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Abstract

We study from a mostly topological standpoint, the L2-signature of certain spaces
with non-isolated conical singularities. The contribution from the singularities is identi-
fied with a topological invariant of the link fibration of the singularities. This invariant
measures the failure of the signature to behave multiplicatively for fibrations for which
the boundary of the fibre in nonempty. The result extends easily to cusp singularities
and can be used to compute the L? cohomology of certain noncompact hyper-kahler
manifolds which admit geometrically fibered end structures.

1 Introduction

In this paper, we study the L?-cohomology and L?-signature for certain spaces with non-
isolated conical singularities. We call these generalized Thom spaces. Appropriately formu-
lated, our results extend easily to cusp singularities as well. Our main theorem identifies
the contribution to the L?-signature from a singular stratum with a topological invariant
of the link fibration of the stratum. As an immediate application, we get a proof of the
adiabatic limit formula of [13], in the case of odd dimensional fibre, without resorting to
the quite nontrivial analytical results of [24]. This was actually one of original motivations.
A second motivation was to study certain spaces with singularities which can be viewed as
generalizations of Thom spaces.!

The L?-cohomology of spaces with conical singularities has been studied extensively
in [9,10]; see also [9,12] for the relation with intersection cohomology, and [12,26] for the
Cheeger-Goresky-MacPherson conjecture. For case of the cusp singularities, see [31, 32] and
for Zucker’s conjecture, see [22], [28]. For hyperbolic manifolds, see [23, 25].

The singular spaces that we consider can described as follows. Recall that a compact
Riemannian manifold M with finite isolated conical singularities is modeled on the finite
cone. That is, M is a compact topological space such that there are finite many points
P1,- Dk, SO that M\{p1,- - ,pr} is a smooth Riemannian manifold and a neighborhood of
each singular point p; is isomorphic to a finite metric cone, Cjg 4 (Z;), on a closed Riemannian

!This part of our work was done more than fifteen years ago but remained unpublished. We learned of
the more recent connections with the Sen’s conjecture from conversations with Tamas Hausel; see the end
of this section.



manifold Z;. In addition to isolated conical singularities, we also allow finitely many closed
singular strata of positive dimension, whose normal fibres are of metric conical type. A
prominent feature of these spaces is that the link fibration of a singular stratum need
not be trivial. The discussion in this generality is necessary since we wish to identify the
contribution to the L?-signature from the singular strata in terms of global topological
invariants of the link fibration.
A neighborhood of a singular stratum of positive dimension can be described as follows.
Let
z" - Mm™ 5 B (1.1)

denote a fibration of closed oriented smooth manifolds. Denote by Cr;M the mapping
cylinder of 7. This is obtained by attaching a cone to each of the fibres. Indeed, we have

C[O’a](Z) — C;M — B. (1.2)

The space C; M also comes with a natural quasi-isometry class of metrics. A metric can
be obtained by choosing a submersion metric on M:

gMm =T"gB + 9z
Then, on the nonsingular part of C'; M, we take the metric,
g1 =dr’ + g + 1297, (1.3)

and complete it.
The general class of spaces with non-isolated conical singularities as above can be de-
scribed as follows. A space X in the class will be of the form

X=XoUXjU---UXp, (1.4)

where X is a compact smooth manifold with boundary, and each X; (fori =1,... k) is the
associated mapping cylinder, Cr, M;, for some fibration, (M;, m;), as above. We require that
the restriction of the metric to X; is quasi-isometric to one of the form (1.3). Spaces with
more complicated singularities can be obtained by iterating this construction, namely, by
allowing the base and fibre of the fibration, (1.1), to be closed manifolds with non-isolated
conical singularities.

Consider again the space, CxM, in (1.2). By coning off the boundary, 9M, we obtain
what we call a generalized Thom space T. Thus, T'= CM Uy C(M) is a stratified space
with two singular strata, namely, B and a single point.

The metric on 7" is constructed as follows. Equip C(M) with the conical metric

g2 = dr* + 12y .

Perturb g1, g2 near r = 1 so that they can be glued together so as to obtain to a smooth
metric, g, on T. We will call (T,g) a generalized Thom space; see the example below.
Clearly, a different choice of gy will give rise to a metric quasi-isometric to g.



Ezample 1 Let ¢ = B be a vector bundle of rank k. Then we have the associated sphere
bundle:
Sl 506 5 B.

The generalized Thom space constructed out of this fibration coincides with the usual Thom
space equipped with a natural metric.

We now introduce the topological invariant which gives the contribution to the L?-
signature for each singular strata. In, [13], in studying adiabatic limits of eta invariants,
the second author introduced a global topological invariant associated with a fibration. (For
adiabatic limits of eta invariants, see also [5,6,11,30].) Let (E,,d,) be the E,-term with
differential, d,., of the Leray spectral sequence of (1.1). Define a pairing

E.®FE — R
¢®7J} = <¢'dr¢v‘§r>’

where &, is a basis for EJ" naturally constructed from the orientation. In case m = 4k — 1,
m—1

when restricted to E, ? | this pairing becomes symmetric. We define 7;- to be the signature
of this symmetric pairing and put
=Y

It is shown in [13] that, unlike the case of fibrations whose fibres are closed manifolds,
when the fibres have nonempty boundary, the signature does not always behave multiplica-
tively, even in a generalized sense; compare [27], [1]. The failure of such multiplicative
behavior is intrinsically measured by the 7 invariant of the associated boundary fibration;
see [13].

Bismut and Cheeger studied related questions by introducing spaces with conical sin-
gularities as a technical tool; see [3], [4] . They showed that if one closes up the fibration
of manifolds with boundary by attaching cones to the boundary of each fibre then for the
corresponding fibration of manifolds with singularities, then the L?-signature does in fact
behave multiplicatively. One reason for studying generalized Thom spaces is to understand
the difference between the approaches of [13] and [3], [4].

In this paper, we restrict attention to the case in which the fibre Z of (1.1) is either odd
dimensional or its middle dimensional L?-cohomology vanishes. Furthermore, we make the
same assumptions for the links of the isolated conical singular points of the base and the
fibre. (The general case requires the introduction of an “ideal boundary condition” as in
[10,11].) The result of [9] shows that H (2)(T), the L2-cohomology of T, is finite dimensional
and the Strong Hodge theorem holds. In fact, H (*2) (T') agrees with the middle intersection

cohomology of Goresky and MacPherson [14, 15]. Consequently, the L2-signature of T is a
topological invariant. Here, in defining the signature, we take the natural orientation on
CrM and glue to C'(M) with the reverse of its natural orientation, in order to obtain the
orientation on T'.



Theorem 1.1. The L?-signature of the generalized Thom space T is equal to —7:
Sign@) (T) = —T.

Let 7(X;) denote the 7 invariant for the fibration associated with X;. Theorem 1.1
combined with Novikov additivity of the signature yields the following. (Note the reversing
of the orientation.)

Corollary 1.2. For the space X of the form (1.4) the L?-signature is given by

k

sign o) (X) = sign(Xo) + Y 7(X;).
=1

Ezxample 2. Consider again the sphere bundle of a vector bundle,
SH1 S5 B.
Let ® denote the Thom class and x the Euler class. Then the Thom isomorphism gives

H*(D(¢),5(¢)) © H*(D(§),5() — R
1)U T () U
H'B) ®  H'B)  — R
¢ (G — [puyvuUx][B].

Thus, sign(D(§)) = —sign(y)(T), is the signature of this bilinear form on H*(B). Since in
this case, the spectral sequence degenerates at Fsy, and doy) = ¢ U Y, it follows that the
invariant, sign(D(€)), agrees with 7. According to Theorem 1.1, the same result is still true
even if the sphere bundle does not arise from a vector bundle.

In spirit, our proof of Theorem 1.1 follows Example 2. Thus, we first establish an analog
of Thom'’s isomorphism theorem in the context of generalized Thom spaces. In part, this
consists of identifying the L?-cohomology of (T, g) in terms of the spectral sequence of the
original fibration. The Mayer-Vietoris argument as in [9] shows that

Hiy (CxM, M), i > mtl

ng)(T) ={ Im (H(iQ)(C,rM, M) — H!

i(C=M)), i =1

H{y (Cx M), i<

(Recall that m = dim M is the dimension of the total space of the fibration and n = dim Z
is the dimension of the fibre.)

Let E,(M) = @EPI(M), d>9 : EP9(M) — EPT™"T1(M), denote the Leray spectral
sequence of the fibration (1.1). (For some of the notation in the following theorem, we refer
to Section 4.)



Theorem 1.3. The following are isomorphisms.

HY(Cr(M), M) = @y g ()2 [ (@00 )@

©Im (27" ) @ @ BRI (M),

and
~ k—(n+:2 2, n 2
HY(Cr(M)) = @y gmp g ny2 I dgy (55000 e

k—(n ,(n
@ Imdy (G700 @ o BRI(M)]

Moreover, in terms of these identifications, the map,
H*(Cx(M), M) — H"(Cr(M)),
is given by Bd,.

Remark. It can be shown that Theorem 1.1, Corollary 1.2 and Theorem 1.3 have extensions
to the case of iterated conical singularities.

From the standpoint of index theory, the L?-signature is of particular interest. For the
case of fibrations with smooth fibers, it was considered in [4].

Let Z and B of (1.1) be closed smooth manifolds. Let Ays denote the signature operator
on M with respect to the metric gps. In addition, let Apre denote the signature operator
on M with respect to the metric gas e, where

gre =€ ‘T + gz

Define the 7-form as in [3,5]. Let the modified, L-form, £, be defined as in [4]. Let R”
denote the curvature of B. According to [4] the following holds.

Theorem 1.4 (Bismut-Cheeger). If the fibre of (1.1) is odd dimensional, then

. . RB
signy (1) = —15%77(141\46) +/B£(27T) AT

Remark. Since the smooth part of T is diffeomorphic to (0,1) x M, its contribution to the
index formula vanishes. In the above formula, the first term arises from the isolated conical
point, while the second term arises from the singular stratum B.

Combining Theorem 1.4 with our result on the L?-signature, Theorem 1.1, we recover
the following adiabatic limit formula of [13]; see also [5, 6, 10, 30].

Corollary 1.5. With the same assumptions as in Theorem 1.4,

(A RE .
lim 77( M,e)z/BE(%)AnJrr



Note that if (1.1) actually bounds a fibration of manifolds with boundary, then the above
adiabatic limit formula is a consequence of the signature theorem of Atiyah-Patodi-Singer [2]
and the Families Index Theorem for manifolds with boundary of Bismut-Cheeger; [3].2 On
the other hand, it seems difficult to decide whether every fibration (with odd dimensional
fibres) actually bounds and it is generally believed that this is not the case. The method
of attaching cones enables one to avoid this issue.

In the case in which (1.1) consists of closed smooth manifolds, in place of a cone, one
can attach a cusp to each fibre. The metric at infinity of a locally symmetric space of rank
one is of this type. Essentially because the Poincaré lemma for metric cusps gives the same
calculation as for metric cones, similar results hold in this case.

The study of the L2-cohomology of the type of spaces with conical singularities discussed
here turns out to be related to work on the L?-cohomology of noncompact hyper-kihler
manifolds which is motivated by Sen’s conjecture; see e.g [17], [16] . Hyper-kéhler mani-
folds often arise as moduli spaces of (gravitational) instantons and monopoles, and so-called
S-duality predicts the dimension of the L2-cohomology of these moduli spaces (Sen’s conjec-
ture). Many of these spaces can be compactified to given a space with non-isolated conical
singularities. In such cases, our results can be applied. We would also like to refer the
reader to the work of Hausel-Hunsicker-Mazzeo, [16], which studies the L?-cohomology and
L?-harmonic forms of noncompact spaces with fibered geometric ends and their relation to
the intersection cohomology of the compactification. Various applications related to Sen’s
conjecture are also considered there.

In the general case i.e. with no the dimension restriction on the fibre, the L2-signature
for generalized Thom spaces is discussed in [19]. In particular, Theorem 1.1 is proved for
the general case in [19]. However, one of ingredients there is the adiabatic limit formula
of [13], rather than the direct topological approach taken here. As mentioned earlier, one
of our original motivations was to give a simple topological proof of the adiabatic limit
formula. In [18], the methods and techniques introduced in our old unpublished work are
used in the more general situation to derive a very interesting topological interpretation for
the invariant 7,.. This circumstance provided additional motivation for us to write up this
work for publication.

Acknowledgement: The second author would like to thank Tamas Hausel, Eugenie Hun-
sicker and Rafe Mazzeo for very stimulating conversations. We also thank the referee for
useful suggestions.

2 Review of L?-cohomology

We begin by reviewing the basic properties of L2-cohomology; for details, see [9]. Let (Y, g)
denote an open (possibly incomplete) Riemannian manifold. We denote by [¢] the quasi-
isometry class of g; i.e., the collection of Riemannian metrics ¢’ on M such that for some

2In this case, the invariant, 7, enters because it measures the non-multiplicativity of the signature as in
[13].



positive constant c,
1
~g <4 <cg.
c

Let Q' = Q/(Y) denote the space of O i-forms on Y and L? = L?(Y)) the L? completion
of ' with respect to the L?-metric induced by ¢. Define d to be the exterior differential

with the domain '
domd = {a € Q(Y)NLA(Y); da € L*(Y)}.
Put Q¢

@) (V) = QY)NL?(Y). As usual, let § denote the formal adjoint of d. In terms of
a choice of local orientation for Y, we have § = 4 * d*, where * is the Hodge star operator.
We define the domain of § by

domd = {a € Q(Y)NLAY); da € L*(Y)}.

Note that d, § have well defined strong closures d, 6. That is, & € domd and da = 7 if
there is a sequence «; € domd such that a; — « and daj; — 7 in L?.
Usually, the L?-cohomology of Y is defined by

Hip(Y) = kerd;/Tmd; ;.
One can also define the L?-cohomology using the closure d. Put
Hip 4(Y) =kerd;/Imd; ; .
In fact, the the natural map,
L) : H(iz)(y) - H(iQ),#(Y),

is always an isomorphism.

In general, the image of d need not be closed. The reduced L?-cohomology is defined by
H{y) (Y) =kerd;/Tmd;_; .
The space of L?-harmonic i-forms H%Q) (Y) is the space,
(oY) ={0 € Q' nL?*df =60 = 0}.
When Y is oriented, the Hodge star operator induces the Poincaré duality isomorphism

1 Hiy (V) — Hig ' (V). (2.5)
Remark. Some authors define the space of harmonic forms differently, using the Hilbert
spaces adjoint of d; see for example, [29]. In this case, the Hodge star operator does not
necessarily leave invariant the space of harmonic forms.



Clearly, there is a natural map
Hipy (V) — Hip (V). (2.6)

The question of when this map is an isomorphism is of crucial interest. The most basic
result here is the Kodaira decomposition,

L? = Hipy & dA; @ 6AGH,
which leaves invariant the subspaces of smooth forms. It follows then that
kerd; = Hi{yy @ dAG"

Adopting the terminology of [9], we will say that the Strong Hodge Theorem holds
if the natural map (2.6) is an isomorphism. By the above discussion, if Im d is closed,
then the map in (2.6) is surjective. In particular, this holds if the L2-cohomology is finite
dimensional.

On the other hand, if we assume that Stokes’ theorem holds for Y in the L? sense, i.e.,

(da, B) = {a, 30) (2.7)
for all & € domd, 3 € dom 6, or equivalently, for all & € domd, $ € dom§, then one has
7(;2) (Y) 1 Im Jifl,

and hence,

H%Q) (Y) 1 Im Cii_l .

Thus, (2.6) is injective in this case. Moreover,
Hioy (V) = Hiy)(Y), (2.8)

and ' B - i
Hiy)(Y) = H(y(Y) ® Imd;—1 /Tm d; ;. (2.9)

Here, by the closed graph theorem, the last summand is either 0 or infinite dimensional.
To summarize, if the L?-cohomology of Y is finite dimensional and Stokes’ Theorem
holds on Y in the L?-sense, then the L?-cohomology of Y is isomorphic to the space of
L?-harmonic forms and therefore, when Y is orientable, Poincére duality holds as well.
Consequently, the L? signature of Y is well-defined in this case.
Next, we recall the relative de Rham theory [7] and relative L2-cohomology. Let f :
S — Y denote a map between manifolds. Define a complex, (2*(f),d), by

QF(f) = P(Y) @ QP 1(S), d(w,0) = (dw, f*(w) — db). (2.10)

Clearly, d> = 0, and hence, the corresponding cohomology H*(f) is well defined.



Put a(f) = (0,0), B(w,d) = w, and consider the short exact sequence,
0— QP 1(S) & ar(f) S aP(Y) — o, (2.11)

where the differential of the complex Q2*71(S) is —d . There is an induced a long exact
sequence on the cohomology,

- m () D Er () DB () S () (2.12)

If S is a submanifold of M and i : S — Y is the inclusion map, we define the relative
cohomology, H*(Y,S), to be H*(i). To define the relative L2-cohomology HE"Q)(Y, S), we
assume further that S has trivial normal bundle in Y and that the metric in a neighbor-
hood of S is quasi-isometric to the product metric. Then H E“Q)(Y, S) can be defined as the
cohomology of the complex,

Uiy (V..5) = 0y (V) © 2351 (9).
with dom(d) = {(w,0) | dw € L%, df € L2.}. Tt follows that the long exact sequence for
the pair (Y, S) is also valid in L2-cohomology.

We note that L?-cohomology is quasi-isometry invariant, and conformally invariant in
the middle dimension. Also Kiinneth formula holds for the L2-cohomology. Furthermore,
given an open cover {U, }, the Mayer-Vietoris principle holds for the L?-cohomology, pro-
vided there is a constant, C', such that there is a partition of unity {f,} subordinate to
{U,}, such that |df,| < C, for all . Hence, the Leray spectral sequence in L2-cohomology
is valid for a fibration, if such a partition of unity, subordinate to a trivializing open cover,
can be found on the base.? Clearly, this holds for the fibrations considered here.

3 L?-cohomology of generalized Thom spaces

In this section, we begin to specialize to the case of generalized Thom spaces. Thus, we
retain the notation of (1.1)—(1.3). The results in this section are special cases, and in some
instances, refinements, of those which hold for more general stratified pseudomanifolds; see
[9], and also [29]. For completeness and later purposes we provide a somewhat detailed
account.

Let N be a Riemannian manifold, possibly incomplete. For simplicity, we assume that
m = dim N is odd. Further, we assume that for N, the L2-cohomology is finite dimensional
and that Stokes’ theorem holds in the L? sense. Then for the finite cone, Cio,1)(NV), over N,
we have the following facts from [9].

1) The L2-cohomology is finite dimensional and Stokes’ theorem holds in the L? sense.
Consequently, the Strong Hodge Theorem holds for the cone.

3This can be shown by the usual double complex construction as in [7]



2) For i < m/2, the restriction map induces an isomorphism,
H{p(Cpoj(N)) = H{y)(N),

and for ¢ > (m +1)/2, ‘
H{)(Cpo(N)) = 0.

The above results are consequences of the following lemmas; for proofs, see [9].

Lemma 3.1. Let 6 be an i-form on N that is in L2. Let 0 denote the extension of 6 to
Cio,1](N) so that 0 is radially constant. Then 0 € L2(C[071](N)) if and only if i < (m+1)/2.

When there is no danger of confusion, we will just write 6 for 6.
For some a € (0,1), define the homotopy operator K as follows. If a = ¢ + dr A w is
an i-form and ¢ < (m + 1)/2, then

If i > (m+1)/2, then

Lemma 3.2 (Poincaré lemma). For o € dom d,
(dK° + K’d)a = o — a(a), i < (m+1)/2

and
(dK° + K%)a = a, i > (m+1)/2.

We now turn to the case of fibrations whose fibres are cones.

Theorem 3.3. The L?-cohomology of C=M is finite dimensional and Stokes’ theorem holds
in the L? sense. Hence the Strong Hodge Theorem holds.

Proof. By the Mayer-Vietoris principle, verifying finite dimensionality reduces to verifying
finite dimensionality for a product fibration. Since the L?-cohmology is a quasi-isometry
invariant, we can use the product metric. Then the Kiinneth formula yields the desired
result.

It was proved in [9] that if the L2-Stokes theorem holds locally then it holds globally.
Further, the validity of the L2-Stokes theorem is a quasi-isometry invariant. Thus, once
again we can reduce to a product situation and the validity of the L?-Stokes theorem follows
from its validity for C1)(Z) and B. [

Finally, we give a vanishing statement for L?-cohomology which is a direct generalization
of the one which holds in the case in which the base consists of a single point; [9]. Put
dimB =/, dim Z = n.

10



Lemma 3.4. 41
i : n
Hiy)(CrM) =0 fori>1+ 5

Consequently,
H{p P (CoM, M) ~ H™(M) = R..

Proof. Assuming the first statement, the second follows from the long exact sequence

— Hiy(CxM, M) — H{y)(CxM) — Hiy) (M) — H' (CxM, M) — .

To prove the first statement, we make use of Ky, the chain homotopy operator for cones.
By defining K fibrewise, we can naturally extend K° to a cone bundle. If o« = ¢ + dr Aw

and deg a Zl—l—”T“, put
Koa:/ w.
0

Clearly, from what was shown for the case of a single cone, if a € L*(CM), then K%a €
L*(CM). Now we verify B )
(dK° + K%d)a = a.

Again, everything is local on B and quasi-isometric invariant, therefore, we can check it for
a product fibration with product metric. In this case

J: JC[O’I](Z) + dB )
and (do(z)K° + K%de(z))a = a. Hence it suffices to check
(dpK° + K%p)a = 0.

Note that o can be written as linear combinations of forms of type, (¢ +dr Aw) ® 75, where
¢+ dr Aw lives on Cig 1)(Z). Then

dp(K%) = dp </0Tw®73> = (—1)deew </Ow> ® drp,

K%pa = (—1)%evt! (/ w) ® drp .
0

These terms cancel one another. [ |

4 Spectral Sequences

In this section, we recall some basics concerning spectral sequences; a general reference is
[7].

A filtered differential complex (K, d) is a differential complex that comes with a filtration
by subcomplexes

K:KQDKlDKQD“'. (4.13)

11



A graded filtered complex, (K, d), has in addition, a grading K = &, _7K". In this case,
the filtration (4.13) induces a filtration on each K": K} = K" N K.
One has the following general result; see [7].

Theorem 4.1. Let (K, d) denote a graded filtered differential complex such that the induced
filtration on each K™ has finite length. Then the short exact sequence,

0— ®Kpp1 — &K, — ®K,/K,41 — 0,

induces a spectral sequence, (EX, d,.), which converges to the cohomology group H*(K,d).

In fact, if d : K™ — K™ is of degree one, then
_ 1
(R 0 R

_ 1 -1\’
d-Y KDY N KPT + KB nd(KE)

Ep7q —

r

(4.14)

where the differential, d,., is naturally induced by d.
We now recall Serre’s filtration and the Leray spectral sequence of the fibration (1.1).
A p-form w is in F? if
w(Ul, UQ, ey Up) = 0,
whenever p — i+ 1 of the tangent vectors, Uj, are vertical. If the fibration is equipped with
a connection, there is a splitting

TM=TiMaeTM =2*TBaTYM .

Thus, A*M = 7*A*B ® A*TV M. Formally, we can use a(y, z) dy® A dz® with y the local
coordinates of B, z local coordinates of Y to indicate such a splitting. With this convention
Serre’s filtration can be simply described as

Fi = {a(y, z) dy* N d2" : |a| > i}.

The global definition shows that this filtration is independent of the particular choice of
local coordinates.
Definition. The horizontal degree of w is at least i, h-deg w > 4, or equivalently, the
vertical degree of w is at most p —i (p = degw), v-deg w < p — 1, if w € F".

Serre’s filtration, together with the grading given by the degree of differential form,
gives rise to the Leray spectral sequence of the fibration, (E,,d,), which converges to the
cohomology of the total space M. Moreover, the Es term is given by

Ey= 0By, E}Y = HP(BHY(Z)), (4.15)

where H%(Z) denotes the flat bundle over B, for which the fibre over b € B is the ¢-th
L2-cohomology of the fibre 7~1(b).

Now assume that both the base B and the vertical tangent bundle TV M are oriented.
When the fibration is equipped with a submersion metric, we can identify H%(Z) with

12



the bundle of fibrewise L2-harmonic g-forms. This induces a fiberwise metric on H4(Z).
Note that H9(Z) is a flat vector bundle over B. Via Hodge theory for cohomology with
coefficients in a flat bundle, we obtain an inner product on E¥? = HP(B, H1(Z)).

The E3 term of the spectral sequence is given by the cohomology groups of the Fs term
with respect to the differential dy. Therefore, finite dimensional Hodge theory gives us

FEy=FE3®dImdy @ Im(dg)*, (416)

when the adjoint is defined with respect to the inner product introduced above. This in
turn, induces an inner product on the F3 terms. By iterating this construction, we obtain
inner products on each of the F,., with the associated Hodge decomposition.

The above discussion extends to fibrations whose base and fibres are closed manifolds
with conical singularities, if we replace the usual cohomology with the L?-cohomology.

5 The Generalized Thom Isomorphism

This section is devoted to the proof of Theorem 1.3, which is a generalization of the Thom
isomorphism theorem. As explained in the introduction, the statement consists of identify-
ing the L?-cohomology of C;M and (C M, M) in terms of the Leray spectral sequence of
M. Additionally, the map,

is identified in terms of the differential of the spectral sequence. We begin with H, (CxM).
Note that since C; M is fibered over B,

Coy(Z2) = CxM — B,

we also have a spectral sequence, (EF?(CrM)d>?), converging to the L2-cohomology of
CrM. On the other hand, the pullback of the inclusion ¢ : M — C,M,

it QN(CrM) — QY (M),
is filtration preserving. Hence, ¢* induces homomorphism
iy EPYCM) — EPI(M)

which commutes with the differentials.
Now

0, q>n/2
EY1(CxM) = HP(B,HY(C(Z))) =
HP(B,HY(Z)) = EYY(M), q<n/2

13



It follows that EFY(C,M) = 0, for all ¢ > n/2 and r > 2. Moreover, by the Poincaré
Lemma 3.2, the identification here is given by i9, i.e.

P _ 0, q>n/2
2 Ident, ¢ <n/2

It follows that
P 0, q>n/2
2 dyl, g<nj2’

and thus
EPI(CxM) = EFU(M), if ¢ < (n—1)/2,

Eg,(nfl)/2(Cﬂ-M) — ker dg,(nfl)/Q _ Eg,(nfl)/Q(M) @ Tm d12772,(n+1)/2.

This implies that for ¢ < (n — 1)/2, i§'? = Ident.

Also since ig’(n_l)/ ? is induced by

Ident : Eg’(n_l)/z(CﬂM) — E§’("_1)/2(M) 5

(n=1)/

one sees that ig’ % is the natural projection,

,(n—1)/2
ker a5/

BRI M) = ker dy VP o 22
—2,(nt1)/2
Tm @} 20/

— BRI ().

Hence, since i, commutes with d,, d,, we get
B = d5?, ifg<(n—-1)/2,

and
Jg,(n—l)/2 |III1 d127—2,(n+1)/2 -0,

6Z;g,(n—l)/2 ’Eg,(n—l)/Q(M) _ d]§7(n—1)/2 .
It follows that
EPY(C,M) = EPUM)  ifq<(n—1)/2 -1,

Eﬁ’v(n—?))/?(CWM) —  ker dg,(n—S)/2

EPCVRCM) = ker df Y2 @ Imdy P
o Ei’(n_l)ﬂ(M) @Imdzg—?),(n—f—ii)/? @ Im d127—2,(n+1)/2.

By an inductive argument, we obtain the following proposition, in which some of the
Im d summands are obviously zero.
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Proposition 5.1. There are equalities,

E&(nfl)/Q(CﬂM) _ E&(nfl)/2(M) @ Tm dé)*?,(nJrl)/Q @ Im d§f3,(n+3)/2 - -
—1,(n+1) /240 -2
e Tm M 22,

E&(nfB)/Q(CﬂM) _ E&(n73)/2(M) @ Im d§73,(n+1)/2 @ Im d;if4,(n+3)/2 -
—l,(n+1)/24+1-3
@©md’ ,

0/ " —(n43)/2,(n+1)/2 —(n45)/2,(n+3) /2
ERN(CeM) = ER(M)@Imd] 3" e Tmd(, 57 D
@ Imd
Similarly, we have:

Proposition 5.2. For the relative cohomology,

BRI M) = BETVR (M) @ Im (V) @ Im (TP
@ Im (d?’(n+1)/2)*,
BRI M) = BRI (00) @ I (@) @ T (12 -
.- ®Im (df’(n+3)/2)*7
BN CM M) = BRN(M) & Tm () ) & Tm (D)o )" @ -

Proof. Recall that

Qfy) (CrM, M) = Q) (Cx M) & Q' (M) .

Clearly, the map,

*—1 *

Q(Q) (M) — 9(2)(CWM, M)
0 — 0,0),
is filtration preserving and commuting with differentials. Hence, this map induces homo-
morphisms .
Jr+ (BRITHM),dy) — (ER(CxM, M), dy).

Moreover,

HY(B,HI(2)) = SN (M), q>n/2+1

EPUCM, M) =
0, g<n/2+1

In terms of this identification,

pg  Jid ¢g>n/2+1
27710 g<n/2+1

15



It follows that L
P — dy g>(n+3)/2
2 0 ¢g<(n+3)/2 "’

and thus
EPYCM, M) = EY" Y (M), if ¢ > (n+3)/2,
p,(n+1)/2
BP0 g ) — Ef — (M) _ BP0y @ T (@20HD/2)r
2

This implies that j4'? = Ident, for ¢ > (n + 3)/2.

,(n+3)/2

Again, since j3 is induced by

Ident : EX D2 (ar) — BRI (0 nr b

one sees that jg’(n+3)/ ? is the natural inclusion. It follows that

P — dg’q_l q>(n+3)/2
? 0 ¢<(n+3)/2 "
and therefore,

EYYCM,M) = E}I (M), if > (n+5)/2,

Ef’(n+3)/2(CnM, M) _ Eﬁ’a(n-f-l)/?(M) @ Im (dg’(n+1)/2)* @ Im dg’(n+1)/2)* )

By proceeding inductively, the desired result follows. [

We are now ready to prove Theorem 1.3.

Proof. From the general theory of the spectral sequence, the filtration on Q’&) (Cx M) induces

a filtration on HE*Q)(C#M),

Hy) (CeM) D FOHy (CeM) D FYHy (CeM) D -+ D 0,

such that

ERSI(Co M) = FPHU9(C M)/ FP HE(CxM).

Therefore,
Hk(CﬂM) = Bpg=k B (Cr M)

~ , k—(n+3)/2,(n+1)/2 k—(n+5)/2,(n+3)/2
= @ptg-tgs(uon) 2 (BRI M) © Im(dg, G750 2) @ (g, G @ -,
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Similarly
~ — ,q—1 * ,q—1 *
H¥(Cx(M), M) = &1 g—p.g>(nt3) /2 EL 1(M)@Im(d{;_q(n_1) R eIm(dict )T,
We claim that in terms of this identification, the map,
H*(Cx(M), M) — H"(Cr(M)),

is given by applying appropriate d,.’s to the appropriate factors. To verify that this is
the case, we need to trace back the isomorphisms. It suffices to look at, for example,
Im(dg’(nJrl)/Z)*.

Let [0] € Im(dg’(nﬂ)m)* C Eg’(nﬂ)ﬂ(M). In this case, 6 can be represented by a
(p+ (n+ 1)/2)-form, such that

0 € FP, df e FP+2

Therefore, v-deg dd < p+ (n+1)/2 - (p+2) < (n—1)/2. By Lemma 3.1, df can be
extended to an L2-form on Cr(M). To make [0, 6] an element of E&(HH)M(CW(M), M), we
modify its representative slightly:

(d6,0) € [0,6] and [d6, 6] € ERMHVD/2(C (M), M).

[e.e]

This implies that

(d0,0) € FPHE "2 (0o, M),

which is mapped to

do € Frap " (C M),

which, via the identification with the spectral sequence terms, is
do | M = dp0.

This is exactly dz2[6]. The rest of the terms can be treated in exactly the same fashion. W

6 L’-signatures of Generalized Thom Spaces

Assume that that dimT = m + 1 is divisible by 4.

By definition, the L2-signature, signg)(7'), of the generalized Thom space, (T, g), is the
signature of the pairing,

(m+1)/2 (m+1)/2
H(Z) (T)® H(z) (T) — R,

induced by wedge product and integration.

The L2-signature of Cy M as a (singular) manifold with boundary, 9(C,M) = M, is, by
definition, the signature of the (possibly degenerate) pairing

By (CM, M) @ Hig (e, M) — R, (617)
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defined via the map

H*(Cr(M), M) — H"(Cx(M)), (6.18)
and the (nondegenerate) pairing
Hzg;rlik(cﬂM’ M) ® Hé)(C,rM) —R, (6.19)
given by
([w, 6], [a]) = wAa—/ 0 Aa. (6.20)
CxM M

As in [9], one has
sign (o) (1)) = sign o) (CrM).

Thus, to prove Theorem 1.1, we just have to compute the L?-signature of C;xM. The com-
putation is in the spirit of Example 2 of the introduction.

Proof of Theorem 1.1:

The outline of the proof is as follows. First, we consider the intersection matrix with
respect to the block decompositions in terms of Exy (C M, M) and E5(C, M), and show
that the matrix is lower anti-diagonal. Then we consider each of these anti-diagonal blocks
and show that they are also anti-diagonal with respect to the block decompositions given
by the Thom isomorphism. Finally, we identify the pairings along the anti-diagonals and

show that they give rise to the 7 invariant.

Consider the pairing between Hé)(CWM) and Hg)'H_k(CWM, M). Let ¢ = dim B,

n =dim Z. (In what follows below, we make a change of index.)
First of all, we show that in terms of the identifications,

H*(Cr(M)) =
Bptgmta<(n-1)/2l BLI(M) @ Tmdy, (0BT gt g A2 g
and
H™H=F(CL(M), M) =
ool ) & o (@0 ) I @2

the pairing has the form of the block matrix,

0 --- 0
0 *
* % %

with the blocks on the anti-diagonal coming from the pairing between ELZ(M) and Es?" (M),

, k—(n+3)/2,(n+1)/2 l—p,n— l—p,n— *
Efnq+3)/2—q(M) D Imd, /50" and E(nﬁ3)/2q_q(]\/[) D Im dq—lzn—f)/z) , ete..

18



To see this, we observe that in terms of the identification,
Hk(CwM) = @erq:kEgéq(CWM) )

and
Hm+1_k(CﬂM7 M) [ @p,+q/:kEé;p’,n+l—q’ (CT[’M7 M) )

the pairing is of the form

0 0 =
0 * %
* * %

with the entries on the anti-diagonal coming from the pairing between Esg?" ™ ~(C. M, M)
and ER!(CrM). This is a consequence of the following formal properties of the spectral
sequence:

E&k—p — Fka/FpHHk ’

FP(CrM, M) - FP (CxM) C FP*P' ((C.M,M)),

and
FPtP — 0 if p+9p > 1.

We now consider the pairings between Eao?™ ™ 7(C. M, M) and EL(C,M). For this
we need to once again look at the isomorphisms in Propositions 5.1 and 5.2. As we have
shown before, an element [0] € EXP"9(M) lifts to [d6, 8] € ExP™ ™ 79(C (M), M), where
r=(n+3)/2—q+ k with k a nonnegative integer. On the other hand, for ¢ < (n —1)/2,
an element, [w] € ERI(M), Imd" "F/20HD2 0 Hits to [w] € ERY(CrM). Hence, by

(n+3)/2-q
tracing through the isomorphisms, we find that the pairing is given by

<[9]7[W]>:/CﬁMd9/\w—/M«9/\w.

h-degdf ANw > h-degdf + h-degw > 1+ 2,

Now

which implies
wAdl=0.

Thus,
(6], [w]) = — /Me Aw.

If both [0] and [w] are elements of E,, i.e if both are at the same level, this yields

([0, [w]) = —(10] - [«], &)-
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We now show that if [#] and [w] are in different levels of the spectral sequence, then the

pairing,
/ 0Nw,
M

is of the desired triangular form. We do it for

k—(n+3)/2,(n+1)/2 l—p,n— *
[0] € Im d(n+3)/2_q , [w] € Im (d(n_p%)/g_q) )

The remaining cases are similar.
By assumption 0 = de, for some a € FF=("+3)/2 Therefore, by the L2-Stokes’ theorem,

/MeAw:(—l)k/MaAdw.

h-degaNdw >k —(n+3)/24+1—p+(n+5)/2—q=1+1,

Since

it follows that a A dw = 0 as claimed.
To compute the signature of Cr M, we note that the pairing (6.17) factors through the
pairing (6.19), via the map in (6.18). It is known that the radical for this pairing is

Im(H*Y(M) — H*(C M, M)),
which in terms of the Leray spectral sequence, is given by
@p’+q’:k’,q’§(n—1)/2EgP (M)

It follows that we can choose our decomposition so that the pairing will look like

0 0
0
0 *

0 . ’
* * %

with the entries on the anti-diagonal given by the nondegenerate pairing

Im (dP?)* ® Im(dP)* — R
4 o mMt - R (6.21)
@ (G = —(p-dr, &)
for [”T‘”] < gq < [”T"'T] +r—2and p+gq = mT_l Now, one can deform the matrix,

without changing its signature, to one whose entries are all zero except on the anti-diagonal.
Consequently, sign(y)(7') is given by the signature of the pairing (6.21) restricted to the
direct sum of the EFY, with [%] < ¢ < [2#7] 4+ r —2 and p+ ¢ = =1
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m—1

To get the final result, we observe the following symmetry of the pairing on E, ? =
_m-1 EP?. Recall the inner product, (, ), on E,, defined at the end of Section 4. Also,
2

EBp+q
there is a natural basis, §, € Ef;”, (i.e. a volume element) constructed from the orientation.
Define the finite dimensional star operator, ., by

<Q0 -1, §r> = (%*ﬂ#)r-

In fact, %o coincides with the usual * operator when FEs is identified with the harmonic
differential forms on the base with values in the harmonic differential forms along the fibres.

m—1

Then 7,, the signature of the pairing on E, ? , is exactly the signature of the self adjoint
m—1
operator, *.d,, on E, ? . Now,
*pdy o BP9 — Elopmrmoatr=l

n+r—1
2

Moreover g =n—q+r —1iff g = . It follows that we have the decomposition,

m—1

E.? =Ay® A @ Ay,

where if r is even,
AO — Eﬁl—r)/Q,(n—i—r—l)/Q

i

and otherwise, Ag = 0.
Also,

Al = Z Ef’q,

—1 —1
pHg="11 g< =L

A2 = Z Ef’q .

p+q: m;l > n+r—1

and

2

With respect to this decomposition, the operator *,d, restricts to x.d, on Ag, and has

the form
0o T
T 0 ’

Hence, the spectrum of this operator is symmetric about 0. This shows that only the term,
Eﬁl_r)/ 2(ntr—1)/ 2, contributes to the signature, 7., and in fact, only when r is even. This

completes the proof of Theorem 0.1. |

7 L?-cohomology of hyperkihler manifolds

In recent years, there has been considerable interest in L2-harmonic forms on noncompact
moduli spaces arising in gauge theory. Typically, these spaces come equipped with hyper-
kéhler structures. In [17], using Gromov’s Kahler hyperbolicity trick as adapted by Jost-Zuo
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[20], (see also [8]) Hitchen showed that for complete hyper-kéhler manifolds, with one of
the Kéhler forms having linear growth, the L?-harmonic forms are all concentrated in the
middle dimension. Moreover, these L?-harmonic forms are either all self-dual or all anti-self-
dual. Thus, on these hyper-kdhler manifolds, the L?-cohomology is completely determined
by the L?-signature.

Theorem 7.1 (Hitchin). Let M be a complete hyper-kihler manifold of real dimension
4k such that one of the Kdhler forms w; = df where 3 has linear growth. Then any L?
harmonic forms is primitive and of the type (k,k) with respect to all complex structures.
Therefore they are anti-self-dual when k is odd and self-dual when k is even.

The complete hyper-kahler manifolds that are ALE have been classified by Kronheimer
[21]. The general classification remains open. So far, all known examples come with a
fibered (or more generally, stratified) geometric structure at infinity. In such cases, our
results can be applied. More precisely, consider a complete hyperkahler manifold, M, of
real dimension 4k, such that

M= MyUM,U---UM,, (7.22)

where M) is a compact manifold with boundary and each of M;, 1 < i < r, is a geometrically
fibered ends ([16]). By this we mean that there is a fibration

Zi = Y; = B;

such that M; = [1, o0) x Y;, and themetric is quasi-isometric to the fibered cusp metric,

aM; = drz + T‘—*gBi + e_QTgZi ) (723)
respectively, the fibered boundary metric
gr, = dr® + g, + gz, . (7.24)

Such metrics appear in the ALF and ALG gravitational instantons, for example, Taub-NUT
space.

Theorem 7.2. With the same hypothesis as above, we have

sign ) (M) = sign(Mo) + ZT(Mi),
i=1

Proof. We note that our result on the conical singularity extends easily to cusp singularities.
This is because it depends only on two ingredients: Lemma 3.1 on the radially constant
forms and the Poincaré Lemma, Lemma 3.2. Both of these are true for cusp singularities;
see [31,32]. Also, the fibered conical end is conformally equivalent to a fibered cusp end.
Since the middle dimensional L?-cohomology is conformally invariant, the theorem follows.
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