 and, from [AGR23, Theorem 1], the VAPS
domain includes compactly into L?. In particular, since the domain for 5;:3/& is pointwise equal to the VAPS
domain of 5)]2;1'3/)(3 we can replace this operator with DEB_ | with the same domain, and obtain the same class

. X1/X3°
in KK*(Cp(X1),Co(X3)).
Step 4: We use the characterization of the Kasparov product from [Kuc97].

To prove the theorem it is sufficient, following loc cit, to show
i) (connection) for all £ in a dense subset of C(X;) - C(X2,L*(X1/X2;E12)), the operator

0 17\ (0 0 )]
& ) X/ where Tg(e) =& ®e
5 &1 5 &
[(Tg 0 < 0 Dyby,

is bounded on dom(i‘?if/xz @ D;S(]l 3/;(3)7

ii) (compatibility) there is a dense submodule W of €3 such that, for any ;3,42 € R\ {0},

85{:2/)(2 (iu13 +D§(:3/X3)_] (i,Lle + 638(llz/xz)_1

is defined on 'W.
iii) (positivity) for any p;3, 2 € R\ {0}, there exists A > 0 such that

(O3, © 1)E. Dyl &) + Dyl & (02, @ DE) > ~A(8.8),

forall & € (i3 +D§:3/X3)_1 (ipi2 + 6)8(:2/Xz)_lw’

To establish the connection condition (i), we choose to use €7’ (X reg; E12) as the dense subset of C(X) -
C(X2,L%(X1/X2;E12)) and then, as we are working over the regular part, we may appeal to the computation
done in [KvS20, Theorem 23] to see that (i) comes down to the boundedness of the map

€337 (D &) @r+ (=D VI e @l (fu)r
a
for each fixed &, and this is manifest.
To establish condition (ii) it is sufficient, by [Kuc97, Lemma 10] to establish that

& &
dom(DXf/)Q) - dom(fﬁxlz/xz)



K-ORIENTATIONS AND GYSIN MAPS 57

and, from the description of these domains in (5.9), to establish this over each point { € X3. The domain of
Df(:3/x3 ] ¢ex, 18 defined by requiring Sobolev regularity with respect to all edge vector fields on Fj3 and pl/ 2

:Z/XZ)\(:@Q only imposes these require-

ments with respect to the pj>-horizontal edge vector fields and boundary hypersurfaces, so this inclusion is
clear.

Finally to establish (iii) we can appeal to the computation done in [KvS20, Lemma 17] and the proof of
[KvS20, Theorem 23] to see that it suffices to show that there exists a constant C > 0 such that for any £ in

: E12
the domain of 6}(1 X

decay at all boundary hypersurfaces of 3, whereas the domain of 5;

| |VXi/%eg lex, i 122 S C[IS 2 + ||5§;2/X2§ Iz2)-

While the analogous inequality holds for edge Sobolev spaces (by, e.g., the bounded geometry of edge
metrics) this inequality does not hold in general for elliptic wedge differential operators. This is why in
Step 1 we arranged for the VAPS domain of each operator in the family 622/)(2 is pH/ ( ﬁl’zl ($);E) as this
inequality does hold for elements in this space.

The only difference when either dimX; /X, or dimX, /X3 is odd is the treatment of the gradings. This
aspect can be handled just as when the underlying spaces are smooth and the fiber bundles are trivial. We
refer to [BMvS16, Examples 2.38-2.40] and especially [Wah10]] for a thorough discussion. O

Corollary 5.17. Given fiber bundles of smoothly stratified spaces as in (5.10), if the fibers of p12 and py3
are smooth oriented Witt pseudomanifolds then so are the fibers of p13 and the associated analytic signature
classes satisfy

D] = (D375, ) @ DRy ]) in KK (Co(X1), Co(Xs),

. 2 if dimX;/X; and dimX, /X3 are odd
with { =
1  otherwise

Correspondingly, we have
Z(p13) = Z(p12) ©Z(p23) in KK* (Co(X1), Co(X3))[5]-

Proof. The fact that the fibers of py3 satisfy the topological Witt condition reduces to the fact that the product
of Witt spaces is a Witt space, which is proved, e.g., in Proposition 9.1.25 of [Fri20].

The theorem establishes that the product of [D;??XZ] and [D;Zg;ng] is the KK-class of a family of Dirac-type
operators associated to py3, and the construction above specializes to show that this operator is d + 6 acting
on the vertical wedge differential forms, so it is only necessary to work out the grading. That this results
in the formula in the statement of the corollary is explained in [RW06, Lemma 6] (see also [Wah10|] and
[Ebe25| Proposition 2.29]).

For the analytic transfer classes, if we define
i=dimX; —dimX;, j=dimX;—dimX;

then £(p)3) is equal to 2~ L(+7)/2] [D;i;g;lxz] so it suffices to note that

(2D = gl gUil2) | ig g = § > 1T 1and Jareodd
’ 1  otherwise
O

It is instructive to consider the case of Theorem where p is the factor projection of a product bundle,
which generalizes [RWO06, Lemma 6, p. 51] from the manifold case to singular spaces.
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Corollary 5.18. Let X" and Y™ be closed smoothly stratified Witt spaces. Then the product X XY is a closed
smoothly stratified Witt space, and the K-homology class of the signature operator on X X Y satisfies

2  if dimX and dimY are odd

Dsign — Dsign X Dsign in Kan
[ ] ([ X X[ Y D 1  otherwise

YV n+m(X><Y),with€—{
where X denotes the external Kasparov product Ki'(X) @ Ki'(Y) — K35, (X xY). Correspondingly we
have

signg (X xY) = signg (X) Ksigng (Y) in K&

n—+m

(X xY)[5].

Proof. Apply the theorem to the case in which X; =X x Y, X, =Y, X3 = pt and p» is the natural projection
XxY—Y. O

Another interesting case concerns spin Dirac operators. If the vertical Clifford structures on pj» and p»3
correspond to spin structure on their fibers, then the induced vertical Clifford structure on pi3 does as well
and we have the following result.

Corollary 5.19. Given fiber bundles of smoothly stratified spaces as in (5.10), whose vertical wedge tangent
bundles are spin, equipped with vertical wedge metrics such that the associated vertical families of spin
Dirac operators satisfy the analytic Witt condition, the associated KK-classes satisfy

D] = PN @ D7, ] € KKI™/% (Cy(X,), ColXa).

Remark 5.20. The corollary applies, for example, if the fibers of p12, p23, and pj3 all satisfy the psc-Witt
condition (described after Corollary [5.12)).

Notice that, unlike the topological Witt condition, assuming that the fibers of p» and py3 satisfy this
condition does not imply that the fibers of p3 will satisfy the psc-Witt condition. Indeed, it is not difficult to
see that the product of two cones satisfying the psc-Witt condition need not satisfy the psc-Witt condition.

5.4. Base change. In this subsection we show that the Gysin homomorphism associated to a fiber bundle
is compatible with pull-back along proper smooth maps of stratified spaces.

Specifically suppose that p : X — Y is a smooth oriented fiber bundle of stratified spaces, whose typical
fiber Z is a Witt pseudomanifold, W is another smoothly stratified space and f : W — Y is a proper smooth
stratified map, and then consider the Cartesian diagram

g
X —X
f 4

li

W —

with f*X L5 W the pull-back bundle. We assume that X is endowed with a vertical totally geodesic wedge
metric and then we endow f*X with the pull-back metric along g. We have two bivariant classes

[D;i%';] € KK(Co(X),Co(Y)), [D?’?;/W] € KK(Go(f7X), Co(W)),

sign
where Dy Iy

larly for D}lg;(1 W and by Kasparov multiplication they define two homomorphisms

DY@ K(Y) — KN(X), DY ] @ KN(W) — K (X)),

denotes the vertical family of signature operators endowed with their VAPS domain, and simi-

We will deduce base change from the following:
Theorem 5.21. If f, g, p, and q are above then the following holds

DYy @ o= g (D} yl©@ @), Vo e KI(W).
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Proof. Since f is proper, it defines f* : Co(Y) — Co(W), a C*-algebra homomorphism, and
fla)=[fl®a, with [f]eKK(Co(Y),Co(W))
and, since g is also proper, similarly for g., with [¢*] € KK(Cy(X),Co(f*X)). Here we are using the well
known fact that if A and B are two C*-algebras and ¢ : A — B is a homomorphism then there is a natural
KK-class
[¢] :=[B,¢ : A — B,0] € KK(A,B)
where we regard B as a B-Hilbert module with the B-valued inner product equal to (b,b’) := (b')*b. This
class [¢] € KK(A, B) has the property that ¢* : KK(B,D) — KK(A, D) is given by [¢] ® (—) : KK(B,D) —
KK(A, D) for any C*-algebra D.
Hence, by associativity of the Kasparov product, we see that the theorem is equivalent to the equality
D@ [f =g 1@ D% ] in KK(G(X),Co(W)).
In general if
X = [E],(P] A — B(E]),F]] € KK(A,D)
and if A : D — B is a C*-homomorphism and
y =[B,A:D — B,0] € KK(D,B)
then
X®Qy=[E=E ®;B,¢ ®;1d,F®1d] € KK(A,B).
One should observe that A induces a group homomorphism:
Ay : KK(—,D) — KK(—,B)

and
XQY = AX.
Similarly if
x=[D,u:A— D,0] € KK(A,D)
and
y= [Eg, ¢2 :D— IBS(EZ),FZ] S KK(D,B)
then

x@y = [E = D@y, By = Ey, f @4, 1d, & Fy®] € KK(A, B).
Notice that u induces
u*:KK(D,—) — KK(A,—)
and it holds that
Ly =xQy.
We go back to our specific situation and write down the relevant cycles.
Let E be the bundle of exterior powers of wedge vertical differential forms on X,

E=A("T*X/Y).
We denote by L2(X /Y E) the bundle of Hilbert spaces over Y with fiber at y € Y given by L*(X,, E,) with
X, = p~!(y) and E, the restriction of E to X,. Then

[DY5Y] = [Hy v == Co(Y,L*(X/Y;E)), ¢ : Co(X) — B(Hy,y), Dy5y] € KK(Co(X),Co(Y))

where Co(Y,L*(X/Y;E)) denotes continuous sections vanishing at infinity of the bundle of Hilbert spaces
L*(X/Y;E). We also have [f*] € KK(Cy(Y),Co(W)) given by

[Co(W), f*: Co(Y) = Co(W),0] € KK(Co(Y),Co(W)).
Next we write the elements appearing on the right hand side of the base change formula. These are
[¢"] = [Co(f7X),g" : Co(X) = Co(fX),0] € KK(Co(X),Co(f"X)),
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whereas [DYE! ] is given by

X)W
[Hyoxpw = Co(W,L*(f*X/W,&"E)), ¢ : Co(f"X) = B(Hpex pw), Dy ] € KK(Co(fX),Co(W)).
Lemma 5.22. There is an isomorphism
L*(f*X/W.g"E) = f*L*(X/Y;E)
of bundles of Hilbert spaces over W.

Proof. By our definition of fiber bundle of smoothly stratified spaces, we know that there is an open cover
of Y, {U;}ica, together with corresponding local trivializations of p : X — Y of the form

Z x U;

\/

where the right arrow is the projection onto the right factor and where ¢; is a stratified diffeomorphism.
Whenever i, j € A are such that U;; := U; N U; # 0 the map

ZxU,,%ZxU,,

necessarily has the form (z,u) — (p;j(u)(z),u) with transition functions p;;, a family of stratified diffeomor-
phisms of Z parametrized by points of U;;. (This family is smooth in the sense that they fit together into the
smooth map @; o (pi_l. )If i, j, k € A are such that U; N'U; N Uy # O then, on this set, the transition functions
satisfy the cocycle condition p;; = py ;o p;;.

At a point u € Ujj, the stratified diffeomorphism p;;(u) : Z — Z induces an isomorphism of Hilbert spaces
p;;(u) : L*(Z) — L*(Z) by pulling back an L*-function on Z via p;;(u), i.e. (pj;(u))(h) = ho (p;j(u)) for
h € L*(Z). This yields a system {5 Uij — GL(L*(Z))} of transition functions satisfying the cocycle
condition. This system is the system of transition functions associated to the bundle L?(X/Y) of Hilbert
spaces.

The pulled-back smooth stratified fiber bundle g : f*X — W is trivialized over the open cover {V; =
£~ Y(U;)}Yien of W, with local trivializations

=(mLopi0g,q) i iy AN 72

\/

where 7y : Z x U; — Z is the projection onto the left factor. Whenever i, j € A are such that V;; :=V;NV; # 0
the map

ZxVy Y 7wy,

is given by (z,u) — (p;j(f(u))(z),u), i.e., the transition functions of ¢ are 7;; = p;; o f. Ata point v € V;;, the
stratified diffeomorphism 7;;(v) : Z — Z induces an isomorphism of Hilbert spaces 7/;(v) : L*(Z) = 1*(2)
by pulling back an L*-function on Z via 7;j(v), i.e. (1};(v))(h) = ho (1;;(v)) for h € L*(Z). This yields a
system {7} : V;; — GL(L*(Z))} of transition functions satisfying the cocycle condition which is the system
of transition functions for the Hilbert space bundle L*(f*X /W). On the other hand, the transition functions
of the pullback Hilbert space bundle f*L?(X /Y) over W are given by composing the transition functions of
L*(X/Y) with f, that is, f*L*(X/Y) has transition functions o;; : V;; — GL(L*(Z)), 0;;(v) = pi;o f. Now,
on a function € L*(Z),

0ij(v)(h) = pi; (f (V) () = ho (pij(f(v))) = ko (Tj(v)) = (7;(v)) (h).
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This shows that f*L*(X/Y) and L>(f*X /W) have the same transition functions with respect to {V;;}. O

Consequently,
[chi*g;/w] =[Hpxw = Co(W,f*L*(X/Y;E)), ¢ : Co(f*X) — B(Hf*x/w),D?§;/W]

Notice that the left hand side of base change, [D;“jl;] ® [f*], is also equal to

(F*)+[Hyx )y = Co(Y,L*(X/Y;E)), ¢ : Co(X) — B(Hy,y), Dy5y] € KK(Co(X),Co(W))

The definition we have given thus gives for [D;“j;] ® [f*] the following element

[Hy jy @5« Co(W),¢ @< 1d : Co(X) — B(Hy y @+ Co(W)),D;ii‘; ©1d]
The right hand side, on the other hand, is equal to

(&) [Hp-xpw := Co(W,L*(f*X /W, E)), ¢ : Co(f*X) = B(Hyoxw), D}y ] € KK(Co(X), Co(W))

which is in turn equal to
[Hpex pw = Co(W,L*(f*X/W,g"E)),§ o (g") : Co(X) — B(Hf*x/w)ijcl*g;/W]
that we can write, thanks to the lemma, as

[Co(W. f*L* (X /Y,E)), 0 (g") : Co(X) = B(Co(W. f*L* (X /Y, E))). D} ]

and this can be written as
[Co(W, f*L2(X /Y, E)),§ o (g") : Co(X) = B(Co(W, f*L*(X /Y, E))), fDyy]

because the vertical wedge metric on f*X is the pull-back of the corresponding metric on X.
This finishes the proof of Theorem 0

Remark 5.23. It is convenient to note, as this will show up when we use the geometric description of K-
homology below, that Theorem [5.21] holds also when f is a continuous map from a smooth manifold into a

smoothly stratified space. In this case we define [Djﬁg}? /W] by

[CO(W7f*L2(X/Y7E)>7(§ : CO(f*X) - E(CO(va*LZ(X/YvE)))?f*D;%l/]

(so that only the continuity of f is required) and the proof above shows that for any a € KK(Cy(W),C),

D@ (£ () = 2. (D% ] @ ).
An immediate corollary, obtained by passing to analytic transfer classes, is base change.

Corollary 5.24. If p: X — Y is a smooth oriented fiber bundle of stratified spaces, whose typical fiber Z is
a Witt pseudomanifold, W is another smoothly stratified space and f : W — Y is a proper smooth stratified
map and q : f*X — W is the induced fiber bundle over W, then

I(p)® fr = g.(Z(q) @ @), Vo KI(W)[3].

Equivalently,
P'(fu(@)) = 8:(q'(a)) Vo€ K" (W)[5].
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6. ANALYTIC TRANSFER OF THE SIGNATURE ORIENTATION ALONG A NORMALLY NON-SINGULAR
INCLUSION

Definition 6.1. An inclusion of smoothly stratified spaces j: X — Y is said to be normally non-singular
(nns) if there exist

e an open neighborhood U C Y of j(X),
e an oriented vector bundle 7 : NxyY — X, and
e a stratified diffeomorphism y : NxY — U such that

NyY —— 1

~

X

J(X)
commutes, where the left hand vertical map is the zero section inclusion.
Here U has the stratification inherited from ¥ and NxY has the stratification pulled-back from X through 7.

We shall denote by ¢ : U — NxY the inverse of y.

Let us start by recalling the situation in the smooth setting. If j : M — M’ is an embedding of smooth
manifolds then, without any orientation assumptions, we will construct a ‘wrong-way map’ between the
K-theory of their tangent bundles,

KY(TM) — KY(TM).
If M and M’ are K-oriented then this induces the Gysin map j, : K%(M) — K°(M’) (in fact it suffices for j
to be K-oriented).

To define the former, we start by noting that any embedding of smooth manifolds is normally non-singular
since the image j(M) has a tubular neighborhood U,

JM) cuUcM,

which is diffeomorphic to the total space of the normal bundle N = NyM’ of j(M) in M’ through a diffeo-
morphism ¢ : U — N. The normal bundle of T j(M) in TM' is TN and this equals N & N lifted to 7 j(M).
Since N @ N can be identified with N @ C we see that TN — T j(M) is a complex vector bundle so there is
a KK-class corresponding to the fiberwise Dolbeault operators

[gTN/Tj(M)] € KK(Co(TN),Co(T j(M)))
and multiplication by this class implements the Thom isomorphism so there is also a class
[gTN/Tj(M)]il € KK(Co(Tj(M)),Co(TN))

We can identify TU with TN through d¢ : TU — T'N. This induces by pull-back an algebra isomorphism @ :
Co(TN) — Co(TU). As TU is an open subset of TM’, the natural extension by zero defines a homomorphism
of C*-algebras Cy(TU) — Co(TM"). Precomposing with @ we finally obtain a C*-algebra homomorphism
J :Co(TN) — Co(TM'"). This defines a KK-class,

/'] € KK(Co(TN),Co(TM")).

Putting these together we obtain

K%(TM) = KK(C,Cy(TM)) KK(C,Co(TM")) =K (TM')

®W /]

KK(C,Co(TN))

Remark 6.2. This construction produces the topological index of Atiyah-Singer in the case where M’ = R".
In that case K%(TM’) = K°(R?") = K°(C") = Z and so we have produced a map K*(TM) — Z.
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If M is K-oriented, i.e., if there is a spin-c structure on its tangent bundle, then the fiberwise spin-c Dirac
operators O/ determine a KK-class

[Orm/m] € KK(Co(TM),C(M))
and multiplication by this class implements the Thom isomorphism
K(TM) = KK(C,Co(TM)) — KK(C,C(M)) = K°(M).
Thus if both M and M’ are K-oriented we obtain the Gysin map
ji:KO(M) — K (M)
as anticipated.
For our purposes it is useful to note that the Gysin map can be defined without reference to the tangent

bundles assuming only that the inclusion j : M — M’ is K-oriented or, equivalently, that the normal bundle
NyM' has a spin-c structure. In this case there is a Thom isomorphism

K’(NyM') = KK(C,Co(NuM')) — KK(C,Co(M)) =K (M)
resulting from the Kasparov product with the class of the fiberwise spin-c Dirac operators (see [Kas80, §5,
Theorem 8] [Bla86, §19.9.4]). Multiplying the inverse of this isomorphism with the class induced by the
C*-homomorphism i : Co(NyM') — Co(M') (obtained by identifying NyyM’ with U as above) produces the
Gysin map
ji:Ko(M) — KO (M)
and exhibits it as Kasparov product with
1= [Bgae ]~ @ 1] € KK(Co(M), Co(M")).

We will refer to it as the spin-c Gysin map, to emphasize its origin and the assumption that j is K-oriented
(that is, the normal bundle has a spin-c structure). We shall give a similar construction in K-homology
using the signature operator and we shall see that such a construction also holds in the context of normally
non-singular inclusions of Witt spaces.

Let j: X — Y be a nns inclusion of smoothly stratified spaces and recall that, by definition, Ny X is oriented.
We have denoted the vector bundle projection by 7w : NyX — X. Then as a special case of the theory
developed in the previous sections, the family of signature operators on the fibers of NxY determines an
analytic transfer class,

£(m) =27 DR (] € KK (Co(NyX),Co(X))[3], €=dimY —dimX.

Lemma 6.3. (Hilsum, see [Hil89, Theoreme 3.10])
There exist a unique element Xy, x € KK'(Co(X),Co(NyX)) (3] such that

Ty, x @X(7) = 1 € KK (Co(X),Co(X))[3],

Proof. (Throughout the proof we abbreviate Xy, x as Xy.) We follow closely Hilsum but use our Theorem
[5.16 at a crucial point. Consider a vector bundle v — X such that NxY @ v is the trivial bundle X x R™
(up to bundle isomorphisms), with m even. We obtain a fibration p : X X R — NxY and thus a class

[D?;?ILR,,I) /NXY] € KK"(Co(X x R™),Co(NxY)). Recall that Kasparov in [Kas80, Thereom 7.5] constructed

elements @, € KK"(Co(R™),C) and B,, € KK"(C,Co(R™)) such that B,, @ a,, = Idc € KK°(C, C). More-
over, as pointed out by Hilsum, [Dg5'] = 2"¢,. Consider f,, € KK"(C,Co(R™)) and denote by x (Bn)
the element in the group KK”(Cyp(X),Co(X) @ Co(R™)) = KK"(Cp(X),Co(X x R™)) obtained by external
Kasparov product of 3, with the KK element corresponding to the identity homomorphism on Cy(X):

TX(Bm) = ﬁm ®IdCO(X) S KKm(Co(X),C()(X) ®C0(Rm)).
Then

o (Bn) © (D)) € KK (Co(X), Co(Nx Y )
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Let us prove that
(2x (Bin) ® [Dx gy ngr]) @ [Py x] = 2" 1dcy(x) € KK%(Co(X),Co(X)).

We consider the projection of the trivial bundle X x R — X and we denote it by g. Then, clearly,g =mop
and thus

sign _ [pysign sign
(6.1) D xmy jx] = [P serm) gy @ [Py x x]
by our Theorem [5.16 But it is also true that [Dzi;fiRm) /x) = Tx () and so

X (Bm) ® [D?;(giRW)/X} =2"ldg(x)
Thus multiplying on the left by tx (f3,,) and using associativity we obtain
2"dcy(x) = (T (Bn) @ (D[ gy ) © Dy x] i KK?(Co(X), Co(X)) -

which is what we wanted to establish.

If we rewrite this in terms of the analytic transfer forms, using the notation j = dimX, kK = dimY (so
£ = k— j), it becomes

2"y (x) = (T (Bn) @2 N2 (7)) 0216212 (p) in KKO(Co(X),Co(X))[5]-
We set
Yy =272+ =02 1 (B,) @ E(1)
and we notice that this is indeed an element in KK*(Co(X),Co(NyX)) 3] and by construction it satisfies the
equation Ly ® £(7) = 1 € KK (Co(X),Co(X))[3].
O

We denote the element Ty, x as X(7) .

The above result is in fact valid in greater generality. Let V Z, B be an orientable real vector bundle of rank
sign

¢ on a (possibly non-compact) Witt space B. We know that there exists a well-defined element [D;, /B] €
KK'(Cy(V),Co(B)), £ =rank V, a corresponding analytic transfer class

£(m) = 22 DJEL) € KK (Co(V),Co(B)) (3]
and that this element induces a Gysin map by left Kasparov product
' KK/(Co(B),C)[}] = KK/ (Co(V),C)[1].

Moreover 7'signy (B) = signg (V) € KK4™BH(Cy(v),C)[1].
Proceeding as above we understand that there exists £y € KK*(Co(B),Co(V))[4] such that Ty @ X(7) = 1 €

KK°(Cy(B),Cy(B))[%]. We denote the element Ty by £(x)~!. Thus if j: B < V is the zero embedding,
then there exists a homomorphism

J' KK'(Co(V),C)[5] — KK (Co(B),C)3]
given by
J(=)=xm e
which is the inverse of m'. Morover it is clear from the equality 7'signy (B) = signg (V) that j'signg (V) =
signg (B) in KK“™8(Cy(B),C)[1] or, equivalently,
(6.2) X(7) ' @signg (V) = signg(B) in KK“™5(Cy(B),C)[4].

We go back to our normally non-singular inclusion of Witt spaces X — Y. We have seen that there
is then an orientable normal bundle 7 : NyX — X, an open neighborhood U C Y of X, and a stratified
diffeomorphism ¢ : UL — X. We proceed in parallel to Brodzki, Mathai, Rosenberg, Szabo [BMRS09,
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Example 3.3]. From the above discussion, see (6.2), we record that for the normal bundle Ny X Z, X it holds
that

(6.3) X(7) ' @signg (NyX) = signg (X); in KK (Cy(X),C)[4].
The open inclusion i : U C Y defines an element
il e KK"(Co(U),Co(Y)), VmeN,

corresponding to the homomorphism of Cy(U) in Cy(Y) obtained by extension by zero. (This works for
any open subset U of a locally compact space Y.) This defines by Kasparov multiplication on the left
a restriction homomorphism KK'(Cy(Y),C) — KK'(Co(U),C), V¢ € N. Note that U is a Witt space and

hence there exists a signature class [Diign] € KK4mY(Cy(U),C) and a corresponding analytic orientation
class
signg (W) = 27 imY2l[pRen) ¢ KRImY (¢ (u), ©)[1].
Lemma 6.4. Restriction to open subsets preserves KK-classes of signature operators of Witt spaces, i.e.
i1 ®[DyE"] = [Dy"] € KKU™ (Gy(U), C).

Hence we also have ‘
i' @signg (Y) = signg (U) € KKE™ (Co(U),C)[4].

Proof. This is discussed in [Hil89, Rem. 2.17, p. 419] (take N = point there). ]
Next, the stratified diffeomorphism ¢ : U — NyX gives an invertible element
(9] € KK (Co(NyX), Co(W))

which induces an isomorphism KK/(Cy(U),C) — KK/(Cy(NyX),C) by left Kasparov product. By Propo-
sition [.1] (stratified diffeomorphism invariance of the signature class on a Witt space) we have

Lemma 6.5. It holds that ' '
[9]® [Dy*"] = [Dyyx]-
We are in the position to define the Gysin restriction homomorphism j' associated to the normally non-

singular inclusion j : X — Y of our Witt spaces.

Definition 6.6. Let j: X — Y be a normally non-singular inclusion of Witt spaces. Let £ be the codimension
of the inclusion. Then Kasparov multiplication

KK'(Co(X),Co(NyX))[}] ® KK®(Co(NyX),Co(U))[2] @ KK(Co(U), Co (Y ) [2]
— KK (Co(X),Co(Y))[3]
defines an element
(6.4) 2(j) :==2X(n) ' @ [g] @il € KK (Co(X),Co(Y))[3],

which we refer to as the analytic transfer map of the nns inclusion j. Kasparov multiplication with this
element on the left defines the analytic Gysin restriction

J KK™(Cy(Y),C)[5] — KK™(C(X),C)[3],
J(=)=Z()e-.
We have, finally, the following result:

Theorem 6.7. Let X, Y be Witt spaces and let j: X — Y be a normally non-singular inclusion of codimension
L. Then Gysin restriction on analytic K-homology

J'  KK(Go(Y), O)[5] — KK (Go(X), C) 3],
sends the analytic signature orientation class of Y to the analytic signature orientation class of X, i.e.

(6.5) j'signg (Y) = signg (X).
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Proof. Using|6.3]and Lemmas|[6.4} [6.5] we have

Jsigng (Y) =E(m) " @ [p] @il @ signg (Y)
=2(1)"' ® o] @signg (U)
()~ @signg (NyX)

0

Remark 6.8. Notice that even assuming the normal bundle NyX to be spin-c, we would not be able to use
the spin-c Gysin map in order to obtain the analogue of (6.5]) for the spin-c Dirac operator; indeed, we do
not know, in general, that the spin-c Dirac operator defines a K-homology class in the stratified setting.

Functoriality in this case is simple to establish (see [Hil89, §4.1]).
Theorem 6.9. If X, Y, and Z are Witt spaces and
xhylz
are nns inclusions, then
%(joi) = Z()) @ X(j) € KK(Co(X),Co(2))[3]
Similarly, we can deduce base change from work we have already carried out.

Proposition 6.10. (Base Change for Gysin Restriction to Zero-Sections) Let Y be a smoothly stratified
compact Witt space and p : X — Y an oriented real vector bundle of rank r over Y. Suppose that W is a
compact smoothly stratified space and f : W — Y a smooth stratified map. Consider the Cartesian diagram

Then the base change formula
feo ]‘Y)V = j! O 8+
holds for the Gysin restrictions
J' KK (Co(X),C)[3] = KK""(C(Y),C)[3], iy : KK"(Co(Xw),C)[5] = KK""(C(W),C)[3]
associated to the zero-section inclusions j:Y — X and jwy : W — Xy .

Proof. According to Theorem , P f =g p!W. Recall that for vector bundles, j' and p' are mutually
inverse (Thom-) isomorphisms. An application of j' from the left on both sides yields

fe= j!p!f* = j!g*p‘!/v-
Applying j{v from the right on both sides, we obtain

.| | 1o .|
Sfedw = J &«Pwiw = J &x-
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7. COMPATIBILITY OF ANALYTIC AND TOPOLOGICAL ORIENTATIONS

7.1. Prelude: The Four-Sphere. We illustrate the orientation classes considered in this work for the case
of a 4-sphere, where these classes are determined by their Chern characters. Let v be the trivial real 4-plane
bundle over a point. Thus the total space of v is R* and its Thom space is Th(v) = S%, the 4-sphere. We
shall describe the (real) Sullivan orientation

— 4 — 4
A(v) € KO (Th(v))[3] =KO (s*)[3]
of the bundle v, the Sullivan orientation
A(S*) € KO4(SH)[3]
of the manifold $*, and its relation to the K-homology class of the signature operator on S*. Let
~0 ~-2
B=[H]-[1]€K (s*)=K "(8°) = m(K)

be the Bott generator. The complex line bundle H on S?> = CP! is holomorphic and dual to the Hopf
line bundle whose fiber over a point in CP' is the complex line in C? represented by the point. Let u :=
c1(H) € H*(S%;Z) be the canonical generator given by the first Chern class of H. The Chern character is an
isomorphism

ch: K ($2) = H2(S:2) 2 Z
given by ch(f8) = u. We shall use the external products
AH (X)QH*(Y) — H*(XAY), A:KX)QK(Y)— KXAY).

Note that for X = 5%, Y = 52, we have S?> A S?> = §*. The map

H*($%,7) =24 5 (S, 7)
is an isomorphism, and by Bott periodicity, the Bott map

Perc : K(52) —2F R(sY)
is an isomorphism as well. As the diagram

R(s?) —P L R(s

N I

H*(8%,7) =% B (s%,7)

commutes (Husemoller [Hus94, p. 308]), we have ch(82) =ch(BAB) =uAu=u®. Let c: KO — K be
complexification as a morphism of ring spectra, inducing homomorphisms

¢ 1 KO"(X) = K (X), c«:KO(X)— Ki(X).

The Pontrjagin character ph = choc, localizes to ph[%] given by the composition

1
KO (591 2L RO(s)1]

\ :ich[z]
ph(3]

HY(S%Z)[3].

—_

DN —
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Here we have used suspension isomorphisms to identify

KO'($4) = KO (5%) = KO*(pt) = m:(KO)

C*i Cx

R(5%) == K (8% = K*(pt) =— m(K).

(Note that ¢, commutes with suspension isomorphisms, since it is induced by a morphism of spectra.) On
w4, complexification induces multiplication by two, ¢, =2 : m(KO) =Z — Z = my(K). Let

a € my(KO)[}] = KO (s")[4] = KO'(5%)[4] = Z[}]
be the unique element with
c.(a) = B>
This is the generator used in [Ban25]] and by Oscar Randal-Williams in [RW24]]. Its Pontrjagin character sat-
isfies ph[3](a) = ch[3](B?) = u?. The generator u*> € H*(S*; Z) agrees with the Thom class u(v) € H*($*; Z)
of the trivial rank 4-bundle v over a point. By construction of the Sullivan orientation (see also [[Ban25, p.
13, Lemma 3.8]),

ph[3](A(v)) = L7 (v)Uu(v) = u(v) = u® = ph[3](a).
Since ph[}] is an isomorphism,
A(v) =a.
This is Lemma 3.9 in [Ban25] for the case of a 4-plane bundle. Since A(S*) € KO4(S*)[3] is an orientation,
we have
(7.1) A(S*) = 0.(1),

O, : IZ@O(SO)[%] = 12(34(S4)[%] is the suspension isomorphism and 1 € 75(KO[3]) = IZ@O(SO)[%] the unit
of the ring .(KO[$]). Another way to see this is as follows: The map Aso : MSO — KO[3] has been
constructed in [Ban25]] as a morphism of ring spectra. In particular, the diagram

MSO,(5%) —>> KO4(54)[1]

o |- <o

MSOp(5%) —>> KO(%)[1]

commutes and A, (1) =1 € IZ@O(SO)[%]. The reduced bordism groups MSO, (X) are given by the kernel
of MSO,,(X) — MSO,(pt)), so that [f : M" — X]| € MSO,,(X) is an element of MSO,(X) if and only if
[M] = 0 € MSO,. Since [$*] = 0 € MSO,, it follows that [idg] € h/4§64(S4). The MSO-orientation of a
smooth oriented closed manifold M" is given by the identity map [idy] € MSO,(M) and [idg] = 0.(1) €
MSO4(S5%). By definition, A(S*) = A.[id]. It follows that indeed A(S*) = A, 0, (1) = 6.A,(1) = 0, (1). Let
P2 : KO[] — KO[3] be the stable Adams operation, constructed as a morphism of E..-ring spectra. Thus
the diagram

KO4(S%)[4] —2> KOu(s*)[4]

o o

—~ \PZ —~

KOo(8%)[5] —== KOo(5°)3]
commutes and ¥?(1) = 1 € @O(SO)[%]. Using 1| we deduce that
(7.2) WA(SY) = P20, (1) = 6. 9%(1) = 0. (1) = A(SH).
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Remark 7.1. The 4-fold periodicity of KO[%] does not commute with the stable Adams operation ¥2. Indeed,
Sullivan’s periodicity map

Perg : KO*(X)[}] —% KO (X A S*)[4]
is given by multiplication with @ = A(V), see Sullivan [Sul71, p. 202]. The stable Adams operation P :
74 (KO[3]) — 4 (KO[4]) acts on the preferred generator by W2 (a*) = 4% - a*. Hence W?Perg (1) = ¥?(a) =
4a, which does not equal Perg ¥?(1) = Perg(1) = a.

The 4-sphere is not an almost complex manifold, but since it is oriented and w,(S%) = 0, it is a spin
manifold. The spin structures on S* are in one-to-one correspondence with elements of H'(S*Z/,) =
0. Thus S* has a unique spin structure, which determines in particular a canonical Spin‘-structure on S*.
Therefore, S* has an integral Atiyah-Bott-Shapiro orientation

[S4]ABS €Ky (S4) .

Since ¢, being induced by a morphism ¢ of ring spectra, is a natural transformation of homology theories,
the diagram

KO(5°)[5] —— Ko (5°)[3]
commutes and ¢,(1) =1 € IZO(SO) [%] Since [S*]aBs is an orientation, the equation

[5*]aBs = 0. (1)
holds; see Atiyah-Bott-Shapiro [ABS64, p. 30] for the cohomological case. Using (7.2), we compute
e (W) IASY) = e, A(SY) = ¢.0.(1) = T,c.(1) = 0. (1),

which implies
(7.3) e (P IA(SY) = [$*) aBs.

Now let D%€" = d + d* denote the signature operator with respect to some Riemannian metric on $* and
1
: D] € Ky (s")
be the associated class in analytic K-homology. (This class exists integrally, not just away from 2.) The
Atiyah-Singer L-classes were introduced in [[AS68, p. 577]. The unstable cohomological Atiyah-Singer
class £} is associated to the power series

1, | 1 5 1 3
xcoth(x/2) =2+ & " 360" + 5130° ~ 604800°
(The stable Atiyah-Singer class £} is associated to (x/2)coth(x/2), but will not be used here. The Hirze-
bruch L-class is associated to xcothx. In [Sto68, p. 200], Stong denotes £ by 8.) For a 4-dimensional
manifold M*, £*(M*) = 4+ % p1(TM). Since the 4-sphere is stably parallelizable, £*(S*) = 4. The ho-
mological unstable Atiyah-Singer class £¥ is the Poincaré dual £% = £ N [M]g, where [M|y € H,(M;Z)
denotes the fundamental class in ordinary integral homology of a closed, HZ-oriented n-dimensional mani-
fold M. Thus

L£4(SY) = 4[8Yy.
In fact, for an even-dimensional smooth manifold, the unstable Atiyah-Singer £-class is given by
Li(M) =) 2L;(M) € H(M;Q),
J

where the classes L, (M) € H,;(M;Q) are the components of the Poincaré dual L.(M) = L*(TM) N [M]x
of the Hirzebruch L-class L*(T M), see also Moscovici-Wu [MWO97, p. 14]. Under the Chern character, the
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K-class of the signature operator is a refinement of the unstable Atiyah-Singer class. This follows from the
Atiyah-Singer index theorem, see also Rosenberg-Weinberger [RWO06, p. 48]. Thus ch[D*€"] = £¥(§*) and
it follows that

ch[D%8"] = 4[5%].
Note that since the signature of §* vanishes, [D%#"] is actually a class in reduced K-homology, [D*g"] €
K4(5*). Under the standard isomorphism

¢ KE(X) = KP(X), @[M.E,f] = f.([E]N[M]ass),

the topological homological Chern character ch : K} (X) — H, (X; Q) corresponds to the homological Chern

character ch : K§*°(X) — H,(X;Q) given by
ch[M,E, f] = f.(ch(E) Utd(TM) N [M]1),

see e.g. Jakob [Jak98, p. 77, 4.2]. Here one uses the interesting fact that the Todd class td(—), a priori
only defined for complex bundles, actually survives to Spin®-vector bundles T, such as the tangent bundle
TM. Indeed, Spin® vector bundles have a first Chern class ¢;(7) (the integral class reducing to wy(7T)
which is defined by the Spin‘-structure) and one then defines td(T') = ¢!(T)/2A(T') in rational cohomology
(Baum-Douglas [BD82) p. 136]), where A(T) is the A-polynomial in the Pontrjagin classes of 7. For $%,
c1(TS*) =0€ H?(S*) =0and A(TS*) = 1 — 2 p1(TS*) = 1. Thus td(T'S*) = 1 and the fundamental class
[SYE =1,f =id] € K{*°($*) has Chern character

ch[s*, 1,id] = id. (ch(1) Utd(TSY) N [$Y]x) = [$*]u.
Since cho@ = ch, we get
ch[$*aps = ch(id.(1N[$*]as)) = ch@[S* 1,id] = ch[$*, 1,id],
and thus ch[$*] sps = [S*]y7. Using the standard isomorphism g : KE°(X) — K*'(X) (Baum-Douglas [BD82]),

we consider the diagram

KPP (Y @ Z[4] <o KE (S @ Z[4] —— K ($*) @ Z[4]

loc £ loc [ loc £

0] €0 L
KP(s) 00 <2 KE($H 9 Q —=— KP(5) 2 Q
Ch@_ :lChQ _Ch@

HZ* (547(@)

The vertical arrows are localization maps induced by tensoring with Z[%] — Q. These maps are injective,
since there is no torsion in the K-homology of §*. The left-hand part of the diagram commutes by Jakob
[Jak98| p. 77, 4.2] and the right hand part commutes according to Baum-Douglas [BD82, p. 154]. For the
Chern characters on the rational groups we have

Ch@ loc(/.tcp_l)[S4]ABS = Ch@ IOC[S4]ABS = Ch[S4]ABs = [54]11
= ch(1[D"€"]) = chg loc(} [D¥€")).
Since chg is an isomorphism, it follows that loc(u@~!)[S*]aps = loc(5 [D*#"]). As loc is injective,
1o~ [S*)ass = [D¥E"].
By (7.3), 4
po e (¥?)A(SY) = o [ aps = 3 [DVE,

a relation that we will first generalize to arbitrary oriented smooth manifolds in Theorem and then
further to singular (Witt) spaces in Theorem 7.6
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7.2. The Manifold Case. For finite CW pairs (X,A), we identify topological and analytic complex K-
homology via a natural isomorphism

(7.4) K (X,A) = K2 (X,A)
of homology theories as in [LNS23]] and [RWO06]. Let
P2 : KO[4] — KO[1]

be the stable Adams operation, constructed as a morphism of E.-ring spectra. This is an equivalence, let
(¥?)~! denote an inverse. Let
c:KO—K

denote complexification as a morphism of ring spectra.
Theorem 7.2. Let M be an n-dimensional closed oriented Riemannian manifold and
Aso(M) € KO[P(M)][3]
its Sullivan orientation, [Sul71]]. Under the above identification , the element
c(¥?)"'Aso(M) € K;P(M)[3]
corresponds to the signature-operator orientation
signg (M) =27 "2 D" € K (1) 3]

Proof. Let KO denote the 8-periodic ring spectrum representing real K-theory and K the 2-periodic ring
spectrum representing complex K-theory. The homotopy ring of K is 7. (K) = Z[B*!], where 8 is the
complex Bott element in degree 2, i.e. f is represented by the reduced canonical complex line bundle
H—-1¢e IZO(SZ). On 7y, the complexification ¢ : KO — K induces multiplication by 2, ¢, =2 : m(KO) =
7 — 7. = mi4(K). Thus there does not exist an element in 74(KO) that maps to $2. But after inverting 2,
such an element exists. Let a € 74(KO)[5] be the unique element with

(1.5) c.(a) = B*.

The localization KO[3] is a 4-periodic ring spectrum with homotopy ring 7, (KO)[3] = Z[3][a*"]. Its con-
nective cover ko[}] has homotopy ring 7. (ko)[3] = Z[3][a]. Let L(R) denote the (projective) symmetric
algebraic L-theory spectrum of a commutative unital ring R with involution, introduced first by Ranicki. Let

k:KO[}] = L(R)[}]
be the equivalence of E..-ring spectra constructed by the first named author in [Ban25| Prop. 2.1]. It induces
the ring isomorphism

Zl5)la*] — 2[5, a v x,

on homotopy rings, where x denotes the signature 1 generator. Let MSPL be the Thom spectrum associated
to the bordism theory of oriented PL. manifolds. In [Ran, p. 385, Prop. 15.8], Ranicki constructed a
morphism of ring spectra

c* :MSPL — L(Z)
such that the resulting IL(Z)-homology fundamental class [M], := 6*[idy] € L(Z),(M) of an n-dimensional
closed oriented PL manifold M hits the Mishchenko-Ranicki symmetric signature

6" (M) = AM]L € L"(Z|mM))

under the assembly map A : L(Z),(M) — L"(Z[m M]). (Ranicki extended 6* to a morphism of ring spectra
MSTOP — LL(Z) in [Ran79, p. 290], but we shall not require this extension for the purposes of the present
paper.) Technically, we will work with 6* as constructed by Laures and McClure in [LM14] using ad-
theories. Their incarnation of ¢* is an E.-ring map ([LM14} 1.4]). The localization morphism L(Z) —
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L(Z)[
L(Z)[

| is @a morphism of ring spectra. Thus its composition with 6* is a morphism of ring spectra MSPL —
|, which we shall also denote by 6*. By [Ran80, p. 243], 6* induces on homotopy groups the map

o+ QSF-(pt) = MSPLys(pt) —> L(Z) Y]t = Z[1] ()

(ST TR

given by
(7.6) on[M*] = o(M)- X,
where (M) € Z denotes the signature of M. Let
Agpr : MSPL — KO[1]

denote the composition

MSPL % L[] X KO[4)].
The first named author showed in [Ban25, Prop. 3.3] that Agp; is homotopic to Sullivan’s orientation Agpy .
As pointed out in [Ban25| Cor. 3.4], this implies in particular that the Sullivan orientation is homotopic to a

morphism of homotopy ring spectra. Under the canonical morphism MSO — MSPL, which is a morphism
of homotopy ring spectra, Agp; restricts to a morphism of homotopy ring spectra

Ao : MSO — KO[3]

that is homotopic to Sullivan’s Ago. As MSO is connective, Ag, lifts, uniquely up to homotopy, to the
connective cover ko[l] The lift MSO — ko[l] will again be denoted by Ao and is a morphism of homotopy
ring spectra ([Rud98| p. 93, Thm. 4.28.(ii)]). Let L5 : MSO — ko[ ] be the map of E..-rings constructed
by Land, Nikolaus and Schlichting in [LNS23| Theorem 8.5]. Within maps of E..-rings, L 45 is characterized
uniquely by the homomorphism it induces on homotopy rings, which is given by

(MH*] = 27 (M)d".

We claim that ¥2 o L4 is homotopic to Agq,. In order to see this, we verify first that both induce the same
homomorphism on homotopy groups: It is well-known that the Sullivan orientation on homotopy groups is
given by the signature. More precisely, Aso[M*] = o(M) - a*. The stable Adams operation acts on powers
of a by

(71.7) W2 (dky =4k 4.
Therefore,
(P2 Las) [MH*] = W22 *6(M)d") = 2% o (M)¥? (")
=2 *o(M)4d" = o(M)d" = Aso. [M*H] = A, [MH].
According to [LNS23| Theorem 8.5], the map
7o Mapg" " (MSO, ko[4]) = Homging(MSO,, ko[4].),

where 7 MapSp oRing Jenotes the connected components of the space of maps of spectra that are homotopy

ring maps, is injective. Both W2 o L4 and Agq are homotopy ring maps and we have seen that 7, (2o
Las) = 7. (A3y)- Thus by injectivity of 7, P2 o Ls is homotopic to AZy, establishing the claim.
Thm. 8.5 of loc cit also states that the composition

MSO, (X) =5 ko[1]. (X) =5 k[4].(X)
sends [f : M" — X] to 271"/ £, D). Since L5 ~ (¥2) ' 0 A3y ~ (W2) " 0 Aso, and thus
colss~co (‘Pz)*l oAso,
it follows that
27 RIDREY) = (co Las)lidu] = (co (7)™ 0 Aso) [idu] = (co (¥?)~")(Aso(M)).



K-ORIENTATIONS AND GYSIN MAPS 73

7.3. The Case of Singular Witt Spaces. Our goal now is to extend the above arguments to the case of Witt
pseudomanifolds, which includes all pure-dimensional complex algebraic varieties.

Let Z = Z[%] denote the ring of integers localized at odd primes. The Laurent polynomial ring R :=
Z[t,t7"] is a Z-graded ring with deg(¢) = 4. There is a canonical subring inclusion Z[¢] C R, t +> t. Let CP?
be complex projective space of complex dimension 2. Denote Witt bordism away from 2 by

W, (X) := QM(X) 04, Z.
(Recall that by Proposition we may assume that representatives of QVi'(X) are smoothly stratified and
thus possess a well-defined signature operator.) This is a Z-graded homology theory with coefficients
W.(pt) = Z[c], c¢:=[CP*>—pt]®1 € Wy(pt).

(After inverting 2, only the signature survives as an invariant; the 2- and 4-torsion is removed.) The Z-graded
abelian group W, (X) is a right module over the ring W, (pt) as usual. The ring isomorphism Z[t] — W, (pt)
induced by 7 — c® 1 € Wy (pt) makes W,.(X) into a right Z[¢]-module. Thus 7 actson [f: V — X]|®@r € W, (X)
by
2 Pri f
(fler) t=[VxCP"—V —=X]|®r

We may then form the tensor product

W (X) := Wu(X) @z R,

which is Z-graded by deg(x @z rtk) = n+ 4k, x € Wy(X), r € Z. It is shown in [Ban25] that W,(—) is a
homology theory. It is naturally a right R-module and right multiplication with ¢ is an isomorphism with
inverse given by right multiplication with r=!. This shows that W, (—) is 4-periodic and we refer to it as
periodic Witt-bordism at odd primes. The inclusion Z[t] C R induces a natural map

iy s We(X) = Wa(X) @z Z[t] — W (X).

As noted above, the homotopy ring of the ring spectrum K is 7, (K) = Z[B*'], where 8 is the complex Bott

element in degree 2. Away from 2, 7, (K[1]) = Z[B*!]. As K[1] is a ring spectrum, the groups (K[4]).(X) =

K:P(X)[1] come with a canonical right (K[1]). (pt)-module structure. Via the ring homomorphism

2
R=Zt,t™ "1 —Z[B,B "), 1 1%
we make (K[1])+(X) into a right R-module ((K[1]).(X),+,e). Thus # € R acts on y € (K[3]).(X) by
yet:=y- %ﬁz

Let MWITT denote the (Quinn-type) ring spectrum associated to the multiplicative ad-theory of Witt
spaces, representing Witt bordism (see Banagl-Laures-McClure [BLM19])), and let

A : MWITT — KO[1]

denote the second author’s ring-spectrum level Siegel-Sullivan orientation, [Ban25]]. It restricts to the Sul-
livan orientation A : MSPL — KO[%] under the canonical map MSPL — MWITT. By [Ban25, Prop. 5.7],

the induced natural transformation A, : Q™(—) — KO,(—)[4] of homology theories agrees with Siegel’s
transformation u"1" as described in [Sie83]]. On homotopy groups, A induces the homomorphism

A, 1 Q" = MWITTy — KO[}]u = Z(d")
given by
(7.8) AVH st =0(V)-d,
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where 6 (V) € Z is the signature of the intersection form on the intersection homology groups IHx(V;Q)
of V. The Siegel-Sullivan orientation class of a compact n-dimensional Witt space (V,dV) is given by the
image

A(V) := A,[idy] € KO, (V,9V)[3]
of the Witt bordism class of the identity on V. Let
¥ We(X) — (K[3])«(X) = KEP(X)[3]
be the natural transformation of homology theories given by
Y([f:V—=X]@r) =r-c(¥?) LAV) =r-c(P?)Af], reZ.
Lemma 7.3. The homomorphism y: W,.(X) — K\ P (X)[3] is Z[t]-linear.

Proof. Let [f : V" — X] be any element of W, (X). As A: MWITT — KO[1] is a morphism of ring specira,
the diagram

QI (X) & QN (pt) — QY (X)
A*®A*i iA*
(KO[4]).(X) ® (KO[L]). (pt) —> (KO[4]). (X)
commutes and hence

A([f]-[CP?* — pt)) = AL[f] - AL[CP* = p{
A.[f]-6(CP*)a=A[f] a.

In view of (7.5) and (7.7), we find that

A((f]-1)

c(¥?) " (a) = c(za) = 1%
Since (¥?)~! and c are ring maps as well, we conclude

V(A1 1) = c(¥?) 7 AS] 1) = () (AS)) - a)
= (c(¥) ' ALS]) - c(¥) (@) = YIf)- 1 B2 =S o1,

-

Recall that in (4.3) of Section[4.2] we had defined a natural transformation
0 : W, (X) = Q" (X)[5] = " (X)[3] — K" (X)[3]
of homology theories given by
O([f : W' = X] @z r) :=r2” "2 £, [DUE] = rf. (signg (W)).
Lemma 7.4. The homomorphism 6 : W,(X) — K*(X)[%] is Z[t]-linear.

Proof. Let P> = CP? denote complex projective space and let const : P> — pt be the constant map. The
image of the signature operator class [Dp3"] € K4 (P?)[4] under const, : K4(P?)[3] — Ka(pt)[1] is the index
(multiplied by the corresponding Bott generator)

const, [D;zgn] = o(P?)-B* = B? € Ka(pt)[1].
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Let [f : V" — X] be any element of W, (X). By Corollary [Df/iinpz] = [D:jgn] X [Df;;gn}. (There is no

factor of 2 here, since the dimension of P? is even.) Consequently,
0([f] 1) = O([f x const: V x P* — X x pt = X])

=2 15 (f x const). [D¥e] = 2714 3 x const). (D" R D)
=2 WL (D] feonst. [D3E"] = 27 H £ D] - 152
= (6[f])er.
O
The following Proposition generalizes [Ban25| Prop. 5.6] from maps into (KO%)*(X ) to maps into any

Z[t,t~']-module M; see also [BCS03} Prop. 2, p. 597] of Cappell, Shaneson and the second named author.
The proof follows [Ban235]], but we provide details for the reader’s convenience.

Proposition 7.5. Let X be a compact PL space and M a right Z[t,t~']-module.

1. Given a Z|t]-linear map o, : W,.(X) — M there exists a unique extension of o, to a homomorphism
a:wW.X)—M

of Z[t,t~']-modules.

2. Let o, : W(X) — M be Z[t]-linear maps. If a([g: N — X]® 1) = B([g] ® 1) for every g on smooth

manifolds N, then o, = 3 on W,.(X), and 0. = B, on W ,(X).

Proof. We prove statement 1: We denote the scalar multiplication in M by e. Let A : W, (X) x Z[t,t '] — M
be the map given by A(w, p) := a(w) e p. We regard Z[t,t!] as a left module over Z[t]. For g € Z[t], the
Z[r]-linearity of o implies that
A(wg,p) = a(wg) e p = (a(w)eg)ep
= a(w)e(gp) =A(w,qp).
Therefore, A is Z|t]-bilinear and hence, by the universal property of the tensor product ®g1)» induces a
well-defined homomorphism
QW (X) @z Z[tt 7 ] — M
of abelian groups such that &(w ®zy p) = A(w,p) = a(w) e p. Then @, is Z[t,t"]-linear, as for p,p’ €
Z[t,t71,
AU(WwRz p)-p') =((Wwgzy (pp')) = a(w) o (pp')
(a(w)ep)ep' =q(wRz, p)ep,

and the diagram

(7.9)

=
X

M

S

commutes.
We turn to the proof of uniqueness. Suppose that o : W, (X) — M is any Z[t,t~']-linear extension of a, i.e.
o’ oi, = o¢. Then

o' (wRzp (1-p)) = &' (W&zp 1) - p)
a'(w ®z1 Hep=(di.(w))ep
a(w)ep=0a(w®zyp)-

o' (w®zp p)
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Hence « is unique.
We prove statement 2: Since & and 3 are Z[t]-linear, they induce uniquely Z[t,~!]-linear transformations

0B (Wa(X) @z Zlt,t7']); — M, jEZ,

as explained in statement 1. For an integer j, let j denote its residue class in Z /4. On the groups C H(X) =
Bz Q3 e ©,,(X)[3], define an equivalence relation by

[PIH4 N4 P p L x) o (NY - [P L X,

(See also [KLOS, p. 193].) Let Q5(X,Y) := C;(X,Y)/ ~ denote the corresponding quotient. One can
show that Q. (—) is a (Z/4-graded) homology theory on compact PL pairs, see [Ban25]. For any j € Z, a
well-defined map
®: Qi(X)RZ — (Wu(X) @zy Z[t,17']);
is given by setting
(D([g NI X] Xz r) = [g] ®Z[z] rt¢ S W,',4k(X) ®Z[r] Z<Zk>, keZ,reZz,

where one views the closed oriented smooth manifold NV as a Witt space via its canonical PL structure. This
map is an isomorphism on compact PL spaces X as was shown in [Ban25]. Therefore, Witt bordism classes

are representable by smooth manifolds away from 2.
Given an element

[f VI = X] @yt € (Wa(X) @z Z[tt7 ') = W;(X)
k€ Z, r € Z, there exists a (unique) element g € Q7(X) ® Z with ®(q) = [f] @ rt*, as @ is an isomorphism.
Such an element is represented in the quotient Q7(X) ® Z by an element of the form
m . .
qg= [g,- :Mi]_4k' —)X} R ri, [g,-] S 9?94k,-(x)7 ri € Z, k,‘ €.
i=1

By the definition of @, ®([gi] ®z7:) = [8i] @z ritki so that [f] ®z[ k=YY" [l ®z[1 rit" and consequently,

'["JS 3

I
—_

A ([f1 @z 1) = Y u([2i] @7 rit* Z o [gi]) - rid"

m

(B:lgi) rla’—Zﬁ* gl ® Z[1] Tit ):B*([f]@)z[t]rtk).

i=1

I
™=

Il
-

This proves that the periodic versions agree on W.(X), &, = B,. Using the commutativity of we
deduce o, = @, 0@, = B, 0@ = Ps. OJ
Theorem 7.6. Let X be a closed Witt space and
A(X) € KOP(X)]5]
its Siegel-Sullivan orientation, [Sie83|], [Ban23]. Under the identification ([7.4), the element
c(¥?)'AX) € Ky (X)[5]
of an n-dimensional closed smoothly stratified Witt space X corresponds to the signature-operator orienta-

tion

signg (X) =2 "2 DR € K3 () [3].
Proof. The identification (7.4) is Z[t]-linear. Thus, under this identification, we have homomorphisms

7,6 : W (X) — KIP(X)[3],

which are both Z[t]-linear by Lemmas [7.3| and The two homomorphisms agree on smooth manifolds
according to Theorem Proposition [7.5] then implies that ¥ = 6 on W,(X) (where we have used the
standard identification of analytic and topological K-homology, (7.4)). U
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