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THE NOVIKOV CONJECTURE ON CHEEGER SPACES

PIERRE ALBIN, ERIC LEICHTNAM, RAFE MAZZEO, AND PAOLO PIAZZA

ABSTRACT. We prove the Novikov conjecture on oriented Cheeger spaces whose fundamental group
satisfies the strong Novikov conjecture. A Cheeger space is a stratified pseudomanifold admit-
ting, through a choice of ideal boundary conditions, an L?-de Rham cohomology theory satisfying
Poincaré duality. We prove that this cohomology theory is invariant under stratified homotopy
equivalences and that its signature is invariant under Cheeger space cobordism. Analogous results,
after coupling with a Mischenko bundle associated to any Galois covering, allow us to carry out
the analytic approach to the Novikov conjecture: we define higher analytic signatures of a Cheeger
space and prove that they are stratified homotopy invariants whenever the assembly map is ratio-
nally injective. Finally we show that the analytic signature of a Cheeger space coincides with its
topological signature as defined by Banag].
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INTRODUCTION

Which expressions in the rational Pontryagin characteristic classes are homotopy invariant?
Novikov showed that for a simply connected smooth manifold, X, the only answer is the L-genus,
which by Hirzebruch’s theorem computes the signature

(L(X), [X]) = o(X).

For a non-simply connected manifold, X, we can construct the ‘higher signatures’ in term of the
classifying map r : X — Bm X,

{LX)Urfa,[X]) : a e H(BmX;Q)}

and the Novikov conjecture is that these are homotopy invariant. One very fruitful approach to
this conjecture uses functional analysis to ‘reduce’ the conjecture to the strong Novikov conjecture,
recalled below, which only involves the group 7w X. Although the general conjecture remains open,
there are now many groups for which the conjecture is known, including discrete subgroups of
finitely connected Lie groups, hyperbolic groups in the sense of Gromov, and many others. Beyond
its explicit statement, the Novikov conjecture is one of the crucial open problems in the topology of
manifolds because of its close connections to many open problems in topology, differential geometry,
algebra, operator algebras, and representation theory. We refer the reader to e.g., [Ros06] for a
short discussion of the Novikov conjecture and the references therein for a full discussion.

Because of the importance of the conjecture and the ubiquity of singular spaces, it is natural to ask
for an analogous result on some class of singular spaces. The first obstacle is that the cohomology of
singular spaces need not satisfy Poincaré Duality and so a singular space may not have a signature.
Goresky and MacPherson introduced the intersection homology of stratified spaces to overcome this
difficulty, and showed that it satisfied a ‘generalized Poincaré Duality’. Siegel singled out the class
of stratified spaces, called ‘Witt spaces’, for which the ‘middle perversity’ intersection homology
groups satisfy Poincaré Duality and hence define a signature.

Intersection homology theory is not homotopy invariant, but it is invariant under stratified
homotopy equivalences. Witt spaces have L-classes in homology, as shown by Goresky-MacPherson
and Cheeger [GMS0, [CheR3|, [Sie83], so the Novikov conjecture here is that the higher signatures of
X are stratified homotopy invariant. In the authors proved that, whenever X is a Witt
space whose fundamental group 771)2 satisfies the strong Novikov conjecture, it also satisfies the
Novikov conjecture.

There is a larger class of stratified spaces that have a signature extending the classical signature.
Following work of MacPherson, Cheeger, and Morgan, Markus Banagl initiated the study of self-
dual sheaf complexes compatible with intersection homology in [Ban02]. He found a class of spaces
‘L-spaces’ which admit a bordism invariant signature. In [ALMP] the authors found an analytic
analogue of Banagl’s theory, christened ‘Cheeger spaces’ (using the concept of ideal boundary
conditions, see Definition [4]) and studied their de Rham/Hodge theory. In this paper, we show
that these spaces satisfy

Theorem 1. Every Cheeger space X has a signature, depending only on the stratified homotopy
class of X and invariant under C’heeger space-cobordism. If the fundamental group of X satisfies
the strong Novikov conjecture, then X satisfies the Novikov conjecture.

There are many interesting “natural” examples of Cheeger spaces. For example, as studied by
Banagl and Kulkarni ([BK04]), reductive Borel-Serre compactifications of Hilbert modular sur-
faces admit self-dual boundary conditions. It is likely that Borel-Serre compactifications of locally
symmetric spaces of higher Q—rank should provide other examples.
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In more details, we start in {I] by recalling the resolution of a stratified space with a Thom-
Mather stratification, what we term a smoothly stratified space. It is on these spaces that we have
developed the Hodge/de Rham theory in [ALMP]. These cohomology groups depend on a choice
of geometric data at singular strata, which we refer to as a mezzoperversity because the resulting
groups lie, in a certain sense, between the ‘lower middle perversity’ and ‘upper middle perversity’
groups of Goresky-MacPherson.

In §2] we allow twisting by a flat vector bundle and consider the resulting de Rham operators.
Importantly, since we will carry out the ‘analytic approach’ to the Novikov conjecture (see [Ros95]),
we consider the effect of twisting the de Rham operator by a bundle of projective finitely generated
modules over a C*-algebra. Indeed, if I' is a countable, finitely generated, finitely presented group,
and X' — X aT covering, then the action of I' on X’ and on CrT', the reduced C'*-algebra of I,
produce such a flat bundle over X. It is denoted by

X' x C;T
90 = =

where 7 : X — BT is the classifying map of the I' covering. We denote the corresponding ‘higher’

de Rham operator by 5551({)

domain for ( ) which is closed, self-adjoint, and C}T-compactly included in L?(X;A*i°T*X ®

In §83 we show that the cohomology associated to a mezzoperversity, pOSSlbly tw1sted by a flat
bundle, is a stratified homotopy invariant. The main difficulty is that if F : X — M is a stratified
homotopy equivalence, the corresponding pull-back of differential forms is generally not a bounded
operator on L2-differential forms. We get around this by using the ‘Hilsum-Skandalis replacement’
of F*, HS(F), which is a bounded map on L?-forms. The trade-off is that we must work much
harder to understand how this replacement map behaves on the domains of the twisted de Rham
operators.

The constructions of these sections all work in the general setting of smoothly stratified spaces,
but the definition of a signature, and higher signatures, requires a more restrictive category of
spaces, which we call Cheeger spaces. In section ] we recall the definition of a Cheeger space and
its signature. At first, this signature is defined using a self-dual mezzoperversity and an adapted
metric. We prove an analytic analogue of a cobordism result of Banagl and use it to
show that the signature is independent of both the mezzoperversity and the metric. Together
with the stratified homotopy invariance of the de Rham cohomology, this shows that the signature
only depends on the stratified homotopy class of a Cheeger space, and is invariant under Cheeger
space-cobordism.

We also use the results of [ALMP] to show that the signature operator with domain given by a
< (r)

self-dual mezzoperversity defines a K-homology class. The higher signature operator 551gn
a class in K,(C;T') and we show that this class, its CT'-index, is related to the K-homology class
of the ‘lower’ signature operator via the ‘assembly map’ [.

In g5l we follow Thom’s procedure to define a homology L-class using the signature of submani-
folds or, in our case, subspaces transversal to the stratification. We extend a result of Moscovici-Wu
from the setting of Witt spaces to show that the Chern character of the K-homology class of the
‘lower’ signature operator is equal to this L-class. Using this class we define the higher signatures
of a Cheeger space and we prove that, whenever the assembly map [ is rationally injective, the
higher signatures are stratified homotopy invariant, i.e., the Novikov conjecture.

. We prove that for any choice of mezzoperversity there is an associated

defines
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Finally in section {6l we prove that the analytic signature of a Cheeger space coincides with its
topological signature as defined by Banagl.

We rely throughout on the analytic techniques developed and explained in [ALMP12]. There
are other approaches to analysis on stratified spaces, though none to our knowledge tailored so well
to the types of geometric problems of interest here. We refer the reader to [NP94] and references
therein where closely related ideas are developed.
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1. SMOOTHLY STRATIFIED SPACES, IIE METRICS, AND MEZZOPERVERSITIES

1.1. Smoothly stratified spaces. There are many notions of stratified space [KIo09]. Most of

them agree that a stratified space Xisa locally compact, second countable, Hausdorff topological
space endowed with a locally finite (disjoint) decomposition

X=vuvylu..y?
whose elements, called strata, are locally closed and verify the frontier condition:
YINYE£() = YICYF

The depth of a stratum Y is the largest integer k such that there is a chain of strata Y = Y* ..., Y0
with Y7 € YJ=1 for 1 < j < k. A stratum of maximal depth is always a closed manifold. The
maximal depth of any stratum in X is called the depth of X as a stratified space. Thus a stratified
space of depth 0 is a smooth manifold with no singularity.

Where the definitions differ is on how much regularity to impose on the strata and how the
strata ‘fit together’. In this paper we shall mainly consider smoothly stratified pseudomanifolds

with Thom-Mather control data. We proceed to recall the definition, directly taken from [BHS9I
and [ALMP12].

Definition 1.1. A smoothly stratified space of depth 0 is a closed manifold. Let k € N, assume that
tﬁe concept of smoothly stratified space of depth < k has been defined. A smoothly stratified space
X of depth k+1 is a locally compact, second countable Hausdorff space which admits a locally finite
decomposition into a union of locally closed strata & = {Y7}, where each Y7 is a smooth (usually
open) manifold, with dimension depending on the index j. We assume the following:

) IfYLY €& and YINYT #0, then Y C Y.



THE NOVIKOV CONJECTURE ON CHEEGER SPACES 5

i) Fach stratum Y is endowed with a set of ‘control data’ Ty, my and py; here Ty is a
neighbourhood of Y in X which retracts onto Y, my : Ty — Y is a fized continuous
retraction and py : Ty — [0,2) is a ‘radial function’El tubular neighbourhood such that
p;l(O) =Y. Furthermore, we require that if Z € & and Z NTy # (), then

(Wy,py):TyﬂZ—)YX [0,2)

is a proper differentiable submersion.
i) W)Y, Z €6, and ifpe Ty NTz NW and wz(p) € Ty N Z, then my(wz(p)) = 7y (p) and

py (7z(p)) = py (p).
iv) IfY,Z € &, then

YNZ#0D & TynNZ#0,
TyNTz;#0 & YCZ, Y=Z orZCY.

v) There exist a family of smoothly stratified spaces (with Thom-Mather control data) of depth
less than or equal to k, indexed by &, {Ly,Y € &}, with the property that the restriction
my : Ty =Y is a locally trivial fibration with fibre the cone C(Ly) over Ly (called the link
overY ), with atlas Uy = {(¢,U)} where each ¢ is a trivialization 7y (U) — U x C(Ly), and
the transition functions are stratified isomorphisms of C(Ly ) which preserve the rays of each
conic fibre as well as the radial variable py itself, hence are suspensions of isomorphisms of
each link Ly which vary smoothly with the variable y € U.

If in addition we let X7 be the union of all strata of dimensions less than or equal to j, and
require that

vi) X=XrDXrl=Xnr2>5X7n3> . DX qnd )?\)?"_2 is dense in X
then we say that X isa stratified pseudomanifold.

The depth of a stratum Y is the largest integer k such that there is a chain of strata Y =
Yk Y0 with Y9 € Yi—1 for 1 < j < k. A stratum of maximal depth is always a closed
manifold. The maximal depth of any stratum in X is called the depth of X as a stratified space.

We refer to the dense open stratum of a stratified pseudomanifold X as its regular set, and the
union of all other strata as the singular set,

reg(X) := X \ sing(X), where sing(X) = U Y.

Yes
depth Y >0

In this paper, we shall often for brevity refer to a smoothly stratified pseudomanifold with Thom-
Mather control data as a stratified space. When a distinction is needed we use the label topologically
stratified for a space satisfying the pared down conditions listed at the beginning of this section.

Remarks.

(i) If X and X’ are two stratified spaces, a stratified isomorphism between them is a homeomor-
phism F : X — X’ which carries the open strata of X to the open strata of X’ diffeomorphically,
and such that W%(Y) oF =Fomy, py = ppyyo F forall Y € §(X).

(ii) For any Y € &, let Sy = py'(1). This is the total space of a fibration 7y : Sy — Y with fibre
Ly . Define the mapping cylinder over Sy by Cyl (Sy,my) = Sy x [0,2) / ~ where (¢,0) ~ (¢, 0) if

n our previous paper [ALMPI2] we inexplicably required py to be proper; this is of course wrong, as it would
imply all strata to be compact
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7y (¢) = my (/). The equivalence class of a point (¢, t) is sometimes denoted [c, t|, though we often
just write (c,t) for simplicity. Then there is a stratified isomorphism

Fy : Cyl (Sy,ﬂ'y) — Ty;

this is defined in the canonical way on each local trivialization U x C'(Ly) and since the transition
maps in axiom v) respect this definition, Fy is well-defined.
(iii) For more on axiom (v) we refer the reader to [ALMP12] and references therein.

As an example, consider a stratified space with a single singular stratum Y C X ; the control
data induces a smooth fibration of T N{p = e} over Y with fiber Z, and the neighborhood T itself
is homeomorphic to the mapping cyhnder of this smooth fibration. Another way of thinking about
this is to note that the set X = X \ {p < e} is a smooth manifold with boundary, its boundary
fibers over Y with fiber Z, and the interior of X is diffeomorphic to the regular part of X. We call
X the resolution of X. There is a natural map

B XX
given by collapsing the fibers of the boundary fibration. Changing ¢ yields diffeomorphic spaces,
so a more invariant way of making this construction is to replace Y in X with its inward-pointing
spherical normal bundle, a process known as the ‘radial blow-up of X along Y.’

This process of replacing X by X is already present in Thom’s seminal work [Tho69], and
versions of it have appeared in Verona’s ‘resolution of singularities’ [Ver84] and the ‘déplissage’ of
Brasselet-Hector-Saralegi [BHS91]. These constructions show that any stratified space as described
above (a Thom-Mather stratification) can be resolved to a smooth manifold, possibly with corners.
Our version involves modifying X through a sequence of radial blow-ups to obtain a manifold with

corners X , the boundaries of which carry coherent iterated fibrations. This structure was identified
by Richard Melrose, and described carefully in [ALMP12, §2]:

Definition 1.2. Let X be a manifold with corners, and enumerate its boundary hypersurfaces as
{Hy} over some finite index set « € A. An iterated fibration structure on X consists of the following
data:

a) Fach H, is the total space of a fibration ¢o : Hy — 370“ where the fibre Z,, and base 37& are
themselves manifolds with corners.

b) If two boundary hypersurfaces meet, i.e. Hyg := Ho N Hg # (), then dim Z, # dim Zg.

c) If Hop # 0 as above, and dim Z, < dim Zg, then the fibration of H, restricts naturally to
H.3 = H,NHg (i.e. the leaves of the fibration of H, which intersect the corner lie entirely
within the corner) to give a fibration of H,g with fibres Z,, whereas the larger fibres Zg
must be transverse to H, at Hog. Writing 0nZg for the boundaries of these fibres at the
corner, i.e. 0nZg := Zg N Hyp, then H,g is also the total space of a fibration with fibres
O0aZg. Finally, we assume that the fibres Z, at this corner are all contained in the fibres
0aZg, and in fact that each fibre 0o Zg is the total space of a fibration with fibres Z, .

The constructions in [BHS91] and show that any space X with a Thom-Mather
stratification has a resolution to a manifold with corners X carrying an iterated fibration structure
and a ‘blow-down map’

I X —X
which is continuous, surjective, and restricts to a diffeomorphism between the interior of X and
the regular part of X. There is a useful iterative structure to this resolution construction. Indeed,
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the closure Y of each singular stratum Y C X inherits the structure of a stratified space and
the fibrations of the boundary faces in X have as bases the resolutions of these spaces, and the
associated fibers are the resolutions of the links of the singular strata. For a normal stratified
space (i.e., one whose links are connected) the boundary hypersurfaces of X are in one-to-one
correspondence with the singular strata of X. If the link at a stratum is not connected, then the
blow-up of that stratum produces more than one boundary hypersurface (cf. Remark
2.4]) and one should work with ‘collective boundary hypersurfaces’ as in . This makes only
a notational difference, so we assume for simplicity henceforth that the boundary hypersurfaces of
X and the singular strata of X are in one-to-one correspondence.

There are many advantages of working with X over X especially for doing analysis (see [ALMP12]
[ALMP]). One advantage is that the resolution X picks out a particularly well-behaved subset of
functions on X.

Definition 1.3. Given a smoothly stratified space X with resolution X , and a smooth manifold M,
let

C®(X, M) ={f€C’X,M): foBeC®X M)}
We abbreviate COO(X R) = C>®(X).
If X and M are both smoothly stratified spaces, we define

C¥(X, M) = {f € C°(X, M) : f*C=(M) C C®(X)}.

There is a partition of unity of X consisting entirely of functions from C°° ) [ABL*15]. We
point out that

o~

feC®(X,M) — 3feC®(X,M)st. foBx=PBuof
and
feC®(X) < fofeCy¥(X)={feC®X): VH 3 fir €C®(Yy) st. i} = ¢} fu}
where iz : H — X denotes the natural embedding.

Definition 1.4. Our convention is that a manifold with corners has embedded boundary hypersur-
faces (bhs). Thus if H is a boundary hypersurface of X then there is a boundary defining function
for H, rg, meaning that rg is a non-negative smooth functz’on on )Z H = 7‘1}1(0), and dry does
not vanish on H. A map between manifolds with corners F : X — M is called a b-map if, for
some (hence any) choice of boundary defining functions {r;} of X and {pj} ofM we have

F*(p;) = hy [ i
with hj a smooth non-vanishing function on X and e(i, j) € No, for all i, j [Mel92], [Maz91], (A.11)].

Thus if H and K are boundary hypersurfaces of X and M , respectively, then the image of the
interior of H under a b-map F' is either contained in or else disjoint from K, and moreover, the
order of vanishing of the differential of F’ along H is constant. .

A smooth b-map between stratified spaces f € Cg’o(}? , M) is a smooth map whose lift
fec>(X, M ) is a b-map of manifolds with corners.

By an isomorphism of smoothly stratified spaces we mean an invertible smooth b-map whose
inverse is also a smooth b-map
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Remark 1.5. In Definition. 4, pg 258] our notion of smooth map between stratified
spaces is what here we are calling a smooth b-map between stratified spaces.

As explained in [ALMP12], a smoothly stratified space is a stratified space whose cocycles take
values in stratified isomorphisms.

We recall other classes of maps we will use so as to have all of their definitions in one place.

Definition 1.6. A continuous map between topologically stratified spaces f : X — M is stratum-
preserving if

TeS(M) = f(1)=JS. SiesX)
Equivalently if the image of a stratum of X is contained in a stratum of M.
A smooth b-map between smoothly stratified spaces is necessarily stratum preserving.

Definition 1.7. /cf. ﬂm, Def 4.8.4]] A stratum preserving continuous map between topologi-
cally stratified spaces f : X — Mis codimension-preserving if

TeSM ) — codimf~!(T) = codimT.

If X and M are smoothly stmtzﬁed we denote the set of smooth codimension preserving b-maps
between them by Cy, Cod(X M)

A stratified homotopy equlvalence between two topologzcally stratified spaces is a pair of
codimension preserving maps f : X — M and g: M— X such that gof and fog are homotopzc
to the identity through codimension-preserving homotopies X x [0,1] — X and M x [0,1] — M,
respectively. A smooth stratified homotopy equivalence between two smoothly stratified spaces
18 a stratified homotopy equivalence with f € Ci‘éod()?, ]\7), g€ Cg’fgod(]\?, )?) and with fog and go f
homotopic to the identity through smooth codimension preserving b-maps.

This notion of stratified homotopy equivalence is that used in Proposition 2.1], where
they were shown to preserve intersection homology. We will show below that smooth stratified
homotopy equivalence preserve refined intersection homology groups.

We will show in the next section that smoothly stratified spaces admit a smooth stratified
homotopy equivalence if and only if they admit a continuous stratified homotopy equivalence.

1.2. Approximation of continuous functions. Another advantage of working with X is that
we can make use of all of the standard machinery of smooth differential geometry. Since our
object of study is X it is important to make constructions consistent with the iterated fibration
structure of X. Thus, an iterated wedge metric (or iterated incomplete edge or iie metric)
is a Riemannian metric on X that degenerates at each boundary hypersurface by collapsing the
fibers. Inductively, an iie metric g on a smooth manifold is a Riemannian metric, and on a general
manifold X with an iterated fibration structure is one that near the boundary hypersurface H has
the form
da® + 2795 + O 9vy

where we have trivially extended the fibration ¢y to a collar neighborhood of H. Here z is a
boundary defining function for H, meaning a smooth non-negative function on X vanishing linearly
on its zero set, H, gy, is a metric on the base of the fibration and g restricts to each fiber of ¢p
to be an iie metric on Z. (See [ALMP12] for more details; in this paper we will work exclusively
with rigid iie metrics like these without further comment.)

Using iie metrics to measure distances, we next show that appropriate continuous maps can be
approximated by smooth b-maps in the same homotopy class.
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Theorem 1.8. Let X and M be two smoothly stratified spaces and
ho : X — ]\/4\

a continuous stratum-preserving map between them. For any € > 0, there is a smooth b-map
hi € C°(X, M) and a continuous homotopy

H:Xx[0,1] — M

such that:

i) Hy = ho, Hy = hq,

i1) Hy is stratum-preserving for each t € [0, 1],

ii1) If hg preserves the codimension of each stratum, then so does each Hy, t € [0,1].

Proof. We first assume that X and M are of depth one. Choose radial functions z and z’ on each
of these spaces near their respective singular strata, Y and W, and fix the conic fibrations 7 and
7' in each of the tubular neighborhoods U = {z < 1} and ¥V = {2’ < 1}. We can cover each of
these neighborhoods by a finite number of coordinate charts, possibly scaling x and z’ if necessary,
so that we can represent hg via local adapted coordinates (z,y,z) in U and (2/,y’,2’) in V as

ho(ﬂj‘, Y, Z) = (:E/(:Ev Y, Z), y,(gj, Y, Z)7 z/(gj, Y, Z))
The functions 2/ and gy’ are continuous for 0 < x < 1; furthermore, 2/(0,y,2) = 0, and the fact
that hg is continuous on X means that y'(0,y, 2) is independent of z (we are implicitly using this
last fact to say that the image of any conic fiber 77!(y) remains within a given coordinate chart in
M ). However, in general, 2’(z,y, 2) need not even have a limit as = — 0
We construct an initial homotopy to a map which maps the conic fibers of m to those of 7’ and
so that 2’ is continuous at = 0. Choose a smooth nonnegative function x(¢,x), 0 < t,z < 1, such
that x(0,z) = =, x(t,z) > 0 for all z > 0 and x(¢,z) = x for x > 1/2 when ¢ > 0, and finally
x(1,z) = 1/4 for x < 1/4, and choose another such function X(¢,z) > 0, again with x(0,z) = =
but now x(1,z) =0 for z < 1/4. Then

hy = (@' (z,y,2), 5" (X(t, ), 9, 2), 2" (x(t, ), ¥, 2))

is a homotopy of continuous stratum-preserving maps, and b} has the required properties. Strictly
speaking this is defined relative to coordinates, but because we have fixed m and #’, the conic fibers
are well-defined and this procedure makes sense globally. Note that h} lifts to a continuous map

X — M which respects the fibration structure of the boundaries. We may also, at this stage,
choose a further homotopy which acts only on the radial variables and which results in a map for
which 2/ = z for x < 1/4.

We now construct the remainder of the homotopy using standard mollification operators in such
local coordinate charts. Note that by construction 2’ = x and y/(z,y, 2) is constant for z < 1/4,
so we need only mollify the fibre-preserving map hg along the hypersurface { = 1/4}. Locally
this amounts to mollifying the family of functions 2/(1/4,y, z). We invoke the argument detailed in
[Hir76, Ch.2 Thm. 2.6] to pass from mollification in these local neighborhoods to a global smooth
approximation, which proceeds by inductively extending the approximation over elements of a
locally finite open cover.

Note that this whole argument only depends on the fact that X has depth 1. Indeed, suppose
that M has depth £. We may as well assume that the image of the principal open stratum of X lies
in the principal open stratum of M. In addition, the singular stratum Y of X is a closed manifold,
hence its image lies entirely within a stratum W of M, and does not intersect any other strata.
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Therefore, M effectively has depth 1 near the image of X , and since the argument above is local,
it applies directly. N

We now induct on the depth of X. Suppose that the result has been proved for all stratified
spaces with depth less than k, and for all stratified images M. SllEpose X has depth k. As before,
let Y denote its highest depth stratum and W the stratum in M which contains ho(Y") but not
ho ()Z' ). Also choose tubular neighborhoods, fibrations and radial variables (U, 7, z) and (V,n’,2'),
respectively. We first choose a homotopy to a map hj, which maps the fibers of 7 to the fibers of
7!, satisfies (h()*(2') = x, and whose projection to a map of links Z — Z’ is constant in z for
x < 1/4. Now apply the inductive hypothesis and the local nature of the proof to homotope A, in
the region x > 1/4 to a smooth stratum-preserving map hy which continues to preserves the fibers
of the stratified subspace {z = 1/4}. We finally choose a homotopy of the family of maps on the
links of these conic fibers which is smooth. This completes the proof. O

Corollary 1.9. If g1 : X — M and go : X — M are two smooth stratum-preserving maps and
they are homotopic through continuous stratum-preserving maps, then they are homotopic through
smooth stratum-preserving b-maps.

Corollary 1.10. If X and M are smoothly stratified spaces and there is a continuous stratified
homotopy equivalence between them, then there is a smooth stratified homotopy equivalence between
them.

Miller established a criterion for recognizing if certain maps between two homotopically
stratified spaces is a stratified homotopy equivalence. His criterion applies to smoothly stratified
spaces, and our theorem shows that it recognizes smooth homotopy equivalences.

Corollary 1.11. Let X and M be smoothly stratified spaces and g € COO(X M) Assume that X
and M have the same number of strata, the pre-image of a stratum ofM under g is a stratum of
X and the induced map between the partially order sets (corresponding to the partial ordering of
the strata) is an isomorphism. Then g is a homotopy equivalence (through smooth maps with these
properties) if and only if the induced maps on strata and links are stratified homotopy equivalences.

1.3. Mezzoperversities. Iterated incomplete edge (iie) metrics and the corresponding dual met-
rics are degenerate on TX and T*X , respectively. However there are rescaled versions of these
bundles on which these are non-degenerate bundle metrics. An efficient description of the iie-
cotangent bundle °T*X is given by its space of sections:

C®(X;eT*X) = {w € C®(X; T X) : |w|g is pointwise bounded}.
Thus in local coordinates near H it is spanned by
dr, dy, xdz

where y is a local coordinate along Yy and z is a local coordinate along the fibers of ¢p. The
iie-tangent bundle °TX is the dual bundle of 17T*X

There is an analogous construction of ‘iterated edge’, or ie, bundles and metrics. Briefly, a vector
field on X is an ie-vector field if its restriction to any boundary hypersurface is tangent to the fibers
of the boundary fibration and the ie-vector fields are the sections of vector bundle, the ie-tangent
bundle *T'X. For more details on the ie and iie tangent bundles, we refer the reader to
§4.4]. This ie-tangent bundle will play an important role in section

An important fact is that 57*X restricted to the interior of X is canonically isomorphic to
the cotangent bundle of X, the regular part of X. Thus when studying differential forms on X
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we can equally well work with sections of A*(€7™*X). This has several advantages when analyzing
the behavior of the exterior derivative d and the de Rham operator Oqr = d + J of an iie-metric.
For example it brings out some remarkable symmetry and inductive structure of these operators at

each boundary hypersurface. This is exploited in [ALMP12] and [ALMP] to study geometrically
natural domains for these differential operators when acting on L2.

Let (X,g) be a stratified space with an iie metric, and let L2(X; A*®T*X) denote the Hilbert
space of differential forms on X with respect to the induced measure. The operator Oqg = d + ¢ is
initially defined as a linear operator

Oar : C°(X; A*eT* X) — Co°(X; A*ieT* X))

and has two canonical extensions to a closed unbounded operator on L?. The first is the minimal
domain

Duin(Jqr) = {w € LA(X; AT X)
J(wn) C C(X; AT X) st w, L and (Darwn) is L*-Cauchy}
and the second is the maximal domain
Dmax(0ar) = {w € L2(X; A*°T*X) : Oqpw € L3(X; A*1°T*X)},

where Ogqrw is evaluated distributionally. These are adjoint domains and if they coincide we say
that Oggr is essentially self-adjoint.

There are two obstructions to these domains coinciding. The first is geometric. An iie metric g
on X induces an iie metric on each link Z of X , and so a corresponding de Rham operator 5§R.
Often a closed domain for dgr will induce a closed domain for each 6§R and the small eigenvalues
of 6§R obstruct essential self-adjointness of d4g. Fortunately it is easy to avoid the non-zero small
eigenvalues by working with ‘properly scaled’ metrics, see [ALMP12, §5.4], [ALMP. §3.1], and we
always assume that we have done this.

The second obstruction is topological. For example, if all of the links are odd-dimensional then for
a suitably scaled iie metric the de Rham operator is essentially self-adjoint. The precise condition
needed was formulated by Siegel [Sie83]. A Witt space is a pseudomanifold X such that every
even-dimensional link Z satisfies

TH7/(2) =0

where TH™ is the upper middle perversity intersection homology of Goresky-MacPherson [GMS0].
These are precisely the spaces where a suitably scaled iie metric has essentially self-adjoint de Rham
operator.

Suppose that Y!,..., YT are the singular strata of X organized with non-decreasing depth,
so that the link of X at Y is a smooth manifold Z 1 say of dimension f'. We denote by H'
the boundary hypersurface of X lying above Y. The iie metric g on X induces a Riemannian
metric on each Z! and we say that ¢ is suitably scaled at Y if each 5 does not have non-zero
eigenvalues with absolute value less than one. For these metrics, in A LMP we prove that any
element u € Dy ax(0gr) has an asymptotic expansion at Yl,

u~ a;_fl/Q(al(u) +dx A Pi(u) +u
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in terms of a boundary defining function z for H', however the terms in this expansion are distri-
butional,

ay(u), Bi(u) € HV2Y LA T Y @ 1! 2(HY)YY), @€ xH (X AT X).

Here ’Hfl/2(H1/Y1) is the bundle over Y'! with typical fiber ’Hfl/z(Zl), the Hodge cohomology
group of Z' with its induced metric. It has a natural flat connection discussed in detail below in
g3.1] and it inherits a metric. This is true for all values of f1, with the convention that if f! is not
even then H/'/2(H' /Y1) = 0, and so ar(u) = Bi(u) =

The stratum Y is a Witt stratum of X if the group ’Hf 12(Z') is trivial. Otherwise the distri-
butional differential forms a(u), 3(u) serve as ‘Cauchy data’ at Y'* which we use to define Cheeger
1deal boundary conditions. For any subbundle

HI2(HY YY)
\ 7

that is parallel with respect to the flat connection, we define

(1'1) Dmax,Wl (6dR) = {u € ,Dmax(adR) :
ar(u) € H'PYEATY @ W), Bi(u) € H'PYVHATY @ (WH))

Canonical choices are to take W1 equal to the zero section or W' equal to H/"/2 (HY/Y1).

If the link of X at Y2, 7?2, is smooth we can carry out the same procedure at Y?2. If Z2 is
not smooth, then the compatibility conditions between the strata show that the link of Z2 at its
singular stratum is again Z' (see, e.g., §1.2]). Thus the choice of flat bundle W' induces
a domain for the de Rham operator on Z2,

Dy (5%)

by imposing Cheeger ideal boundary conditions corresponding to W'. The metric g is suitably
scaled at Y? if at each Z? the operator (5§§,DW1(5§}2{)) does not have non-zero eigenvalues with
absolute value less than one.

The null space of 55; with this domain is finite dimensional and denoted Hj;,, (Z 2). These spaces
form a bundle over Y2,

Hi (H?)Y?) — Y2,

which is again naturally endowed with a flat connection and a bundle metric. We prove in
that every differential form u € Dy ,y w1 (0qr) has a distributional asymptotic expansion at Y2,

u ~ x_fz/z(ag(u) +dx A Bo(u)) +
where now z is a boundary defining function for H?, f? is the dimension of Z2, and
as(u), Bo(u) € HV2(Y4 A T*Y2 @ HE (2(H?/Y?), @ € aH™'(X; AT X).

(As with f1,if f2 is odd then our convention is that H&i{z (H?/Y?)) = 0 and so az(u) = Bo(u) = 0.)
Thus to define Cheeger ideal boundary conditions at Y2, compatibly with the choice at Y'!, we need
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to choose a flat subbundle
/Hf /2 (H2/Y2)

N

Y2

and then we set

Diax, (w1, w2) (0dr) = {t € Dyyay w1 (Oar) :
ag(u) € HV2(Y2L AT Y2 @ W), Bo(u) € HV2(Y2 A T*Y? @ (W24
Now proceeding inductively we can give the general definition.
Definition 1.12. Let (X',g) be a stratified space with an iie metric. A collection of bundles
w={w! —vyviw? v . wl —-yh

is o (Hodge) mezzoperversity adapted to g if, inductively, at each q € Y the operator 045 with
its induced domain does not have any non-zero eigenvalues of absolute value less than one, and

each W' is a flat subbundle

H/Y?) is zero if f* is odd and otherwise is the bundle over Y with typical

i

(W1 szl)(HZ/YZ)

where 7-[{/2' Wi 1(

fiber equal to the null space of 55& with domain D(Wlw.’wi—l)(Zi).

Every Hodge mezzoperversity YV on X induces a Hodge mezzoperversity on each link Z which
we denote W(Z).
Every mezzoperversity induces a closed self-adjoint domain for Ogg,

DW(adR)v

which we prove in is compactly included in L?(X; A*®T*X). Indeed, we show in [ALMP
Theorem 4.3] that

Dy(Bar) € Hbe (X AT X)) 0 () o LA(X A" (T X)),
€€(0,1/2)
and it is known that the space on the right hand side is compactly included in L?(X; A*eT*X).
& Exactly the same result holds for the signature operator pr0V1ded that the Hodge mezzoper-
versity W is self-dual (see Section Ml below): this is established in Theorem 6.2]. Thus
(04r; Dy (9qr)) is Fredholm with discrete spectrum, facts already used in the inductive definition
of the mezzoperversity. We denote the corresponding Hodge cohomology groups by

Hy (X)
2The (only) displayed equation in the proof of Theorem 4.3 in [ALMP] reads xu € Nec,1/2) P LA (X5 A (BT X))

whereas it should clearly read xu € Hi (X;A*("*T*X)) N Necio.1/2) p°L*(X; A*("°T*X)). Indeed, p°L* is not
compactly included in L?.
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or Hy,(X;g) when we want to consider the dependence on the metric.

We can also use a mezzoperversity to define domain for the exterior derivative as an unbounded
operator on L? differential forms. Namely, we take the closure of Dy (J4r) in the graph norm of d,
Dy(d) = {w € L*(X; A*5°T*X) : (w,) € Dy (dar) st wy L, & and (dw,) is L*-Cauchy}.
Similarly we define Dyy(d) and show that these domains are mutually adjoint and satisfy

(1.2) Dy (9qr) = Dw(d) N Dy (9).
An important feature of these domains is that, if we denote
Dy (d)* = Dy(d) N LA(X; AR (T X))
then
d : Dyy(d)M — Dyy(a)lF+1!

so that Dyy(d) ] forms a complex. We denote the corresponding de Rham cohomology groups by

HT/V(X' ). We prove in [ALMP] that these groups are independent of the choice of metric and that
there is a canonical isomorphism

(1.3) H;y (X) 22 13, (X).

A de Rham mezzoperversity is defined like a Hodge mezzoperversity but using de Rham
cohomology groups instead of Hodge cohomology groups. Note that we need an iie metric to
talk about a Hodge mezzoperversity, since it involves bundles of harmonic forms. However, as we
recall below, the de Rham cohomology groups are metric independent, so we can talk about a de
Rham mezzoperversity without reference to a particular metric. Since we can think of a de Rham
mezzoperversity as an equivalence class of Hodge mezzoperversities, with the advantage of being
metric independent, we often denote a de Rham mezzoperversity by [W].

In more detail, suppose that (X, g, W) and (X, ¢/, W') are Hodge mezzoperversities with adapted
iie metrics, say

w={w! —vi. . wl vy}, w={wy —vi. .. wy —yT}
Since g and ¢’ are quasi-isometric over X as metrics on 17X , we have
L2(X;A*ﬁ°T*X;g) — L2(X;A*ﬁ°T*X;g’).

The two Hodge mezzoperversities represent the same de Rham mezzoperversity if, at each Y?, the
Hodge-de Rham isomorphism (L3)) identifies W* and (W*)". We proved in [ALMP] Theorem 5.9]
that in that case

Dy (d) = Dy (d), hence H})(X;9) = Hj (X5 ¢') =: Hppy (X)
where we use W] to indicate the de Rham mezzoperversity associated to W.

Let us say that an iie metric g is adapted to the de Rham mezzoperversity [W] if the Hodge-de
Rham isomorphisms corresponding to g and its induced iie metrics on the links produce a Hodge
mezzoperversity VW adapted to g.
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2. TWISTED DE RHAM OPERATORS AND INDUCED DOMAINS

Let g be an iie metric on X and let Oqr, = d + & be the corresponding de Rham operator. If

~

f €C>®(X) then
[Odr, f]

is a linear combination of the exterior product by df and the interior product by Vf, and hence
is a bounded operator on L?(X; A*1¢T*X). Tt follows that u € Dax(J4qr) implies fu € Diax(Odr)
and, since there is a partition of unity consisting of functions in C*°(X), we have

(2.1) U € Dinax(Dar) <= fu € Dmax(dar) for all f € C(X).

We say that a domain for the de Rham operator is a local domain if it satisfies (21). Directly
from their definition, Dy,in(0qr) and Dyy(0qr) are local domains for any mezzoperversity W.

Consider a covering of a stratified space
r-X —X
where I' is a countable, finitely generated, finitely presented group, with classifying map r : X —
BT In [ALMP12] we made use of the following fact: if i, = R" x C(Z) is a distinguished neighbor-
hood of a point ¢ € X, then the induced I'-coverings over U, and over C(Z) are trivial (since the
cone induces a nullhomotopy). It follows that if we have a representation of I' on R"Y and we form
the flat bundle £ = X’ xR and the twisted de Rham operator 65}{ then over a distinguished
neighborhood we can identify

E‘Mq = U, x RN, 65?1)\‘1/{(1 = 6dR‘ZAq ® Idpw~

since not only the bundle E is trivial over U, but also its connection. (In this last equality and
below we abuse notation, as we should more correctly conjugate 5£JR by the identification of E‘u
q

with U, x RY to obtain 6dR|uq ® Idgn .)
We can use this to define a domain for 55’3}{ for each mezzoperversity W. Indeed, on any distin-
guished neighborhood we have L?(Uy; E) = L?(U,)", so it makes sense to define
Dy (053) = {u € LA X; AT X @ B) : 950 € LA(X; A*°T* X ® E) and,
for all f € COO()A() supported in a distinguished neighborhood, fu € Dy (d4r)™ }.
Notice that, because Dy (04r) is local, we have DW(?)SJR) = Dyy(0gr) when E is the trivial flat
R-bundle. On the other hand each domain DW(E§§R) is local by construction.
In the same way, let us denote the flat connection on E by d¥ and define
Dw(dP) = {u € L*(X; A*°T*X @ E) : d%u € L*(X; A*°T*X ® E) and ,
for all f € COO()A() supported in a distinguished neighborhood, fu € Dy, (d)™}.

Since, by construction, these domains are just copies of the untwisted domains near each singular
stratum, Theorem 5.6 in [ALMP] implies the following:

Theorem 2.1. Let (X, g, W) be a stratified space endowed with an iie-metric g and adapted Hodge
mezzoperversity. Let I be a countable, finitely generated, finitely presented group, X' — XaTl
covering, and E — X a flat bundle associated to an orthogonal representation of T' on RYN. The op-
erator (04z, Dw(04R)) is self-adjoint and its domain is compactly included in L?(X; A*i°T*X @ E),
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hence 55;{ 18 Fredholm with compact resolvent. In particular the corresponding Hodge cohomology
groups

Hiy(X; E)
are finite dimensional.

The operators (d¥, Dy (d¥)) define a Fredholm Hilbert complex and hence finite dimensional de
Rham cohomology groups

Hjy(X; E),
which are canonically isomorphic to the Hodge cohomology groups. The domains Dy(dF), and

hence these groups, are independent of the choice of metric and depend on W only through the de
Rham mezzoperversity [WV).

A ke}/f\ fact for this paper is that all of the above is true if we replace the finite rank bundle
FE — X with certain bundles of projective finitely generated modules over a C*-algebra. Let us
assume that we have a I'-covering as above, but now consider the action of I' on C}T", the reduced
C*-algebra of " (i.e., the closure of the algebra of operators generated by the elements of I' in the
left regular representation), to define a bundle ¥(r) of free left CI'-modules of rank one:

(2.2) G(r)=CT xp X'

The vector space of smooth sections with compact support of the bundle A**T*X ® ¥ (r) — X is
endowed with the (usual) C;T'—scalar product defined by:

<Z aV1’Yl;Zb’Yz’Y2> = Z(aw;’}’l ) b('\/z)*l)L2 71(72)_1 €CT.
7 Y2

Its completion with respect to (-;-) is denoted L?(X; A*°T*X ® ¢(r)). (Note that this notation is
slightly different from that employed in [ALMPT12].)

The trivial connection on C;T" x X’ induces a flat connection on ¢ (r), and we denote the cor-
responding twisted exterior derivative (i.e., the flat connection) by d?(") and the twisted de Rham
operator by 5?&”. As above, we can use localization to define a domain Dw(ﬁfg)) for every mez-
zoperversity W. For example over a distinguished neighborhood we can identify

~ * 4
G(r)|y, =Uy x C;T, %szaﬂ%®mm
Then the previous theorem implies (cf. [ALMP12] Proposition 6.3]):

Theorem 2.2. With the notation of the previous theorem, the operator (5?1@,7)1/\;(5?1@)) is self-
adjoint and its domain is C;T —compactly included in L*(X; A*5°T*X @9 (r)); in particular it has
a C:I'—compact resolvent.

3. STRATIFIED HOMOTOPY INVARIANCE OF TWISTED DE RHAM COHOMOLOGY

We define morphisms between iterated fibration structures and show that they induce pull-back
maps on L2-cohomology. Iterated edge metrics are used both to define the cohomologies and to
define the pull-back map. We show that a (smooth codimension preserving) stratified homotopy
equivalence induces an equivalence in L?-cohomology. For stratified diffeomorphisms, this map is
just pull-back of differential forms, but for a general homotopy equivalence we use the ‘Hilsum-

Skandalis replacement’ construction from [ALMPT2], [HS90).
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3.1. Gauss-Manin connection. It will be useful to have a more invariant description of the flat
connections on the vertical cohomology bundles of the links, so we start by describing this.

Let (X' , g, W) be a stratified space equipped with an iie metric and a (de Rham) mezzoperversity
W. Each hypersurface H® of X, the resolution of X, is the total space of a fibration

Hi %,y

with fiber Zi, the resolution of the link of X at Y.
For any ¢ € Ny, the vertical cohomology of L2-de Rham cohomology with Cheeger ideal boundary
conditions forms a bundle

Hyzi0(Z") = Hyy oy (H'/Y') — Y
and we described in a flat connection for this bundle using a connection for ¢;.
This is a version of the Gauss-Manin connection for ¢; which, as is well-known [KOG§|, can be

obtained through the Leray-Serre spectral sequence without using a connection for ¢;. We now
review this construction in the L?-setting.

Lemma 3.1. There is a natural L?>-Gauss-Manin connection VT on the vertical cohomology
bundle

’ o .
HW(ZZ-)(HZ/Y’) — Y
that does not depend on the choice of iie-metric or on a choice of connection for ¢;.

Proof. We describe the smooth construction in parallel to the L? construction as the former makes
the latter more transparent. Recall that we have shown that the cohomology groups H€V( 71 (H')Y")

only depend on the de Rham mezzoperversity WW(Z?) and not on the iie metric.
Recall that the iie —geometry is defined in Section 1. We then have a short exact sequences of
bundles over H",

- 0 LY T (1Y) 0
0— " ("°T*Y") — "T*H' — "*T*(H'/Y") — 0
which induce short exact sequences of sections over H?, e.g.,

0 — C®(H?: A*¢*(HeT*Y?)) — Co°(H; Ao i) Ty eoo( [t Aviies (fi )y i)y —

0 — L2(H: A*¢*(HeT*Y?)) — L2(HY; AieT*HY) ez, L2(H: AT (/Y1) — 0,
For our purposes we need the corresponding sequence for L?-differential forms in the domain of d,
(3.2) 0 — Dyyiziy(dye) N L*(H'; A (¢*°TY")) — Dyy(zi)(dpyi) — mr2(Dyy(ziy (dggi)) — 0.
It is useful to observe that each of

CO(HS A (T HY)),  L*(H A ("T*H')), Dyyzi)(dp:)

is a module over ¢*C°(Y?).
Note that since we are not imposing boundary conditions on the boundary of Y, the first non-
zero term in (3.2]) can be identified with

{we L(H; A*(¢*°TY"Y)) : dw € L*(H'; A*(¢*1°TY™))},

while the last non-zero term can be thought of as forms whose restriction to each fiber is in
Dw(Z")(dz,). We can make this precise by using the invariance under multiplication by C°(Y") to
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localize to a neighborhood and mollify in Y* and thereby obtain a dense subdomain of forms which
can be restricted to an individual fiber.
The exact sequence ([B.I]) induces Cartan’s filtration

lroco _ oo T, AJ [ ok lleqky i = oo 1. Al—7 /lleqx 7t
FLC™ = C(HP; N (¢ (T"Y)) & ¢ (H; A3 (7 1)
= degree ¢ differential forms on H® with ‘horizontal degree’ at least j
which can also be described by
FfC’Oo = {w e C®(H; AT HY) : w(Vi,...,V;) = 0 whenever £ — j + 1 of the Vj, are vertical },

where a vector field is vertical when it is a section of TH?/Y*. We similarly obtain filtrations of L?
differential forms

FfL2 = {we L*(H AY (T HY) : w(Vi,..., V) = 0 whenever £ — j + 1 of the Vj, are vertical }.

4
and Iy z:

d:FjC>® — FiC®, d:F;L* N Dmax(d) — FfL?, d: FDyyzi) — FiDyyz)
so there are associated spectral sequences. As in [KOG8| we show that the differential on the E;

page of the spectral sequence yields the connection we are looking for.
We can use (B.1) to compute Ep, the graded complex associated to the filtration. First note that

) = F fL2 N Dyy(ziy(d). These filtrations are compatible with the exterior derivative

= C®(H; M (¢*T*Y")) & C°(HY; AFT*(H? ) Y)) = ¢ (H N (@' TYH & AkT*(Hi/Yi)>
inherits a differential

i,k i,k i k+1
6(])7600 ZE(]]’ c® E(]]’ + COO,

)

that only raises the ‘vertical degree’. Moreover since the individual terms in the Cartan filtration
are ¢*C°(Y")-modules, this differential is linear over ¢*C2°(Y"). This allows us to localize to a

contractible neighborhood of Y* and identify 83’200 with the vertical exterior derivative,

Ko = dpipyi-

Similarly we can identify
E(]]"kLz — L2(H; N (" T*Y") & APT(H /Y1)

and

o4t =
is the densely defined vertical exterior derivative. The same holds, mutatis mutandis, on Eg’kDW( zi) =
F ™ Dyy(z0/ F 1 Pz

The Eq page is the cohomology of the Ey page with the induced differential, so by the description

of the latter we have

"
ker a(]),coo

B{fe™ = =CO(VSNTY' @ Hwe (H' /YY) = O (Vi Hboe (H' /YY)

Image 35;2;1
Similarly

B{*Dyyziy = {w € HYLNTY & Hyy oz (H' /YY) s dw € L2(Y5MTY & HYNH'/YY))}
=1 Q) (Y5 Hy g0y (H' /YY)
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The exterior derivative on H? induces a differential on this page
D e s V(Y Hoo (H /YY) — QI (Y B (H /YY)

0o QL (VS HYy o (H /YY) — QL (Y HY ) (H /YY)

(3.3)

by restriction from C(H"; A**T*H") to the kernel of the composition
Jt+k J+k+1 J+k+1 J+k+1
FITC® — By C* — F; C®/F 5 C™
and similarly for L?—forms. ‘ ‘ ‘ -
Note that C2°(Y?; A*T*Y?) = Q#(Y"?) is a subset of both Q*(Y?; How (H?/Y?)) and, because of the
compact support, also of ng(Y’; H?/V( Zi)(H '/Y")). Both of the E; pages are closed under exterior

product with a form in QZ(Y?) and satisfy
we W (Y, ne E{k = G{HI’k(w An)=dwAn+(=1)wA 8{"%
with their respective differentials. However this shows that
O oo C (V' Hioe (H'/Y*)) — Q1 (V' Hwe (H'/Y))

0,k . ~0 L. 1Tk i i 1 i 1Tk ] ]
Oy Qo (Y5 Hyy ) (H' /Y1) — Qpa (Y5 Hyy ) (H'/Y7))
are connections and that the maps ([8.3]) are induced by these connections. In particular 811 o 8?’k
is exterior multiplication by the curvature of the connection, and since 9y is a differential, the
connections are flat. We denote these connections by VH in either case.
Finally note that the connection on H?/V(Zi)(H '/Y") is independent of choices since all rigid,

suitably scaled, iie metrics yield the same L? space and the same Dyy(ziy(dgi). O

Remark 3.2. [t follows from the proof of this lemma that a map on differential forms between the
total spaces of two fibrations will induce maps intertwining the Gauss-Manin connection if:

i) it commutes with the exterior derivative, and

i1) it is compatible with Cartan’s filtration, i.e., it takes degree k forms pulled-back from the base to
degree k forms pulled-back from the base.

3.2. Iterated fibration morphisms. Given a smooth map f : X —» M between manifolds with
corners and iterated fibration structures, we can pull-back differential forms on M to differential
forms on X. However this will not pull-back ie-forms to ie-forms (nor iie-forms to iie-forms) unless
f is a b-map whose restriction to each boundary hypersurface is a fiber bundle map. For this reason
we think of these maps as the ‘morphisms’ in this setting.
Recall from Definition [[.4] that F' € CI‘)X’(X', ]\7) means that F' € CO()?, ]\7) has a lift
F:X—M
which is a smooth b-map between manifolds with corners; note that F necessarily preserves the
boundary fibration structures in that its restriction to a boundary hypersurface is a fibre bundle
map. The differential of a smooth b-map extends by continuity from the interior to a map between
the iterated edge tangent bundles
DF :*TX — M

and we say that F'is an ie-submersion if this map is surjective. As an example, consider a bound-
ary hypersurface H in a manifold with corners M endowed with an iterated fibration structure. By

definition, there is a fibration H LN EN/, and both H and Y inherit boundary fibration structures
from M. It follows, directly from the definitions, that ¢ is a smooth b-map.
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The exponential mapping associated to an ie metric g provides another important example of
an ie-submersion. We explain this carefully. First note that the unit ball bundle *BM C *TM
is an open manifold with an iterated fibration structure described as follows. To each boundary
hypersurface H of M corresponds a boundary hypersurface

ieBHM — ieBM|H

in *BM, which is is the total space of a fibration v : *ByM — 17, where 1 is the composition of
the maps

“ByM — *BH 05 °BY — ¥
(the first map here is orthogonal projection and D¢ is the differential of the fibration ¢ : H — Y).
Lemma 3.3. The exponential map exp : ieIBBM|M — M extends uniquely to a smooth ie-submersion
&P : °“BM — M,
which for each boundary hypersurface H fits into the commutative diagram

exp‘H

(3.4) By M —— o~
) r
Y y Y

Proof. We first prove this when M has a simple edge, so that the tubular neighborhood of its
singular stratum is a bundle of cones, each of which has a smooth compact cross-section. In this
case, the resolution M is a manifold with fibered boundary:

¢:OM =Y,
with typical fiber Z. Introduce local coordinates (z,y, z) so that
d 2 *
9= iz + ¢ “ZY +h,
x x

where h is a symmetric 2-tensor orthogonal to dx/x which restricts to a smooth family of metrics
on each fiber Z ~ ¢~ {y}.

Now let v(t) = (z(t),y(t), 2(t)) denote a geodesic starting at some point py = (xg, Yo, z0) with
xo > 0 and with initial tangent vector (Zo,%0,20) € Tp,M with g-norm no greater than 1. We
analyze the behavior of the first two coordinates x(¢) and y(t) as the parameter zy N\, 0. Indeed,
from |7/(t)|4 < 1 we obtain

/
2 <c ainye < oar,

whence x(t) = xoBj(t), where | By (t)| < C independently of initial conditions and for |t| < ¢y. Then
from |y (t)| < x(t)Ba(t), where Ba(t) is similarly bounded, we obtain finally that y(t) = yo+zoBs(t).
Now letting xp — 0, one obtains that x(t) = 0,y(t) = yo for all ¢ € [0, €] for all geodesics starting
at a point (0,yo, 2z0). This proves the result for depth one spaces.

Next assume that M has depth two. Using the notation above, replace Y by Yy and assume that
Z is a bundle of cones C'(Z;) over the smooth manifold Z;. In local coordinates (xg, yo, z1, Y1, 21),
the complete metric g takes the form

deg  dogv, | dri | Plov;

1
— + +hz, .
2.2 2.2 2 2 1

rir]  THTY x] x7
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A geodesic ¥(t) = (zo(t), yo(t), 21(t), y1(t), 21 (t)) with |7/(¢)] < 1 satisfies

zg(t) 4 (t)
zo(t)z1(t) z1(t)

Arguing as before,

' <O avouh(D)uh() < Clan(t)m (),

' <O gnhyl) < Cai ()2

r1(t) = 21(0)B1(t), wo(t) = 20(0)21(0)Bo (1),
y1(t) = y1(0) + 21(0)B(t), yo(t) = yo(0) + 20(0)x1(0) Bo(t),

where the coefficient functions are all uniformly bounded and smooth. This implies the correspond-
ing conclusion in this case as well.
The general case is very similar and is left to the reader.
O

It follows that €Xp,, restricts to a map of each fiber of ¢, and indeed it is easy to see that this
is the exponential map for the induced ie-metric on the fiber, i.e.,

XD )y

ieBHM|¢71(q) qb_l(Q)
x Ktbl (@)
“Bo ' (q)

where 7 is the orthogonal projection.

—

3.3. Hilsum-Skandalis maps. If X and M are smoothly stratified spaces and F' € C;° ()/f , M)
then pull-back of forms defines a map

F* - COO(M, iieA*) SN COO(X, iioA*)
which unfortunately need not act continuously on L?. However we explained in [ALMP12] §9.3],
following [HS90], how to replace F* with a ‘Hilsum-Skandalis map’
HS(F) : C*®°(M;1°A*) — C™°(X;eA%)

Yvhich extends to a bounded operator on L?. Recall that this map is defined on °Q* (and then on
1e0)*) using an ie-metric gy on M and a Thom form Tpys for “BM — M, by: first defining 7x
and B(F') through the natural diagram

F* (ICBM) B(F) ioBM
| |
X a M

and then setting
HS(F)(w) = (mx)«(B(F)*Tar A (&P, 0 B(F))*w) for all w € C(M;A*).

We will make use of a boundary version of this map. Let Yx be a singular stratum of X and let
F map Yx into Y a singular stratum of M. With the notation above, the lift of F' acting between
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the resolutions of X and M participates in

(3.5) Hy —2- Hy,

l¢x l‘f’ﬂ/f
F

Yy ——=Yu
We let J : °BH,; — “B i, M be the inclusion and define
HSy, (F)(w) = (7TX|HX) (B(F) TM‘H expM‘H oJoB(F))*w) for all w € C®(Hyy; *A*T* Hyy).

The fact that the exponential map on M limits to the exponential map on the fibers of ¢, indicates
that the map HS(F) should limit to HSy, (F') which we now make precise.

Lemma 3.4. Given q € Yx, let Upg) = [0,1),, X B x Z;\,/[( ) be a distinguished neighborhood of
F(q) € Yar, and let w € Dw(dn ), supported in Up ), have the form

w = ¢y P (a(w) + dey A Bw)) + @

where ¢ € C‘X’(]\/j) is a smooth cutoff function, o and B are smooth in B and independent of xp; (as
sections of "T*M ), and @ is in xp L?(M; A*°T*M). Note that a(w) and B(w) both necessarily
have vertical degree f /2.

Then n = HS(F)w has an expansion at Yx with leading term

2P (a(n) + dex A B(n))

and we have

(3.6) v Pan)| ., = HSyy (F)(z3] a(w)|; )-

Proof. Note first that we can ignore the ‘error term’ w; indeed, since Fisa b-map, the pull-back
2y under F is a product of nonnegative integer powers of defining functions, one of is certainly
rx. Thus HS(F)& € xx L?(X; A*ieT* X).

If 7 is a smooth function on M that is constant on the fibers of the boundary fibration, then
HS(F)(1) is a smooth function on X that is constant on the fibers of the boundary fibrations.
Indeed, the value of HS(F)(v) at a point on the fiber over ¢ € Yx is an average of the values of ¢
on the fiber over F'(q) € Yy, but ¢ is constant on the fibers.

In particular, HS(F')(¢) will be a smooth cut-off function on X with support in a distinguished

neighborhood U, of ¢, and independent of xx in a small enough distinguished neighborhood of q.

~f/2,,

Next note that since a(w) is independent of 2y as a section of "T* M, x/ is naturally

@)
.. M
a section of A**T*H),, and so the right hand side of ([3.6]) makes sense. In fact it is convenient to
interpret both

d(w) = 237 a(w) and Bw) = 23/ B(w)

as sections of A*1°T* H; pulled-back to Up(q), which we denote FEACT* H oy r,
The function

p =&Xpy o B(F)

is smooth down to {zx = 0} where it restricts to

pOZmM‘HXOB(ﬁ’)‘

—1 .
Ty Hx
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Given a section ~ of 7*A*1eT*H ), we can pull it back by either p or pg, and clearly we have
p*y = piy +dz Ay 44", for some v/, 7" with || < Cxx.

This shows that p*(z~//2a(w)) will have vertical degree f/2 at x =0, and so the left hand side
of (B.0) makes sense and is naturally interpreted as a section of A*"*T*Hx. It also establishes the
equality (B.6]) since the Thom form over H); is the restriction of the Thom form over M, and the

push-forward is along the restriction of wx to Hx.
O

3.4. Pull-back of mezzoperversities. Let ()A(,gX) and (]\/4\, gn) be smoothly stratified spaces

endowed with iie metrics and resolutions X and M respectively. Recall from Definition that a
smooth codimension preserving map between them

F € C5%u(X, M)

is a map F' € CO()?, ]\7) that lifts to a smooth b-map F € C*(X, M) such that the codimension of
a stratum of M coincides with the codimension of its inverse image in X. Given such a map, we
use the boundary Hilsum-Skandalis maps to deﬁne the pull-back of a mezzoperversity from M to
X and then show that it is a mezzoperversity on X

Let YX, ... ,YX be an ordering of the strata of X by non-decreasing depth, and let

Y3, be the stratum of M containing F(Y+)

Note that the list Yz\lm e ,Y]a may repeat strata of M , and may not have all of the strata of M.
Let H& and H}V[ be the boundary hypersurfaces of X and M sitting above Y)i( and YJ\Z'/[ respectively,
and denote the fibrations by

Zi— Hie Xovi, 7, — H, v,
For each stratum Y}, let Wi, = W (Y},) be the flat subbundle of Hnyl\}d (i, (H}V[ /Y3) in Wyy. Also,
let use denote by

iz o (Hir/ Vi)

the bundle of vertical Hodge cohomology with boundary conditions.

Note that, at each stratum Y)"( and each g € Y)i(, the induced map on the fibers
by = F‘(zg()q (Z%)g — (Zi) rg)

is itself a smooth codimension-preserving b-map. Indeed, it is clearly a smooth map and the
‘codimension-preserving’ assumption is that it preserves the dimension of the links, but ‘the link
of a link is a link’ so this is automatic.

In particular, since the fibers Z}( are depth zero stratified spaces so are their images, i.e., they
are both smooth closed manifolds. For ¢ € Y3, it follows from [ALMP12] and is easy to see directly,
that HS (ﬁq) induces a map in de Rham cohomology, [HS (ﬁq)], that only depends on the homotopy

class of ﬁ’q.
Definition 3.5. We set:

FHHAHR, Vi) = HS(E)] (W (Zh)r) ) € HA((ZK),),
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It follows from the previous definition that
FHH(HY/Yap) = | FHE(HY /YD)
qeYd

is a vector subbundle of H(H% /Y4) over Y. Notice that the pull-back maps HS (F,) fit together
to form H Sy, (F) which, from B4 and [B.3]) satisfies

HSyy (F)($30)"C=(YVap, NT*Y3p) C (9%)"C¥(Yy, NT*YY).
It follows, by Remark 3.2 that the map H Syy (F) intertwines the Gauss-Manin connections. Thus
FHHY(H}, /YY) is a flat subbundle of HY(HL/Y3) with its natural flat structure.
Reasoning in the same way, if we define
W) = FEW (Vi) = | [HS(F)] (W (Vi) r()
qeYi

then W (Y4) is a flat subbundle of H™4(H /Y}) with its natural flat structure. Moreover it follows
from Lemma B4 that
HS(F)D;‘\B)%W (Bé\{%) c Dmax,W(Z)l() (dX)
where the space on the right is defined in (1), and the space used on the left is defined in [ALMP],
Lemma 2.2] as
D%ﬁl(ﬁg/f{) = {u € Dyy,, (8)%) : in a distinguished neighborhood U, = B x [0,1] x Z
around a point of a stratum Y, the terms in its asymptotic expansion are smooth on B}.

Now since HS(F) intertwines d™ and dX and is a bounded map on L2, it follows that we can
replace the domain on the left with its graph closure with respect to d™ and obtain

These considerations suggests the following definition and theorem, and indeed constitute most of
the proof for depth one pseudomanifolds.

Definition 3.6. At the non- Witt strata of X we define
W(Yy) = FW (Vi) = |J HS(FE)W (Vi) k@)
qeYy
and we refer to the set '
Wx = F*Wy = {W(Yx)}.
as the pull-back of the mezzoperversity W, by F.

Theorem 3.7. Let )?, ]\/4\, F be as above. The pull-back of a mezzoperversity Wyr on M is itself
a mezzoperversity on X,
Wx = F*Wyy.
The Hilsum-Skandalis replacement of F' satisfies
HS(F)DWM(CZM) C Dwy (dX)a HS(F)dM = dXHS(F)
and hence defines a map in de Rham cohomology
(3.7) [HS(F)] : 13, (M) — Hj, (X), for every j € No.

This map is unchanged by varying F' smoothly through smooth codimension-preserving b-maps.
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Proof. 1If X has depth zero, that is, if X is a smooth closed manifold, then since F' is codimension-
preserving it must map into the smooth part of M and the theorem is classical. Let us inductively
suppose that we have established the theorem for spaces of depth less than the depth of X.

At each singular stratum Y)if of X , point ¢ € Y)i(, and for each ¢ € Ny, define

FHH, o (Hi Vi) = (HSE)) (B 0 (Zi)r)

since Z& has depth less than that of X , by our inductive hypothesis this is a subspace of
' .
HWX(Z&)((Z}()Q)'

By homotopy invariance these spaces together form a vector bundle
FH Wy, (Hiy/Yip) = | FH, o (Hig/Yin))g,
qEYZ
which is flat with respect to the natural flat structure of HW i) (H% /YY) Tt follows that at the
non- Witt stj‘ata of X, W(Y%) is a flat subbundle of HI;V“; zy) (H % / Vi), and so Wy is a mezzoper-
versity on X.
At each stratum of X, Lemma B.4] shows that

HS(F)DYE (93%) C Dy (@),
As above, we can replace the domain on the left with its graph closure with respect to d and
obtain

HS(F)DWM (dM) C Dwy (dX)-
Thus we have a map in de Rham cohomology B7). If we vary F' smoothly through smooth
codimension-preserving b-maps, then we can use [ALMP12, Lemma 9.1] to see that the map in
cohomology is unchanged. (Note that although [ALMPI12l Lemma 9.1] is stated for homotopy

equivalences, the construction does not use more than that the map is smooth and codimension
preserving.) O

Finally, let us discuss the important case of a stratified homotopy equivalence.

Theorem 3.8. Let (X, 9x), (]\/4\ gM) and (J,gy) be pseudomanifolds endowed with iie metrics.
Let F € Cyy, Cod( ) and G € Cp% cOd(M J), and let Wy be a de Rham mezzoperversity on J. Then
we have

(G o FY(wy) = F¥ (GFOwy)
and a commutative diagram

[HS(GoF)] ~
et HGomyiw, (X) -

Hjy, (J)
[Hm %

*
GﬁW

In particular, if F : X —s M is a stratified homotopy equivalence then [HS(F)] is an isomor-
phism.

Proof. This follows from [ALMP12, Lemma 9.2] where we showed that [HS(G o F)| = [HS(F)] o
[HS(GQ)]. O
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3.5. Twisted cohomology. In this section we will explain how the constructions above define a
pull-back map on twisted cohomology.
Let (M, gan, War) be a pseudomanifold with an iie metric and de Rham mezzoperversity. As

in 21 let T' be a countable, finitely generated, finitely presented group, let r : M — BT be a
classifying map that is smooth on M, and ¥ — M an associated flat vector bundle. As described
above this defines a closed domain for the flat connection (which we think of as a twisted exterior
derivative)

d¥ : Dy, (d¥) C L*(M; A*"°T*M @ E) — L*(M; A*°T*M @ E)

with corresponding twisted de Rham cohomology groups, Hy, - (]\/4\  E).

Now assume as in §3.2] that ()/f ,gx ) is another pseudomanifold with an iie metric and that
F e Cl?,(éod(X , M)

is a smooth codimension-preserving b-map. The map F or : X — BT defines a flat bundle
F*E — X which is just the pull-back bundle of E with its pulled-back connection. We also have
the pulled-back mezzoperversity Wyx = FW), and we can assume without loss of generality that
the metric gx is adapted to Wx.

It is straightforward to see that the Hilsum-Skandalis replacement of F' constructed above extends
to a map

HS(F) : C®°(M; A" °T*M @ E) — C®°(X; A*°T*X @ F*E).

Directly from its definition, the domain Dyy,, (d¥) near a boundary hypersurface is just N copies of
the domain Dyy,, (dM), so from Theorem BT we can see that HS(F) will map it into Dy, (dF ),
and thus ultimately induce a map in cohomology.

Just as above, the same considerations work if we use the canonical representation of I' on C}T';
we end up with a pull-back map from the differential forms on M twisted by ¢ (r) to the differential
forms on X twisted by 4 (F or).

Theorem 3.9. Let )?, ]\7, F, and E be as above. The Hilsum-Skandalis replacement of F' satisfies
HS(F)Dyy, (d%) C Doy (d°°F),  HS(F)d® = d" " PHS(F)

and the corresponding map in de Rham cohomology
[HS(F)] : H, (M;E) — Hj, (X;F*E), for every j € Ny

18 unchanged by varying F' smoothly through smooth codimension-preserving b-maps and is an iso-
morphism if F' is a stratified homotopy equivalence.
Another natural extension of HS(F') satisfies

HS(F)Dyy,, (d?™) C Dy (d?F°)), HS(F)d?") = d?Fr)HS(F)
and the induced map
HS(F) : ker d?) /Tm d?) — ker d7F°") / Tm @ (F")

18 unchanged by varying F' smoothly through smooth codimension-preserving b-maps and is an iso-
morphism if F' is a stratified homotopy equivalence.
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4. THE ANALYTIC SIGNATURE OF A CHEEGER SPACE

Let ()A( ,gx ) be an oriented pseudomanifold with an iie metric, and define the intersection pairing
of L?-differential forms by

Q

L2(X; A*iieT*X) X L2(X; A*iieT*X) R
(u, )+ Jxunv

Every mezzoperversity W on X has an associated dual mezzoperversity W [ALMP| §6]. The
simplest characterization of ZW is to point out that if gx is adapted to W then the Hodge star
induces a bijection

The restriction of @,
Q : Dw(d) x Daw(d) — R,
is non-degenerate and descends to a non-degenerate pairing

~ ~

Q : Hyy(X) x Hy(X) — R.
We can think of this as a refinement of Goresky-MacPherson’s generalized Poincaré duality.

Definition 4.1. A mezzoperversity W is self-dual if W = 2W. A pseudomanifold X on which
there is a self-dual mezzoperversity is a Cheeger space.

Not all pseudomanifolds X are Cheeger spaces. For example a space with isolated conic singular-
ities is a Cheeger space if and only if the signatures of the links vanish. The reductive Borel-Serre
compactification of a Hilbert modular surface is a more intricate example of a Cheeger space, see

[BK04, IABL™15].

Let X be a Cheeger space and W a self-dual mezzoperversity with an adapted iie metric g. In
this case the intersection pairing is a non-degenerate pairing

~ ~

(4.1) Q : Hj(X) x Hjj,(X) — R.
Moreover, as already pointed out, the Hodge star is now a linear map
(4.2) * DW(6dR) — ,DW(ESdR)'

This allows for the definition of the signature operator, as we shall now explain. If X is even-
dimensional, the Hodge star induces a natural involution on the compactly supported differential
forms on X,

(4.3) T:CP(X;NT*X) — CO(X; A T*X), I°=1d
that extends to L? iie forms
T: LA(X; A (°T* X)) — C°(X; A*(°T* X)), Z?°=1d.
The +1, —1 eigenspaces define the self-dual and anti-self-dual forms,
L2(X; A% (P°T*X)),  and L*(X;A* (°T*X)).

The de Rham operator, extended to complexified forms, anticommutes with Z and this defines, as

usual, the signature operator
sigh = | g 0 .

sign
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If X is odd-dimensional, the signature operator is
Osign = —i(dZ +Zd) = —iZ(d — 0) = —i(d — 0)Z

To summarize, the signature operator is an unbounded operator with domain equal to complex-
valued compactly supported differential forms, suitably graded in the even dimensional case.
If W is a self-dual mezzoperversity and X is even-dimensional, then by (£2]), we can define
Dy (0,,) = Dw(Bar) N LA(X; AL (CT7X)).

sign
We then obtain [ALMP, Theorem 7.6]:

Theorem 4.2. Let ()A(,g) be an even dimensional stratified space endowed with a suitably scaled
iie metric g and Cheeger ideal boundary conditions corresponding to a self-dual mezzoperversity V.
The signature operator

5-{—

sign

: Dy (0

sign

) C LAH(X; AL (T X)) — L*(X; A (F°T* X))

is closed and Fredholm, with adjoint (5s_ign, DW(?);gn)). Its Fredholm index is equal to the signature
of the generalized Poincaré duality quadratic form @ from (@.1]).

If X is odd dimensional we define

Dy (6sign) =Dw (6dR)

Using (L2) and [@.2) we see immediately that (Osign, Dw (0sign)) is well defined, self-adjoint and
Fredholm. R

In this section we will show that this signature depends only on the Cheeger space X itself. We
will also prove analogous statements for the twisted ‘higher’ signature operator.

From now on we assume that all spaces are oriented and all representations are over the field of
complex numbers.

4.1. K-homology classes.

We start by using the results from [ALMP12] recalled above to see that given ()A( ,g, W), a Cheeger
space with a self-dual mezzoperversity and an adapted iie-metric, the corresponding signature

operator defines a K-homology class in K, (X) = KK, (C(X),C). This extends the construction
from [ALMP12] and [MWO9T7] for Witt spaces.
Recall that an even unbounded Fredholm module for C(X) is a pair (H, D) satis-
fying
(1) D is a self-adjoint unbounded operator acting on the Hilbert space H, which also has an
action (unitary x-representation) of C (X' )

~

(2) C(X) has a dense *-subalgebra A whose action preserves the domain of D and satisfies
a € A = [D,a] extends to a bounded operator on H;

(3) Id+D? is invertible with compact inverse;

(4) There is a self-adjoint involution 7 on H commuting with C (X' ) and anti-commuting with
D.

An odd Fredholm module for C (X' ) is a pair (H, D) satisfying all but the last of these conditions.
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In view of this definition we point out that the class of functions C>(X) from Definition
form a dense subset of C(X) (e.g., by the Stone-Weierstrass theorem). We also point out that, from

[ALMP| Theorem 6.6], if D = (Osign, Dy (Tsign)), then
(4.4) (Id +D?*) ™! is trace-class on L*(X; AR°T*X).

Theorem 4.3. Let (X',g,W) be a Cheeger space with a self-dual mezzoperversity W and adapted
ile metric g. The signature operator (Osign, Dw(0sign)) defines an unbounded Fredholm module for
C(X) and thus a class [Osign, W] € KK.(C(X),C), x = dim X mod 2. The class [Osign, W] does not
change under a continuous homotopy of metrics and self-dual mezzoperversities.

Proof. In the notation above, we take H = L?(X;"®A*X), endowed with the natural representation
of C(X) by multiplication operators, A = C®(X), D = (Osign, Dw(Osign)), and 7 = Z from (@3).
All the conditions defining an unbounded Kasparov module are easily proved using the results of
the previous section.

First, note that multiplication by any element f of A preserves Dyy(0sign). Next, note that [Ogign, f]
is given by Clifford multiplication by df which exists everywhere and is an element in Loo()/(: );
in particular [Ogign, f] extends to a bounded operator on H; finally we know that (1 4 D)7l s
a compact operator (indeed, the compact inclusion of Dyy into L2, together with self-adjointness
proves that both (i + D)~ and (—i+ D)~! are compact). Moreover we recall equation ([@4). Thus
there is a well defined class in K K,(C(X),C) which we denote simply by [Osign,w]-

Given a homotopy (g4, W) of self-dual mezzoperversities and adapted iie metrics, let 5Zign7wt
be the corresponding signature operators, with domains in H = H;. Proceeding as in the work
of Hilsum on Lipschitz manifolds [HiI85] one can prove that the 1-parameter family (Hy, 5éign7wt)
defines an wnbounded operatorial homotopy; using the homotopy invariance of K K-theory one
obtains R

[6Sign,W1] = [6;ign,W2] n KK*(C(X)7 (C) :
We omit the details since they are a repetition of the ones given in [Hil85]. O

We can carry out the same construction for the signature operator twisted by a flat C-vector
bundle as we have considered above. However the machinery of K-homology makes this unnecessary;
indeed the class [Osign,v| determines the index of the signature operator with coefficients in E.

Coefficients in a bundle of C*-algebra modules does require a different, though formally very
similar, construction. Thus let (X, g, W) be a Cheeger space with a self-dual mezzoperversity and
an adapted iie metric, and let 7 : X — BT bea classifying map for a I'-covering with I' a finitely
generated discrete group. Let 4(r) be the flat bundle associated to r with fiber CT.

First note that exactly as above we have a twisted signature operator, (5?;;:1),7)1/\;(55&))), which
by Theoremﬂ is closed, Fredholm, and self-adjoint and has domain is C}T'-compactly included
in L2(X; A*5eT*X @ 9(r)). As in [ALMPI12, Proposition 6.4] these facts can be combined with

arguments of Skandalis, published in [RW93], to prove the following theorem:
Theorem 4.4. Let ()A(,g,W), r: X —s BT, and 4 (r) be as above.

e If D is the operator (55;:1),7)1/\;(5?;&))), then 1d+D? is surjective (i.e., D is a ‘reqular’
operator).

e The operator D and the C;T-Hilbert module L*(X; A*1°T*X @ 4(r)) define an unbounded
Kasparov (C,CxT)-bimodule and thus a class in K.(C:T'). We call this the index class
associated to D and denote it by

Ind(050),) € KK.(C,C;T) ~ K,(C;T).
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o [f
[Bsignw]] € KK.(C(X) ® CT, C;T)
is the class obtained by tensoring the class [Ogign w] € KK.(C(X),C) with Idc:r, then

Ind(050) ) = [4(r)] @ [[Bsignwl].

That is, the index class of the higher signature operator is the Kasparov product of [[Osign,w]]
with [9(r)] € KKo(C,C(X) @ C;T).

Corollary 4.5. Let § : K.(BT') — K,(C;T") be the assembly map; let 74 [Osign ] € Ki(BI') the
push-forward of the signature K-homology class. Then

(4.5) B(r.[Bagnw]) = (%)) in K.(C;T).

Proof. Since Ind(ﬁsén)w) [C:T] @ [[Osign,w]], this follows immediately from the very definition of

the assembly map, see [Kas88| [Kas93]. O

We point out that so far all of our constructions depend on (g, W), though they are unchanged
under a homotopy of this data.

4.2. Stratified homotopy invariance of the analytic signature.

Let (M g, WM) be an oriented Cheeger space with a self-dual mezzoperver51ty and an adapted

fie-metric. Let X be an oriented Cheeger space and F' : X — M an orientation-preserving
stratified homotopy equivalence, Wx = F#(W),) and gx an adapted iie-metric. We have already
shown that the de Rham cohomology groups are stratified homotopy invariant, so that

[HS(F)] : Hyy,, (M) —— H}y (X).

Each of these cohomology spaces has a quadratic form ([@I]) and it is a priori not clear what if any
relation the two quadratic forms will have. This is, however, exactly the situation for which the
Hilsum-Skandalis replacement was formulated. We can use [ALMP12} Proposition 9.3] (cf. [HS90]
Lemma 2.1]) to see that the signature of Hy, (X) is equal to the signature of Hyy, (M ) with their
respective quadratic forms.

We also have the corresponding result for the signature operator twisted by a flat bundle of
projective C*-modules.

Theorem 4.6. Let (M gM,WM) be an oriented Cheeger space with a self dual mezzoperversity

and an adapted iie-metric. Let X be an oriented Cheeger space and F : X — M an orientation-
preserving stratified homotopy equivalence, Wx = Fﬁ(WX) and gx an adapted iie-metric. Let I" be

a countable, finitely generated, finitely presented group and let v : M — BI be a classifying map.
We have an equality

Ind(350)y, ) = Ind(@4 4. ) in K.(C;T).

Proof. As in §9.4 of [ALMP12], let
Qx : L*(X; A°T* X @ 9(r)) x L*(X; A°T*X @ 4(r)) — CiT

Qx(u,v) = /Xu/\v*

and denote the adjoint of an operator T' with respect to Qx by T".
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From [HS90, Lemma 2.1], it suffices to show that:
a) HS(F)d?(") = ¢ Fr) HS(F) and HS(F )(Dw(d% ))) C DFuW(dg(FOT’))
b) HS(F) induces an isomorphism HS(F) : ker d?(") / Tm d?(") —; ker d?(Fer) / Tm @ (Fer)
c¢) There is a bounded operator T on a Hilbert module associated to M. , acting on Dy (d?")), such
that Id —HS(F)'HS(F) = d’0)7 4 1d?")
d) There is a bounded involution € on M, acting on Dyy(d? ")) commuting with Id — HS(F)' HS(F)
and anti-commuting with d¥ ().

We have established (a) and (b) in Theorem B9l The computations in the proof of Proposition 9.3
in [ALMP12] show that Id —HS(F)'HS(F) = d?™"Y + Yd?("), with T constructed in [ALMP12,
Lemma 9.1], and we can check that it preserves Dyy(d?(")). Finally, for (d), it suffices to take
eu = (—1)1"lu, on all forms u of pure differential forms degree |u]. O

4.3. Bordism invariance of the analytic signature.

We will define a bordism between stratified pseudomanifolds with self-dual mezzoperversities, that
is Cheeger spaces. The corresponding topological object was introduced by Banagl in where
it was denoted Q9 and was later considered by Minatta [Min06] where it was denoted Sig, short
for ‘signature homology.’

Definition 4. 7 If M is a tOpologzcal space, we denote by Sigi" (M) the bordism group of four-tuples
(X gW,r : X — M) where X is an oriented Cheeger space of dimension n, W is a self-dual
Hodge mezzoperversity, g is an adapted iie metric, andr: X — M is a contmuous map.

An admissible bordism between (X, g, W,r : X — M) and (X', ¢ W',r' : X' — M) is a
four-tuple (2 ,G,# ,R: Z — M) consisting of:
z) a smoothly stmtzﬁed oriented, compact pseudomanifold with boundary Z, whose boundary is
XU X’ and whose strata near the boundary are collars of the strata ofX or X’
ii) an iie metric G on 2 that near the boundary is of the collared form dx* + g or dz? + ¢’ i

iii) an adapted self-dual mezzoperversity W that extends, in a collared way, that of X and X !
i) a map R: 2 — M that extends r and r’.

If M is a point, we will leave off the trivial maps r : X — {pt} from the descriptions of the
elements of Sig?(pt).

Theorem 4.8. If (X,g,W) and (X',g',W') are n-dimensional and cobordant then the indices of
the corresponding signature operators coincide,

lnd(651gn7 (Bé)fgn)) lnd(651gn7 DW’ (BSlgn))
and so this Fredholm index defines a map
Sigh(pt) — Z.

Similarly, for any finitely generated discrete group, I, the index class of the twisted signature
operators defines a map

(4.6) Sigp," (BI') — Ky (CrT;Q)
where the latter group is K, (CIT) @z Q.

We point out that the spaces Sigh" (M) form an Abelian group (under disjoint union) and the
analytic signature maps from this theorem are group homomorphisms.
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Proof. We proceed as in §7]. We shall only deal with the case where n is even, the case n
odd being actually simpler. Let (2", G, #') be a bordism between ()?, g, W) and (X", g, W'), where
dim X = n (X denotes the regular part of X ). Let Co(Z") denote the vector space of continuous
functions on 2" which are zero on the boundary 9.2°. To the semisplit short exact sequence

0—=Co(Z)—=C(Z)—=CO0Z)—0
and the inclusion i : 0.2° — 27, one associates the following long exact sequence
o KKYCo(2),C:T) 5 KKO(C(0.2),CiT) 5 KKO(C(2),CiT) — ...

Thus i, 0 0 = 0. First we apply this exact sequence to the case where I' = {1}, C*{1} = C.
Since by definition the elements of Cy(2") vanish at 9.2, we can proceed as in the proof of
Theorem 3] in order to show that 55'%;1’7/ defines an unbounded Fredholm (Cy(:Z"),C) bi-module

and thus a class [55%@’7/] in KK(Co(Z),C) = K1(Z,027). Since the metric and the self-dual
mezzoperversities are “collared” near the boundary of 27, the same proof as in [ALMP12, §7]

applies to show that
5[6sl%;n,//] = 2[6§i(gn,W] D 2[_6§i(gn,W’]

Consider the constant map 7 : 2~ — {pt}, we write its restriction to 9.2" under the form =
We have a natural map

9 = roi.

70 KKo(C(X),C) — KKy(C,C) ~ Z,

and similarly for K Ko(C(X’),C). The index of 5§gn7w (or the signature of (X, g, W)) is then equal
to m? ([3§gnvw]). Recall that i,6 = 0. Therefore, the difference of twice the signatures of (X, g, W)

and (X', ¢', W) is given by

72 (2003 ] © 2= ) = 72010 1] = 800 0] = 0.

Since Z has no torsion, we are done.
A similar argument [ALMP12], §7] works in the presence of a finitely generated discrete group, T'.
Given (2,G,# ,R: & — BI'), let oW = 7/‘8% and OR = R|6%. We argue as above but now

using that (2°,G, %7, R : & — BI') defines a class [5?;;?7/] € KKY(Co(Z'),C;T), the exactness
of

KK'(Co(2),C:T) 25 KK(C(02),CiT) - KK°(C(2),C:T),

and the fact that ¢ [521?7/] = [255&?}7}?’/]. O

4.4. The analytic signature does not depend on the mezzoperversity.

In [BanO6bh], Banagl gave a clever argument to show that the signature of a self-dual sheaf on an
L-space (a topological version of a Cheeger space, see below and [ABLT15]) is the same for every
self-dual sheaf. We now show that the same argument works in the analytic setting, and we will
later make use of this result to connect the topological and analytic signatures. In particular,
we show that if (X' , g, W) is a Cheeger space with a self-dual mezzoperversity W and an adapted
metric, then the analytic signature depends only on X and not on g or W.

Theorem 4.9. Let X be a Cheeger space and let (g, W) and (¢', W') be two pairs of self-dual Hodge
mezzoperversities with adapted iie-metrics. For any topological space, M, and a map r: X — M,

(Xyg,W,r c X — M) is cobordant to (X',g',W’,r:)? — M).
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Proof. Let us consider the pseudomanifold with boundary
2 =X x[0,1];.
Instead of the product stratification, let us stratify 2" using the strata of X as follows:

i) The regular stratum of X contributes X x [0, 1]
ii) Every singular stratum of X, Y* contributes three strata to 2,

YR x[0,1/2), Y*x(1/2,1], Y*x{1/2}.

Notice that the link of 2 at Y* x [0,1/2) and Y* x (1/2,1] is equal to Z*, while, a neighborhood
of Y* x {1/2} in 2 fibers over Y* x {1/2} with fiber R x C(Z*), and so

the link of 2" at Y* x {1/2} is the (unreduced) suspension of Z*, SZ*.

The lower middle perversity intersection homology of SZ*, when dim Z* = 2j — 1, is given by
[E1i09, Pg. 6]
IH; 1(2%) i>j
ImH(SZF) =40 i=j
I™H,(Z%) i<k
so 2 always satisfies the Witt condition at the strata Y* x {1/2}.
Let us endow £ with any iie metric G such that, for some ¢y > 0,

2 2
G‘XX[O,to) =g+dt, G‘Xx(l—to,l} =g +dt*.

Next we need to endow 2 with a self-dual mezzoperversity # . Let Y',...,Y" be an ordering

of the strata of X with non-decreasing depth. Denote
w={w! —vl. . owl vy}, w={wy —vy . .. wly —vyh
and denote the fiber of, e.g., W/ — Y7 at the point ¢ € Y7, by Wg. Let us define
Wl — vt x[0,1/2)

by requiring that the Hodge-de Rham isomorphism identifies all of the fibers. Notice that the
vertical L2-de Rham cohomology is constant along the fibers of H! x [0,1/2) — Y1 x [0,1/2), by
stratified homotopy invariance, so this condition makes sense and determines a flat, self-dual, vector
bundle. (Where we are using that self-duality can be checked at the level of de Rham cohomology.)
It may be necessary to scale the metric to make it compatible with W1, but this can always be
done without changing the metric in a collar neighborhood of 0.2, since the original metrics and
mezzoperversities are initially adapted. Once this is done, we can define W2 — Y2 x [0,1/2) in
the same way, and inductively define W3 — Y3 x [0,1/2),...,WT — YT x [0,1/2).

We define W7 — Y7 x (1/2 x 1] in the same way to obtain

W= {W! —V'x[0,1/2), Wl — Y'x(1/2,1],..., Wl — YT x[0,1/2), WL — YTx(1/2,1]},

a self-dual mezzoperversity over 2 .

(In summary, we extend the metrics g and ¢’ arbitrarily to an iie metric G without changing
them in collar neighborhoods of the boundary, and then we choose a Hodge mezzoperversity by
extending the de Rham mezzoperversities trivially from Y to Y x [0,1/2) on the left and from Y
to Y x (1/2,1] on the right.)

Note the key point that since the strata induced by Y* x [0,1/2) are disjoint from the strata
induced by Y* x (1/2,1], there is no compatibility required between the corresponding mezzoper-
versities.
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Finally, define R : 2" — M by R((,t) = r(¢). The result is a cobordism
(2, G, % ,R:%Z — M),
between (X, g, W,r: X — M) and (X', ¢/, W,r: X — M). O
This result suggests that we should define a seemingly coarser cobordism theory.

Definition 4.10. If M is a topological space, we denote by Qghe(M ) the bordism group of pairs
()/f,r c X — M) where X is an oriented Cheeger space and 7 : X — M is a continuous map
smooth on X. R R R R

An admissible bordism between (X,r : X — M) and (X',r" : X' — M) is a pair (2, R :
2 — M) consisting of:
i) a smoothly stratified, oriented, compact pseudomanifold with boundary %2 , whose boundary is
XU X'/, and whose strata near the boundary are collars of the strata of)? or X”,
i) a map R : 2 — M that extends r and 1.
We also require that 2 is a ‘Cheeger space with boundary’ in that it carries a self-dual mezzoper-
versity with a collared structure near its boundary.

There is an obvious forgetful map F : Sigd®(M) — QC(M) and the previous theorem shows
that this map is an isomorphism.

Corollary 4.11. FEvery Cheeger space X has a well-defined analytic signature, aan()?), equal to
the index of the signature operator (Osign, Pw(Osign)) for any choice of self-dual mezzoperversity W
and adapted iie metric g. The signature defines a homomorphism,

Z

Q5he(pt)

[X] e ind(ﬁsigm’ Dyy (6sign))

Moreover if I is a finitely generated discrete group then for any smooth map r : X — BT there
is a signature class in Ko(C;iT';Q) depending on no other choices. This signature class defines a
group homomorphism

an
or

(4.7) Q;"(BT) —— Ko(C;T; Q)

[X', T —— Ind(5§é2w)

where W is any self-dual mezzoperversity on X.

We can combine this with Theorem LA to see that if X and M are Cheeger spaces and they are
stratified homotopically equivalent (smoothly or continuously, by Theorem [[.§]), then

o (X) = o™ (M) in Z.

—

Also, if (]\7,7‘ M — BI') € QShe(BT) and F € C&‘éod(}?, M) is a stratified homotopy equivalence
then

(4.8) o (M,r) = o2 (X,F or) in K,(C'T).

Remark 4.12. It would be interesting to find a purely topological definition of of* as in the work of
Banagl [Banll] and Friedman-McClure [EM13] for Witt spaces; by Corollary[6.4 such a signature

would coincide with o over Z[1].



THE NOVIKOV CONJECTURE ON CHEEGER SPACES 35

5. THE HIGHER ANALYTIC SIGNATURES OF A CHEEGER SPACE

5.1. The analytic L-class of a Cheeger space. Following Thom Thob9], Goresky-
MacPherson [GMS80], and Banagl [Ban06b] we define the (analytic) L-class of a Cheeger space as
an element in homology (see also the work of Cheeger [Che83] on Witt spaces). The results of the
previous section are used to show that this is independent of choices and intrinsic to the Cheeger
space.

By means of [Gor76l [Teu81] we may identify a smoothly stratified space X with a Whitney
stratified subset of RV for some N >> 1. Fixing such an identification, and following [GMS0, §5.3],
we say that a continuous map f : X — Sk is transverse if:

a) f is the restriction of a C* map f: U — S* for some neighborhood U of X in RV ,
b) fis transverse to the north pole N € S*,

¢) f7Y(N) is transverse to each stratum of X.

Lemma 5.1. Let X be a Cheeger space and k € N.
i) If f: X — S¥ is a transverse map then f~'(N) is naturally a Cheeger space.
ii) There is a unique map

6:[X,S" — 1z,

where [)? ,S%] denotes the set of homotopy classes of continuous maps, which assigns the number
o™ (f~YN) to each transverse map f : X — Sk.

Proof.
i) Because f~1(N\) is a smooth submanifold of RY that is transverse to all strata of X, we know
from [GMS8S| §1.11] that f~'(N) = f~1(NV) N X is naturally stratified with strata

{f7'N)NY 1Y is a stratum of X}

and that the inclusion f~'(N) — X is ‘normally non-singular’. In particular, this means that
f~Y(N) has a tubular neighborhood in X that can be identified with a neighborhood of the zero
section of the normal bundle of f~!(N) in RY, restricted to X. As this normal bundle is trivial
(since it is induced from the normal bundle of A" € S¥), f~1(A) has a neighborhood in X of the
form U x f=Y(N) (cf. [MW9T, Proof of Theorem 5.1]).

The projection map U x f~1(N) — f~1(N) is stratum preserving (where U x f~1(N) is strat-
ified by restricting the stratification of X) by [GMS8, Theorem 1.11(4)] and so f~!(N) naturally
inherits Thom-Mather data from X , and the link of a point in f~(\) coincides with its link in X
(see [Gor81l Proposition 5.2] for a much more general case). It also follows that any iie metric on X
restricts to an iie metric on f~1(N) and both of these metrics induce the same metric on each link
Z¥ and that any mezzoperversity W on X induces a mezzoperversity on f~1(N). Since self-duality
of W can be checked using the metric on each link, it follows that self-dual mezzoperversities induce
self-dual mezzoperversities. Thus f~'(A\) is a Cheeger space.

ii) As in [GMS80, §5], standard techniques show that every continuous map X — sk may be
approximated by a transverse map in the same homotopy class, and that between any two such
maps there is a transverse homotopy H : X x [0,1] — S¥. Note that, by the same arguments
as above, H~1(N\) is a Cheeger space with boundary. This proves that the map 6 can (only) be
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defined by choosing any transverse representative f : X — Skina homotopy class [)? ,S*] and
assigning to it the number o®*(f~1(N)).
O

If 2¢ is an even integer such that 4¢ > n + 1, then
H(X;Q) = [X,$*] @ Q

where [)2 ,S%] denotes the set of homotopy classes of continuous maps, and so the map 6 from the
lemma induces a map:

HY(X;Q) — Q
and so a class in ng()?;Q). If 4¢ < n—+1, we pick an integer £ > n+1 such that 4g+4¢ > n+/4+1,
and then by Kiinneth we have H29t2(X x S$%;Q) ~ H(X;Q). Note that X x S% is a Cheeger
space (with the product stratification, as is the product of X with any smooth manifold).

Definition 5.2. The L-class £()/i>) of a Cheeger space X s the rational homology class £()/i>) IS
Heven (X; Q) defined in the following way. For any even integer 2q such that 4¢ > n+ 1 and any
smooth map F : X — S*? transverse to the North pole N,

(L(X),[F]) = o™ (F7 (V)

where [F] denotes the associated cohomology class in H24(X;Q) and o™ (F~Y(N)) is the signature

of the Cheeger space F~1(N). If 4¢ < n + 1 then one considers X x S for £ > 1 as explained
above.

5.2. The Chern character and the L-class. Let ()/f,g, W) be a Cheeger space with a self-dual
mezzoperversity and an adapted iie metric. We have seen that the associated signature operator
defines a class in K-homology,

~

[6sign,W] S K* (X)

and we have defined an L-class of X in the rational homology of X. In this section we extend a
result of Cheeger [Che83] and Moscovici-Wu [MWO9T] relating these two objects, namely the Chern
character

Ch: K,(X)®Q — H.(X,Q)

takes one to the other. We start by establishing a preliminary result on finite propagation speed
that will be useful in the proof.

The next theorem states that the finite speed property continues to holds in our setting, despite
the fact that the ideal boundary conditions are not preserved by the multiplication by Lipschitz
functions. Note that the distance associated to an iie metric satisfies

dist(p,p’) = sup|f(p) = f(»')]
where f runs over the subset of elements of C*(X) such that || 9(dfix)|leo < 1.

Theorem 5.3. Let dist denote the distance associated with the iie metric g and consider the de
Rham operator with domain corresponding to a mezzoperversity W, (Oqr, Dw(0qr)). There exists
do > 0 such that for any real t € [—d, do):

Supp (¢1%%) € {(p,p) € X x X |dist(p;p) < |¢]}.
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Proof. Because (O4r, Dw(04r)) is self-adjoint, the operator e 9ar defines for any real ¢ a bounded
operator on H = L?(X; A*1®T* X)) which preserves Dyy(Jqr). We follow Hilsum and his proof of
Corollary 1.11 in [Hil89]. We can assume ¢t > 0 at the expense of working with —d4r instead of
d4r- Consider two Lipschitz functions ¢, on X with compact support such that ||g(de¢ x )|l <1,
|l9(dipx)|loc <1 and
dist(supp (¢); supp (¥)) > ¢.

We can assume that both ¢ and i are compactly supported in a distinguished neighborhood
Uy = 10,e0) X B x Zg of a point ¢ on a singular stratum. It is clear that ¢ (resp. 1) is a uniform

limit of a sequence (¢x) (resp. (¢)) of elements of C‘X’(X' ) satisfying the same properties and having
support in a fixed compact subset of U,. Following Hilsum we consider the function hj, defined on

X by:
hi(p) = inf([t], dist(p, supp ¢r)) — ¢r(p) + inf ¢y, if p € supp Y
hi(p) = inf(|t], dist(p,supp ¢ )) — dx(p) + inf ¢, if p € supp ¢y,
hi(p) = inf(|t|, dist(p,supp ¢x)) otherwise .

Lemma 5.4. There exists 09 € (0,e0] such that for each t € (—dp,00) and each k € N*, each
stratum has a neighborhood in which hy, does not depend on the link variable.

Proof. In a distinguished neighborhood of a point in a singular stratum we have coordinates (z,y, 2)
such that the metric g has the form:

g = (dz)* + ¢*gy (y) + 2*hz(y),

where a choice of a connection is understood. Observe that this metric is bundlelike and that the
fibers in Z define a Riemannian foliation. Let

t— (z,y,27,£,0)(t)

denote a geodesic in the domain of this chart, where ¢t € [0,a]. If its tangent vector at ¢ = 0 is
orthogonal to the fiber in Z then its projection onto the basis will be a geodesic with the same
length. One then gets easily the Lemma. O

Therefore, the multiplication by each hj preserves the domain Dy, and an immediate extension
of Lemma 1.10 of [HiI89] shows that e’ Osien W by = () as an operator acting on H. Moreover, the
two sequences of multiplication operators (Vx)ren, (¢r)ren converge in B(H) respectively to the
multiplication operators defined by ¢ and ¢. One then gets immediately e %sienw ¢ = 0 which
proves the result. O

Theorem 5.5.

1) The operator dgr with domain Dy (0qr) admits an e—local parametriz G such that 9qrG1 — Id
and G104r — Id are trace class.

2) For any h € S(R), the operator h(dar) is trace class.

Proof. 1) Note that ([@Z) shows that G = 955 '(Id + 9%%)~! defines a parametrix for dgr with
s We observe that (it)*+1£(t) = (921 £)(b).

14s2m "

_ itdar £ i
G—/Re f(t)\/%

compact remainder. Set for any real s, f(s) =
Therefore:
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Consider € € (0,09/2] and x € C*(R;[0,1]) such that x(t) = 0 for t € [—&,¢] and x(¢t) = 1 for
|t| > 2e. Using integration by parts one checks easily that for any integer k > 2:

6§R_A;e“adR<x<t>ut>—4"—1><ﬁ04"+1}?t> il

V2
is bounded on LZ.. Now it follows from [ALMP] Theorem 4.5] that

u,0fgu € LA(X; AM°T*X) = w € p'*“H} (X; AT X)

1€
for any ‘total boundary defining function’ p and every € > 0, so one checks easily that

it0ar 7 i
Ae NONORE=

Therefore, using Theorem [B.3] one sees that

a:éw%uawmmﬁ%

. .
has range in Ny~q p' ¢ Hﬁg

does the job.
The proof of (2) is simpler than that of (1) and is left to the reader. O

Theorems (3] and G5 allow to proceed as in Moscovici-Wu [MW97] in order to prove the following

Theorem 5.6. The Chern character Ch : K (X) ® Q —s H,(X,Q) sends the K-homology class
of the signature operator Oggnw to the analytic L-class in homology.

Proof. We follow closely [MW97] and describe only the steps that could exhibit a (modest) new
difficulty. Let @ € C*°(R) be an even function such that the function v(x) = 1 — z?u(z) is Schwartz
and both @ and v have Fourier transforms supported in (—1/4,1/4). There are smooth functions
u, v such that

u(z?) =a(z), v(z?) = v(x).

Note that v is Schwartz and so is the function
w(z) = ———u(x).
For each real ¢t > 0, Theorems and allow to define the following idempotent

_( W) w(?03) - tOarT
P(tﬁdR) = <—U(t263R) - tOgRrT (’U(t26(2jR))2T )

where 7 denotes the grading associated with the Hodge star acting on differential forms on X.
Then we define an Alexander-Spanier cycle A, {tsignw} by setting for any real t > 0:

A*{tasign,W}(fo RXR...&® f2q) =

27m1)4 . i )
q!((2qﬂ-7j_)l)2TI' ( Z sign (O') P(tadR)f (0) L P(tadR)f (29) ) :

0€EX2g+1

where f9,..., f% ¢ C()?), g > 0 and ¥y, is the permutation group of {0,...,2¢}.
In the case ¢ = 0 we set:

=0
A} (1) =T (Pedan) = (5 1%2) 1)

2
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Thus A, {tDsignw} defines a skew-symmetric measure on X2 supported in the |t|—neighborhood
of the diagonal. For any real ¢t > 0, A,{tOsgn v} represents the homology class Ch[Ogign ] ( see

MW7, Section 4]).

We now follow very closely the proof of Theorem 5.1 of [MW97]. Consider an even integer 2q

such that 4¢ > n+1. Consider a map F : X — S% transverse to the north pole N. There exists (as
above) an open neighborhood U of N in §% such that F~1(U) ~ U x F~(N) and F is isomorphic
to the projection to U when restricted to F'~1(U).

Let u € H?(S?%;R) be such that (u; [S??]) = 1. We can represent u by an Alexander-Spanier co-
cycle ¢ compactly supported inside U (actually this is why we use Alexander-Spanier cohomology).
Then F*(¢), which represents the cohomology class F*(u), is supported inside F~1(U). We choose
an incomplete conic iterated metric on S2¢ x F~1(N) which coincides with the metric on X in a
neighborhood of the (compact) support of F*(¢). According to Lemma B.J) the stratified space
F~Y(N) (and thus also S% x F~Y(N)) admits a self-dual mezzoperversity W which is induced by
the one of X. Therefore we have a signature operator 5 en b O S% x F~1(N). An immediate
extension of Lemma 4.2 of [MW97] shows, thanks to the ﬁmte propagation speed property, that
for t > 0 small enough:

(Ac{tOsignw }s F* (w) = (A{t0,,, 55} 7 ()

where 7 : S?¢ x F~1(N) — S%@ denotes the projection.
Now, we use the proof of Lemma 4.3 of [MW97] (multiplicative formula). We get:

~ . —1
(A{tDy, i (6)) = (ind T ) 29([8%), ],
which proves the result. U

We point out that, in particular, this shows that the Chern character of the rational K-homology
class [Osign,yv] is independent of the metric and of the choice of W.

5.3. Higher signatures of a Cheeger space and the Novikov conjecture.

Definition 5.7. Let X be a Cheeger space. Let I' = 7T1)A( andr: X — BT a classifying map for
the universal cover. The higher signatures of X are the collection of rational numbers

{<a,r*£()?)> to € H*(BF,Q)}

From Corollary 5] the reduction of the Novikov conjecture for the higher signatures of X is the
strong Novikov conjecture for m1 X exactly as in the classical case (see [ALMPI12, Theorem 11.1]).
Indeed, recall that the strong Novikov conjecture states that the assembly map

B:Ky(BmX) — K, (C'm X)
is rationally injective.
Theorem 5.8. Let X bea Cheeger space whose fundamental group 7T1X satisfies the strong Novikov

conjecture. If M isa Cheeger space stratified homotopy equivalent to X (smoothly or continuously),
then their higher signatures coincide.

Proof. The claim is that if X and M are stratified homotopy equivalent Cheeger spaces with
fundamental group I', then

<a,r*X£()?)> = <a,riw£(]\/4\)> for all « € H* (BT, Q)
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where r™ : M — BT and 7X : X — BT are classifying maps for the universal covers. Equiva-
lently, that

(5.1) rXL(X) =rM£(M) in H,(BT;Q).

By Theorem there is a smooth stratified homotopy equivalence F' € C;‘éod(X , M ). We know
from ([@.8) that

0%“(]\7,7‘) = J%n()A(,F or),

and hence from Corollary that for any self-dual mezzoperversity on M , W,

B Bsignwa)) = BIF ™) [Bgign, oy, ])-

Since we are assuming the strong Novikov conjecture holds for I'; this implies

ri‘/[[asign,WM] =(Fo TM)*[asign,FﬁWM]'

Now taking Chern characters and using Theorem [5.6, we see that
rML(M) = (ForM),£(X) in H,(BT;Q).

But F o™ is a classifying map for the universal cover of X so this proves (B.0)).

6. RELATION WITH THE TOPOLOGICAL SIGNATURE

The analytic treatment of the signature operator developed in has a topological analogue
developed earlier by Markus Banagl [Ban02], which has served as inspiration for the analytic de-
velopment On an arbitrary topologzcally stratified non-Witt space (see [Ban07, Definition 4.1.1]),
X Banagl defines a category SD(X ) of ‘self-dual sheaves’ as a way of extending Poincaré Duality.

ﬂABL—ilflﬂ the authors, together with Banagl, develop a topological analogue of the analytic
treatment of the L?-cohomology from [ALMP].

A topologically stratified space X is called an L- -space if SD ) # 0. In ﬂm, Proposition
4.3] we show that a smoothly stratified space is a Cheeger space 1f and only if it is an L-space.
Moreover in that case a self-dual mezzoperversity corresponds to Banagl’s ‘Lagrangian structures.’
Every L-space X has a signature which we will denote

o*P (X).

It is defined using a self-dual sheaf complex, but Banagl showed that it depends only on X. IfX
admits a smooth stratification then it also has the analytic signature defined above,

o (X).
We will show that these signatures coincide.

As mentioned above, our cobordism groups Sig*(pt) are smooth analogues of topological groups
first defined in [Ban02], which we will denote by Sigi°®(pt). A class in this group is represented
by a pair (X' ,S*) where X is an n-dimensional topologically stratified pseudomanifold and S°® is
a self-dual sheaf complex. An admissible bordism is a compact oriented topologically stratified
pseudomanifold with boundary 2~ together with a sheaf complex in SD(2") which pushes to the
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given sheaf complexes over the boundary. Minatta has computed these groups Proposition
3.8] (see also §4]) by showing that the signature is a complete invariant,

(6.1) SigtoP (pt) = {Z if n is a multiple of four

0 otherwise

The proof of (G is to note that if X is an L-space with vanishing signature, then the cone over
Xisa compact oriented topologically stratified pseudomanifold with boundary and the self-dual
sheaf over X , pulled-back to the interior of the cone, extends to a self-dual sheaf over the entire
cone. Thus the topological signature, which is obviously surjective since smooth manifolds are
L-spaces, is also injective. In particular, every L-space with a non-zero signature is topologically
cobordant to a smooth manifold with that signature.

Notice that we can carry out the same proof to compute the group Sigh"(pt), using either the
analytic or topological signatures. Indeed, either of these signatures is surjective since smooth
manifolds are Cheeger spaces. The proof of injectivity extends to the smooth context because the
cone over a smoothly stratified space admits a smooth stratification. So a Cheeger space with
vanishing topological or analytic signature is smoothly nullcobordant. If either the topological or
analytic signature is non-vanishing then the Cheeger space is smoothly cobordant to a smooth
manifold with that signature. But since the smooth and topological signatures coincide on smooth
manifolds, they must coincide on all Cheeger spaces. Therefore, one gets:

Theorem 6.1. The analytically defined signature of a Cheeger spaces coincides with its topological
signature

o™ (X) = o'P(X)

and induces an isomorphism Sig?"(pt) = Sig'°P(pt).

We defined an analytic L-class above using the analytic signature of submanifolds transverse to
the stratification. There is also a topological L-class. Indeed, it follows from [CSW9I] that every
self-dual complex of sheaves has an L-class in homology which is a topological invariant. Banagl
showed that on an L-space, X, the L-class is independent of the choice of self-dual sheaf complex
from SD(X) and is defined in the same way as we defined the analytic L-class (Def. 5.2) but using
the topological signature. Hence we have:

Corollary 6.2. The analytic L-class of a Cheeger spaces coincides with its topological L-class.

Minatta [Min06, Theorem 3.4] has shown that M ~ Sigi®® (M) is a multiplicative generalized
homology theory (with the product induced by Cartesian product) and by adding a formal variable
t, the signature becomes an isomorphism of graded rings

Sigi” (pt) Z[t]

[5{*] O.top(j{*)tdimX/4

It is easy to see that M +— Sigd" (M) is also a multiplicative generalized homology theory. (Indeed,
Minatta’s proof holds in the smooth setting and even simplifies, as his main tool is a transversality
theorem which is standard for smooth spaces but required a ‘very sophisticated argument’ to
establish in the topological category.) Moreover, by Theorem 5.7 in ﬂm, there is a natural
map Sigi"(M) — SigiOP(M ) which induces a natural transformation of multiplicative homology

theories. Since we have seen that this map is an isomorphism when M = pt, we conclude (see e.g.,

[KT06, Theorem 2.9]):
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Corollary 6.3. There is an isomorphism of multiplicative generalized homology theories (over
CW -complezes)

Sigi™(—) — Sigi ().
Let us recall Minatta’s computation of this homology theory with coefficients in the following
three cases:
a] For rational coefficients [Min06, Proposition 4.2],
Sigl®P (M) ®z Q = H.(M; Qlt]).
b] At odd primes [Min06l, Proposition 4.6], [Ban0O6al, Theorem 4.1],
Sigi®? (M) @z Z[3] = Q3 (M) ®qsop) Z[3]1t],

where Q5© denotes the smooth oriented bordism.
c|] At two Corollary 4.8],

Sigi®P (M) & Zy = H, (M; Z)[t]).
In particular, for any topological space M there is a surjection Corollary 4.1]
Q3°(M) ®z Z[3][t] — Sig™P (M) ®z Z[3]-

This allows us to state a uniqueness result for the ‘analytic symmetric signature’ of (6], (7),

o (). Note that, by the work of Kasparov and Mishchenko, for a smooth closed manifold Ind(ﬁzg})
coincides with the symmetric signature of Mishchenko.

Corollary 6.4. Any homomorphism
Sigi"(BT) ©z Z[5] — K.(CT;Q)

that coincides with the symmetric signature of Mishchenko, tensored with Z[%], for smooth manifolds
is equal to o (-) ® Z[3].

The proof is analogous to the corresponding statement for Witt spaces, [ALMP12, Proposition
11.1].
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