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Abstract

We study the space of L*> harmonic forms on complete manifolds with metrics of fi-
bred boundary or fibred cusp type. These metrics generalize the geometric structures
at infinity of several different well-known classes of metrics, including asymptotically
locally Euclidean manifolds, the (known types of) gravitational instantons, and also
Poincaré metrics on Q-rank 1 ends of locally symmetric spaces and on the comple-
ments of smooth divisors in Kdhler manifolds. The answer in all cases is given in
terms of intersection cohomology of a stratified compactification of the manifold. The
L? signature formula implied by our result is closely related to the one proved by Dai
[25] and more generally by Vaillant [67 ], and identifies Dai’s t-invariant directly in
terms of intersection cohomology of differing perversities. This work is also closely
related to a recent paper of Carron [12] and the forthcoming paper of Cheeger and
Dai [17]. We apply our results to a number of examples, gravitational instantons
among them, arising in predictions about L? harmonic forms in duality theories in
string theory.
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1. Introduction

The Hodge theorem for a compact Riemannian manifold (M, g) identifies the space
L>*(M, g) of L? harmonic forms on M with the de Rham cohomology of this
space. When M is no longer compact, L2.77*(M, g) is still of considerable interest,
but no general theorem identifies it with a topologically defined group. In a number
of special noncompact geometric situations, there are topological interpretations of
this Hodge cohomology space. These include the Hodge theorem for manifolds with
cylindrical ends in Atiyah, Patodi, and Singer [2], Cheeger’s seminal work [16], [15],
[18] on Hodge theory on spaces with conic and iterated conic singularities and its re-
lationship with intersection theory, the considerable literature on Hodge cohomology
on locally symmetric spaces (cf., in particular, [68], [62]), and Mazzeo’s work [52],
[55] concerning (asymptotically) geometrically finite hyperbolic quotients.

The aim of this paper is to prove a Hodge-type theorem for two different classes
of Riemannian manifolds, special cases of which arise frequently in many interesting
problems in geometry and mathematical physics. These are fibred boundary and fibred
cusp metrics. Manifolds with fibred boundary metrics include all identified classes of
gravitational instantons, the name coined by Hawking for complete hyperkihler four-
manifolds. Special cases of fibred cusp metrics include the familiar Poincaré metrics
in the theory of locally symmetric spaces. Slightly more specifically, a product of
a compact manifold with an asymptotically locally Euclidean (ALE) manifold is an
example of a general fibred boundary metric, and a product of a compact manifold
with a finite volume hyperbolic cusp is an example of a fibred cusp metric. The most
general case incorporates twisted versions of these examples and also only requires
that the fibration structure exist at the boundary. In particular, there are two special
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and very familiar subclasses of metrics amongst these: the ALE manifolds, also called
scattering metrics, and manifolds with asymptotically cylindrical ends, also called b-
metrics, which are fibred boundary and fibred cusp metrics, respectively, with trivial
fibre. We describe these rigorously and in more detail below.

Let M be a smooth compact manifold with boundary, and suppose that x is a
boundary-defining function. (Thus x vanishes on M and dx # 0 there.) We recall
four classes of metrics in terms of their behaviour in some neighbourhood % of 6 M.
In the first two of these, M is arbitrary, but in the latter two we assume that ¥ = oM
is the total space of a fibration ¢ : Y — B with fibre F.

. The metric g is called a b-metric on the interior M of M if in % it takes the
form
dx?
8= 2 + h’
X

where £ is a smooth metric on 6M (i.e., nondegenerate up to the boundary).
. The metric g is called a fibred cusp metric if in % it takes the form

dx* .
g=i2+h+x2k,
X

where  is a smooth extension to % of ¢*h, where h is an arbitrary metric on
B, and k is a symmetric two-tensor on 0 M which restricts to a metric on each
fibre F.
. The metric g is called a scattering metric if in %/ it takes the form
dx*> h
g = A + 2

where 4 is a smooth metric on 6M;

. The metric g is called a fibred boundary metric if in % it takes the form
_E L
g - X 4 X2 s

where 4 and k are as above.

We have made a simplification here in not allowing cross-terms in these metrics,
and members of these restricted classes are usually called exact b-metrics, and so
on. This is not serious because, as discussed in §2, Hodge cohomology is invariant
under quasi-isometries, and so these cross-terms can always be deformed away with-
out changing the Hodge cohomology. In fact, we henceforth assume that a product
structure [0, 1), x 8Y is fixed on % and that the metrics 4 and k in each of the four
cases are independent of x with respect to this decomposition. We simply write £ in-
stead of /. This multiwarped product structure simplifies computations, and general
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fibred boundary and fibred cusp metrics may be deformed to ones of this type without
affecting the Hodge cohomology.

These metrics, or at least special cases of them, are all familiar, albeit in different
coordinate systems. Thus if we set x = e~’, then a b-metric becomes dt> + h on
RT x &M, so it has cylindrical ends, while the same change of coordinates transforms
a fibred cusp metric to dt? + h + e 2k, which is a standard form for a Q-rank 1
cusp when dM is a torus bundle over a torus. Similarly, if we set x = 1/r, then a
scattering metric becomes dr? + r2h with r — oo, which is the standard form of the
infinite end of a cone, and corresponds to the ALE class of gravitational instantons,
such as the Eguchi-Hanson metric. Finally, a fibred boundary metric transforms under
this coordinate change to d r2 4+ r2h + k, which is a common form for metrics in the
asymptotically locally flat (ALF) and ALG classes of gravitational instantons, such as
the Taub-NUT metric and reduced 2-monopole moduli space metric.

The obvious compactification of M as the manifold with boundary M is useful
for many purposes, but to state the Hodge theorems here, we define a new compact-
ification X by collapsing the fibres F of 6M. When F is a sphere, X is a manifold,
but in general X is a stratified space with one singular stratum, which we denote by
B (hopefully this should cause no confusion), and principal stratum M = X \ B. A
neighbourhood of B is a cone bundle with link F over B. In particular, when B is
trivial, X is the one-point compactification of M, whereas when F is trivial, X = M.
In any case, we set b = dim B and f = dim F throughout this paper. X is called a
Witt space if H//2(F) = 0, and as we explain below, the analysis is much simpler in
this case.

Our main theorems relate the Hodge cohomology of M, with either a fibred
boundary or fibred cusp metric, to the intersection cohomology of X. We refer to §2
for a review of these latter spaces and an explanation of the notation in the following.

THEOREM 1
Let (M, g) be a manifold of dimension n with fibred boundary metric. Then for any
degree 0 < k < n, there are natural isomorphisms

L% (M, g)
k k
Im (IHf+(b+l)/2_k(X, B) — IH} 1y (X, B)), bodd,
IHJIE_H]/z_k(X, B), b even,

where the notation [H Jk (X, B) is explained in §2.2.2, equation (9).

THEOREM 2
Let (M, g) be a manifold of dimension n with fibred cusp metric. Then for 0 < k < n,
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there is a natural isomorphism
L*#"(M, g) — Im (IH} (X, B) — IHE(X, B)),

where m and m are the lower-middle and upper-middle perversities. These give the
same cohomology when X is a Witt space, in which case we write simply

L2 (M, g) = IHE (X, B).

The perversity functions that arise in Theorem 1 are somewhat nonstandard, but they
appear naturally in this problem. We shall return in another paper to a closer examina-
tion of the relationships between perversity functions and weighted L?-cohomologies
in these and other related geometric settings. However, for now, note that an interest-
ing special case occurs when F is the sphere S/, in which case X is a manifold and
intersection cohomology reduces to ordinary cohomology. Then Theorem 1 becomes
the following.

COROLLARY 1

Let (M, g) be a manifold of dimension n with a fibred boundary metric where the fibre
of Y = O0M is a sphere; thus M is identified with the complement of the submanifold
B in the compact manifold X. Then for any degree 0 < k < n, there are natural

isomorphisms
H*(X,B), k=<5,
LM, g) = { H(X), b<k<n-5, (1)
HYX\B), k=n—3%
if b is even, and
[ H (X, B), k<l
Im (H*(X, B) — H¥(X)), k="t +1,
L2 (M, g) = | H (X), Hl<k<n-51 O
Im (H*(X) — H*(X\ B)), k=n-"H,
| H*(X \ B), k>n-21

if b is odd.
The specialization of Theorem 2 is even simpler.

COROLLARY 2
Let (M, g) be a manifold of dimension n with a fibred cusp metric, where F = S
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as in the previous corollary. Then the compactification X is a manifold, and for any
degree 0 <k <n,

L** (M, g) = H*(X).

Two degenerate cases of Theorems 1 and 2 are fairly well known.

THEOREM 1A
Let (M, g) be a manifold of dimension n with scattering metric. Then there are natural
isomorphisms
H*(M, oM), k <n/2,
L*#M(M, g) — {Im (H¥*(M,oM) — HY(M)), k =n/2,
H*(M), k> n/2.

THEOREM 2A
Let (M, g) be a manifold of dimension n with b-metric. Then for any degree 0 < k <
n, there is a natural isomorphism

L*#*(M, g) — Im(H*(X, B) - H*(X — B)) = Im(H"(M, oM) — H*(M)).

Theorem 2A is proved in [2], while Theorem 1A is stated in [57], but the proof does
not seem to be readily available in the literature. We prove these first as a warm-up to
the more general cases because the proofs are structured similarly but present fewer
analytic and geometric demands.

In all these results, but particularly in the latter two where the notation is more
familiar, it is apparent that the topological expressions on the right depend on the strat-
ification (X, B) and not just on X. The traditional hypotheses about perversities were
designed to make the corresponding intersection cohomology spaces independent of
stratification, but as explained in §2, this independence is lost in certain degrees be-
cause of our use of slightly more general perversity functions.

As already indicated, there is a simpler proof of Theorem 2 when X is a Witt
space. The reason is that with this hypothesis the range of d is closed in all degrees,
and so the space of L? harmonic forms is isomorphic to the L?-cohomology. One can
then directly apply techniques of [68] which are mainly sheaf-theoretic and topologi-
cal. We discuss this further in §5.5. Note that since L>.7""/>(M, g) depends only on
the conformal class of g, we can also compute the middle degree Hodge cohomology
for fibred boundary metrics when X is Witt. In fact, this case shows a trick that is
used to prove Theorem 1 in certain cases: if k < n/2 and w € L2#X(M, §), then
o Ay e L2 KM x §"2, g), in particular, is a middle-degree class, where § is
the product of a fibred boundary metric on M and the standard metric on the sphere,
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and where 7 is the volume form on $” 2%, The easier analytic argument now works
provided the compactification X x "% is a Witt space, which requires that both
HUHm/2=k(Fy = g¥=(f+mM/2(F) = 0 (one of which is of course always true). This
can always be used, for example, to reduce Theorem 1A to a simple special case of
Corollary 2, which follows easily from Theorem 2A. In the end, however, this would
express the Hodge cohomology for a fibred boundary metric in terms of the homology
of a different space altogether and hence is certainly less preferable.

In any case, when X is not a Witt space, one needs to do something to confront
the main issue that the range of d is not closed. The analytic machinery we introduce
in §§4 and 5 provides one avenue for doing this. Another possible approach involves
Carron’s notion in [12] of nonparabolicity at infinity. In fact, Carron has used this
method to characterize the L?-cohomology of arbitrary complete Riemannian man-
ifolds with flat ends. There is a substantial, but not complete, overlap of his results
with ours; we comment on this further in §6.

Other work very closely related to ours is a forthcoming paper by Cheeger and
Dai [17] concerning the L?-cohomology of cone bundles. It is likely that we could
deduce some of their results using the methods here and using parametrices in the
edge calculus (see [53]). Their methods should certainly give some of our results too.

Hodge theorems are of course closely related to index theorems, and Theorems 1
and 2 imply a signature formula.

COROLLARY 3
Let (M, g) be a fibred boundary or fibred cusp metric. Then

sgng2(M, g) = sgn (Im (IH; (X, B) — IH:(X, B))).

This corollary is very closely related to the signature theorem for fibred cusp metrics
proved by Dai [25, Theorem 3] in a special case (using Miiller’s L? index theorem for
manifolds with ends which are locally symmetric of QQ rank 1), and in more generality
by Vaillant [67, page 103]. This theorem of Dai and Vaillant states that

sgn;2(M, g) = sgn (Im (H*(M, 0M) — H*(M))) + t, 3)

where the final term is the 7-invariant of the fibration of 6 M defined by Dai [25].
Combining this with the above corollary gives the very interesting equality

t = sgn (Im (IH}; (X, B) — IH:(X, B))) — sgn (Im (H*(M, 0M) — H*(M))).
“)
We discuss this further in §§6 and 7, and we shall explore this identity in another
paper.
Our initial and primary motivation for this work came from predictions arising
in duality theories in string theory, some of which we describe in §7. In particular,
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physicists have predicted the dimensions of the spaces L2.7#* on the moduli space
of magnetic monopoles on R3 (see [63]), multi-Taub-NUT gravitational instantons
(see [64]), quiver varieties (see [60]), and certain G- and Spin(7)-manifolds (see
[10]). In many of these cases, the metrics are of fibred boundary type, and our The-
orem 1 confirms most of these predictions. A notable exception is the prediction for
the G,-manifold in [10], which our results prove is false. Most of these results have
been or could be proved by techniques available in the literature (see [43], [67]). In
particular, as we explain in §6, taking [43] into account, Dai’s signature theorem in
[25] suffices to calculate L2.#* for all hyperkihler metrics of fibred boundary type,
that is, all known gravitational instantons. Our methods and results give a unified ap-
proach and have the advantage of using only basic asymptotic properties of the metric
rather than any refined properties, for example, having a large symmetry group or
special holonomy group. Moreover, the interpretation of Hodge cohomology in terms
of the intersection cohomology of a compactification is very much in the spirit of the
original Hodge theorem for compact manifolds. We hope (see [22]) that the results
here, as well as those in [46], suggest the correct form for a general result that would
encompass the remaining cases of these predictions.

This paper is organized as follows. In §2 we review L2-cohomology and the ba-
sics of intersection theory, focusing on spaces with only one singular stratum. We also
define two different versions of weighted L2-cohomology. A review of the proof of
the Hodge theorem for compact manifolds is presented in the brief §3; this provides
the basic analytic structure for the proofs of our main theorems, and we emphasize
here the main analytic points for which replacements are needed. The Hodge theo-
rems for b- and scattering metrics are proved in §4; this is accompanied by a review
of the requisite analysis of b-pseudodifferential operators. The more general Hodge
theorems are proved in §5, first by identifying the Hodge cohomology with weighted
cohomology, and then by relating weighted cohomology to intersection cohomology.
We briefly explain the relationship of our results to those of Dai, Vaillant, Cheeger,
Hitchin, and Carron in §6. Finally, in §7, we discuss the special cases of these the-
orems which provided our original motivation, where M is one of the gravitational
instantons of currency in physics.

2. Cohomologies
We discuss various cohomology theories (in a loosely construed sense) that play sig-
nificant roles in this paper.

As a general word about notation, if . is some function space on the Riemannian
manifold (M, g), then .%Q*(M) denotes the space of sections of the exterior bundle
A* (M) with this regularity. When .% = L? or a Sobolev space, then we indicate the
dependence on the metric by writing % Q*(M, g).
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2.1. L?- and Hodge cohomology
We start with a review of some facts about L2-cohomology and its relationship to the
space of L2 harmonic forms.

The absolute cohomology H*(M) of a general (open) manifold M is identified
with the de Rham complex of smooth forms with unrestricted growth at infinity:

co > RO (M) — TR (M) — e (M) — -

Similarly, its compactly supported cohomology Hf (M) is computed by the de Rham
complex of smooth compactly supported forms:

e RO (M) — RN M) — AT M) — - ()

It is well known (see [26]) that these same cohomologies can also be computed using
the complexes of distributional forms (4 ~>*°Q*(M), d) and (%O_OOQ* (M), d). How-
ever, there are many interesting complexes incorporating restrictions on regularity and
growth at infinity between these extremes. The most popular of these (for good reason)
is L2-cohomology in the presence of a Riemannian metric. To define it, complete the
differential complex (5) with respect to the norms on the exterior bundles associated
to g and the volume form dV, so as to obtain the Hilbert complex

c— L2QN (M) — LPQy(M) — LPQT (M) — - (6)

Strictly speaking, this is not a complex since the differential d is defined at each
stage only on a dense subspace. Thus the space of degree k should be defined as
{we L?PQY(M, g) : dw € L>Q1 (M, g)} € H'Q¥(M, g). The cohomology of (6)
is called the L2-cohomology of M and denoted H(*z) (M, g). In other words,

H (M, g)
={oe L?Q"(M,g) : do =0} /{dy: n e L?Q"1 (M), dn e L*Q(M)}.

To set this into context, recall the Kodaira decomposition theorem, which states
that for arbitrary manifolds, there is an orthogonal decomposition

L*Q"(M, g) = L* 5 (M, g) @ d6{°Q+ 1 @ 665k, (7)

where the first summand consists of forms @ € L>QF(M, g) such that both dew =
dw = 0. This is the space of L? harmonic fields, or Hodge cohomology, and is our
main object of study. The proof of the Kodaira decomposition is closely related to
the essential self-adjointness of d + J on L2Q*(M, g), which in turn follows from
Gaffney’s L? Stokes theorem (cf. [26]). It follows from this that the subspace of closed
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forms is precisely the sum of the first two summands here, and hence

Hpyy (M, g) = L (M, g)

@ {dn e L*Q"(M, g) : n € L*Q' ()} /{dn € L2Qk (M), n e L2y~ (M)}

In particular, when the range of d from L2QF~! to L2QF is not closed, then
H ("2) is infinite-dimensional. This behaviour occurs in many instances, for example, on
Euclidean space, and indeed is the reason for some of the difficulties in understanding
L?-cohomology. However, we can define the reduced L?-cohomology

Hy (M. g)
={we L2Q"M, g) : dw = 0} /{dn € L2Q*(M, g), n € L2QF1(M, g)}.

Combined with (7), this gives the useful isomorphism
—k ~
Hy (M, g) = L* "M, g),

which reveals the surprising fact—certainly not apparent from the basic definition—
that Hodge cohomology is invariant under quasi-isometric changes of the metric. In
other words, if two metrics are comparable, g’ < cg, g < ¢’g’ for constants ¢, ¢’ > 0,
then ﬁ?z)(M , %) is the same when computed with respect to either metric, and hence
the same is true for L2.7*(M, ). Moreover, if H(kz) (M, g) is finite-dimensional, then
it is naturally isomorphic to L2 (M, g).

Reduced L?-cohomology is not quite as tractable as it might appear. For ex-
ample, it is quite important in calculations that there is a Mayer-Vietoris sequence
for unreduced L2-cohomology, but this is true only in special cases for reduced L2-
cohomology.

2.2. Intersection cohomology
We now review some definitions and facts about the intersection cohomology of strat-
ified spaces.

2.2.1. Generalities
Let X be a stratified space of real dimension n with no codimension one singulari-
ties. We always assume, without further comment, that this space satisfies some extra
hypotheses: if a point ¢ € X is contained in the stratum of codimension ¢, then it
has a neighbourhood % diffeomorphic to ¥ x C(L), where ¥ is diffeomorphic to
a Euclidean ball and is contained in that stratum and C (L) is the cone over a link L,
which itself is a stratified space (of dimension £ — 1).

A perversity p is an n-tuple of natural numbers (p(1), p(2), ..., p(n)) satisfying
p(1)=pR)=0and p(¢—1) < p(f) < p(£—1)+1forall ¢ < n. Associated to such
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aspace X and perversity p is the intersection complex / C;(X), where, roughly speak-
ing, the integer p({) regulates the dimension of the intersection of generic chains with
the stratum of codimension ¢. The homology of this complex is the intersection ho-
mology IH? (X). The dual intersection cohomology IH;," (X) is more relevant to our
purposes.

The following result is fundamental.

PROPOSITION 1 (see [37])

Let X be a stratified space, and let (£*, d) be a complex of fine sheaves on X with co-
homology H*(X, .Z). Suppose that if % is a neighbourhood in the principal (smooth)
stratum of X, then H*(% , £) = H*(% , C), while if q lies in a stratum of codimen-
sion € and % = ¥ x C(L) as above, then

IHE(L), k<€—2-p(0),

H"(%, %)= IH"(w) =
( ) p (%) 0, k>¢—1—p().

@®)

Then there is a natural isomorphism between the hypercohomology H*(X, £*) as-
sociated to this complex of sheaves and IH;< (X), the intersection cohomology of per-
versity p.

Thus intersection cohomology with perversity p may be calculated using any fine
sheaf so long as its local cohomology satisfies (8), which we refer to as the local
computation (see also [18] and [7] for more on this).

This proposition is modified later in Section 2 to provide a link between weighted
cohomology and intersection cohomology.

2.2.2. Intersection cohomology for spaces with only two strata
Suppose now that X has only two strata: the principal smooth stratum and the stra-
tum of codimension ¢, which we denote B. For convenience we assume that B is
connected, although all results here generalize easily to allow B to have many compo-
nents (even of different dimensions, so long as their closures are disjoint). We denote
by F the link associated to any point ¢ € B. This is a smooth compact manifold
of dimension ¢ — 1 with trivial stratification, and IH‘;‘(F ) = H*(F) no matter the
perversity p. We associate to X the manifold with boundary M which is obtained by
blowing up B, that is, replacing B by its spherical normal bundle. (This may be vi-
sualized as the complement of a tubular neighbourhood of B in X.) Notice that 6 M
fibres over B with fibre F.

The only part of the perversity which affects /C;(X), and hence /H; (X), is the
value p(£). The basic hypothesis on p implies that 0 < p(£) < ¢ — 2, and by (8),
only the spaces H k (F),0 < k < ¢—2— p(0), are relevant for the calculation
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of these intersection spaces. We now introduce an extension of these definitions by
allowing p(¢) to take on any integer value. This does not give anything dramatically
new; when p(£) < —1, the local calculations (8) agree with those for the computation
of H*(X — B) = H*(M), whereas when p(£) > ¢ — 1, then they agree with those for
the computation of H*(X, B) = H*(M, dM). Thus for any j € Z we fix the notation

H*(X -B), j=-1,
IH;.*(X, B) = [Hy (X), O0<j<t-2, ©)]
H*(X, B), j=t—1,
where in the middle case, p is any perversity with p(€) = j.
We note some properties of these extended groups. First,

IH} (X, B) = IH] =} .(X, B),

just as with the standard intersection cohomology groups. Next, suppose that X is
smooth and endowed with the stratification (X \ B, B), where B is just a distinguished
smooth (n — £)-dimensional submanifold. The link at any point ¢ € B is S‘~!, and
soif % = ¥ x C(S'~!) is a neighbourhood of a point ¢ € B, then

IHE (S = HY (S, k<t—2—p(0),

IHY (%) =
p(#) [o, k>¢—1—p().

If0 < p(€¢) < ¢ — 2, this equals C for k = 0 and 0 for k& > 0, which is the
same local calculation as for the ordinary cohomology of a smooth manifold; hence
IH;.“ (X, B) = H*(X) in this case. As expected, this is independent of the subman-
ifold B, and hence of the choice of stratification of X, because the perversity p is a
traditional one. However, in the other cases, when j < —lorj > ¢ — 1, IHJ’.‘(X , B)
depends strongly on B. We also remark that this extension allows us to consider spaces
with a codimension one stratum, that is, a boundary. In this case, the link of a point
on the boundary is any point, so the local calculations corresponding to j < —1 and
J = 0 give absolute and relative cohomologies, respectively.

This use of nonstandard perversities is now common in intersection theory; for
example, they enter into calculations of weighted cohomology on locally symmetric
spaces (see [60]).

Now we return to the class of manifolds of interest in this paper, where M is the
interior of a compact n-dimensional manifold with boundary M, such that &M is the
total space of a fibration with base B and fibre F, dim B = b, and dim F = f. M has
two natural compactifications: the first, M, is obtained simply by adding &M, while
the second, X, is the result of collapsing the fibres of 0M in M. We write the image
of 6M in X as B. Thus X is a stratified space with a single singular stratum, B, of
codimension £ = n — b.
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Let us calculate the extended intersection groups IHJ’-" (M, B). The first step is to
localize the calculation around B. Let N (B) denote a normal neighbourhood of B, so
that X = M U1 N(B). The overlap M N N (B) retracts onto 6M = dN(B). For each j
there is a Mayer-Vietoris sequence

—> IH}(M, B) — H"(M) ® IH} (N(B), B) — H*(0M) —

This is elementary since M N N (B) retracts onto a compact subset of X \ B. In any
case, it suffices to calculate the groups IH jk (N(B), B).

Assume that (.Ej?“, d) is a complex of fine sheaves, the hypercohomology of which
is isomorphic to IH]’." (N (B), B). Choose an open cover {%,} of B in X such that the
bundle M — B is trivial over each %,; this lifts to the cover % = {¢~" (%)} of
N(B). The bigraded complex of Cech cochains with coefficients in .EJT“,

d d d
O, 2 =\ 2H = u. 2
d d d
@, 2 -l g = L)

d d d

', L)) —c\u, ) —— (%, 30) 2 ...

has hypercohomology that can be calculated using either of the two associated spec-
tral sequences (cf. [8]). Consider first the spectral sequence that starts with with the
vertical differential d. Any intersection of neighbourhoods ¢~!(%,) is of the form
(0,5) x F x %', where % is an intersection of the neighbourhoods %, in B. The
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local calculation (8) gives that the E1-term of the spectral sequence is

CO@, B (F)) — € (@, B2 (F) — > CX (%, B2 (F) ——>

(%, H'(F)) — > cY (%, H\(F)) —>—> C*(%., H'(F)) ——~

CO(%. HO(F)) ——— €' (% HO(F)) —"— C>(%. H'(F)) ——

In all the rows below level £ — 1 — j, this is the same as the Ej-term of the Leray-
Serre spectral sequence for the bundle 6M — B, but all rows at level £ — 1 — j and
above are set to zero. The next differential, dy, is the horizontal Cech differential .
Using it to calculate the E-term gives a bigraded diagram that agrees below level
J with the E>-term of the same Leray-Serre spectral sequence. The higher terms Ej
of this truncated Leray-Serre spectral sequence converge to the extended intersection
cohomology IH]’.k (N(B), B).

One can, for example, see by examining the further terms of the resulting spectral
sequence that this truncation does not change the limit E74 for p +¢qg <€ —1 — j.
Thus fork < £—1—j,> ., EP? = IHJ’.‘(N(B), B) = HX(@M). Using this in
the Mayer-Vietoris sequence, we find that fork < ¢ —1— j, IH Jk (M, B) = H*(M).

2.3. Weighted cohomology and intersection cohomology
As we have already explained, one difficulty with L?-cohomology is that in many
cases the range of d is not closed; this leads to the (somehow spurious) infinite di-
mensionality of the quotient spaces. There are many ways to circumvent this, each of
which involves a perturbation of the Hilbert spaces L2Q*(M). One possibility is to
use an L”-completion, p # 2 (cf. [69]), but the loss of the Hilbert space structure is
unfortunate and unnecessary. An alternate and preferable method involves the use of
weighted L2-norms. The associated theory is called weighted cohomology.

We do not attempt a general definition of weighted cohomology, but specialize
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directly to the cases of interest here. Thus let M be a compact smooth manifold with
boundary, with boundary-defining function x. If ¢ € R, then x?L?(X) is the space
of all functions (or forms) u = x%v, where v € L%(X ). In the following, fix a fibred
boundary metric gg, and a fibred cusp metric gg. on X; we may as well assume that
gfe = x%gg,. We also use the notation Qj and Qf . This is explained in §5, but for now
we say only that this denotes the normalizations of the exterior bundle corresponding
to g and gg. which are best suited for computations.

Definition 1
For a € R, define the Hilbert complexes

= XULPO TN (M, gre) — xLPQE (M, gre) — x*L2QET (M, gre) — -+ (10)

and

= xTNL2QN N (M, g) — x“LPQK (M, gp)
— x 20N (M, g) — -+ (1)

as completions of the de Rham complex of smooth compactly supported forms
with respect to the stated norms at each degree. We then set W H*(M, g, a) and
W HX(M, gg,, a), respectively, to be the cohomology of these two complexes ar de-
gree k. Thus

{w € x“LzQ]fcc(M, gfe) i dow = ()}

WH"(M, gre, a) = -
{d77 ‘ne xaLZQlfcc I(M, gfc), dn € xaLZQ]f(C(M, gfc)}

(12)

and

{a) € x“LZQIf‘b(M, gm) i dw = 0}

W HN(M, gp, a) = :
{dn:n e xa=1L2Q5 (M, gw), dn € x9L2Qk (M, gp)}
(1

3)

We suppress the metric in this notation when it is unambiguous. Since fibred boundary
and fibred cusp metrics are conformally related, these two cohomologies are essen-
tially the same. More precisely,

W H*(M, g, a) = WH*(M, gre, (n/2) — k + a). (14)

Thus for the remainder of this section we discuss only W H*.
Our main goal now is to relate the weighted cohomology for fibred cusp metrics
to intersection cohomology.
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PROPOSITION 2
Suppose thatk — 1 +a — f/2 #0for0 <k < f. Then

WH*(Mn 8fc» (1) = IH[Z+]‘/2](X3 B)n

where [a + f/2] is the greatest integer less than or equal to a + f/2.

Proof
We prove this by considering the complex of sheaves associated to x*L2, so that its
hypercohomology equals W H*(M, a), and show that its entries satisfy the appropri-
ate local calculation (8). In order to apply Proposition 1, however, we must first show
that this sheaf is fine.

For each k, define the presheaf

L2Q% (), % NB =4,

LXw) =
« ) XOL2Q (% \ (% N B)), % NB#9,

where the notation in this last line should be self-explanatory. The associated sheaf is
denoted Z¥.

In general, the sheaf of (weighted) L?-forms on the compactification of a man-
ifold is not fine unless one has a good partition of unity, that is, such that the cutoff
functions y, have gradients that are bounded uniformly in a. However, such parti-
tions of unity are easy to construct for fibred cusp metrics (cf. the essentially identical
discussion in [68, proof of Proposition 4.4]). We construct a good cover and partition
of unity on M as follows. First, choose a finite cover {%,} of (the interior of) M such
that all j-fold intersections of these sets are contractible. Choose a similar cover {¥3}
of B, and let OZ/ﬁ’ = gb_l(“f/ﬁ) x (0, €), where ¢ : 6M — B. Then for € sufficiently
small, {%,, 02//)4} = {%y” } is a good cover for M. Now choose a partition of unity
{ X;’}, where the elements satisfy no additional extra requirements over sets not inter-
secting M but which have the form ¢* 25 (¥) x (x) on neighbourhoods intersecting the
boundary; then it is easy to see that |d x,/| < C uniformly in a, as required.

Now turn to the local cohomology computation, following the discussion in [68,
§2]. Over neighbourhoods not intersecting B in X, we apply the standard Poincaré
lemma. On the other hand, suppose that %7 = ¥ x F x (0, €), where ¥ C B. First,
by an adapted form of the Kiinneth theorem, the (weighted) L?-cohomology of the
product neighbourhood % is the same as the weighted L2-cohomology of F x (0, €);
this is valid since the weight function x¢ does not depend on y € ¥'. This reduces us
to computing W HX(F x (0, €), dx?/x* + x*kF, a), where for the moment we write
the metric on F as kr to distinguish it from the form degree. Setting r = —logx to
accord with the notation of [68], and regarding the weight as a norm on the trivial
local coefficient system, then the conclusion of [68, Corollary 2.34] is the following.
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1) W H*(X, a) is finite-dimensional; that is, the denominator in its definition is
closed if and only if the same is true for WH/ ((0, €), dx? /x>, k — j +a —
(f/2)), and simultaneously H*~/(F) #0, j =0, 1.

(i)  If this condition is satisfied, then

WH*(X,a) = WH°((0, ), dx*/x*, k + a — f/2) ® H"(F))
® WH'((0, €),dx*/x* k — 1 +a — f/2) ® H*(F)).

In fact, this follows once again from the Kiinneth theorem in [68]. We have

C, b<O,

WH®((0,¢), dx*/x*, b) = .
0, otherwise,

whereas WH'((0, €), dx%/x2,b) = 0 if b # 0 and is infinite-dimensional when
b = 0 (the range of d is not closed at weight zero).
Returning to the local calculation, we deduce that

WH" % ,a) = (WH®((0, €), dx*/x* k +a — f/2) ® H*(F))
® (WH'((0,5), dx*/x* k — 1 +a — f/2) ® H'(F)).
Since we are assuming thatk — 1 4+a — f/2 # 0 when 0 < k < f, we obtain finally
WH*% ,a) = WH((0, ), dx* /x>, k +a — f/2) ® H*(F)

~ |HYF), k< f/2-a,
~ o, k> f/2—a.

Since the codimension of B is f + 1, this is the same as the local calculation for
IH;(X) when p(f +1) = [a + (f/2)]. ]

A closer reading of this proof, which we leave to the reader, gives the following.

COROLLARY 4
When a is sufficiently large, then

WHNM, gie,a) = W H*(M, g, a) = H (M)

and
WHN(M, gie, —a) = # H*(M, gp,, —a) = H*(M, oM)

foreveryk =0, ...,n. If F =, then these equalities are true for any a > 0.
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2.4. Representing intersection cohomology with conormal forms

It is quite useful later to be able to represent classes in intersection cohomology with
forms having some better regularity, especially near B (or, in the other compactifi-
cation of M, near aﬁ). On a manifold with boundary, a natural and useful replace-
ment for smoothness at the boundary is conormality. This is closely associated with
b-geometry, which is discussed in §4.1, and we refer ahead to that section for the
definition of the space of b-vector fields #;,(M). For now, we say less formally that
V € ¥, if it is a smooth vector field on M and is tangent to M. Let y € R, and
define the space of conormal functions of order y by

A7 (M) ={u:|Vi---Veu| <Cx”, V€and Vj € %}.

Clearly, any conormal function is ¥*° in the interior of M, and it has full tangen-
tial regularity at the boundary. This definition extends directly to sections of vector
bundles.

We now define a complex of conormal forms. As we discuss later (cf. §5.1), the
operator d acting on Qf (M) involves differentiations with respect to elements of 7,
but also involves the nonsmooth term x ~!dr. Hence we set

QM) = {o € F°Q (M) : da € QT (M)},

so that (& ch’o(M ), d) is a complex. In essence, forms in this complex have a de-
composition = 5o + 7', where 5’ € < “HQF‘C(M ) and 7o € &/“Q5 (M) is fibre-
harmonic as defined in §5.

It is well known (cf. [56, Proposition 6.13]) that the relative and absolute coho-
mology of a manifold with boundary can be calculated using complexes of conormal
forms. Generalizing this, we have the following.

PROPOSITION 3

The cohomology of the conormal complex (o7~ 1/ 2(2}“6 o(M), d) is isomorphic to the
weighted cohomology W H*(M, g, a). Provided k — 1 ’—l—a —f/2#0for0 <k < f,
it is also isomorphic to IH[Z+f/2] (X).

The argument to prove this is nearly identical to that for Proposition 2. The point
is simply that </“QF (M) is the space of global sections of a free sheaf, the local
cohomology of which satisfies the same local calculation as the sheaf of appropriately
weighted L2-forms. We omit the details.

3. Review of the compact Hodge theorem
Despite some trade-off in work, we mainly use the Hodge—de Rham operator D, =
d + Jg rather than its square Df, = Ay, the Hodge Laplacian. We now review one
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proof of the standard Hodge theorem on compact manifolds which is phrased in terms
of Dy; this is intended as a guide for the analogous arguments in the various noncom-
pact settings considered below and is also meant to draw attention to certain analytic
aspects of the argument which are standard when M is compact, but not so straight-
forward in these other settings.

Recall the two most important components of the argument when M is compact.
First, the ellipticity of the self-adjoint operator D = d + J (we drop the subscript g
from now on) shows that it has a generalized inverse G, which is a pseudodifferential
operator of order —1. Write L?.¢*(M) = ker(D), and let I denote the orthogonal
projection L>Q*(M) — L2#*(M), so that GD = DG = I — II. Implicit in
this equation is the fact that the kernel and cokernel of D are both identified with
L2.*(M). We have

G : H'Q*(M) — H*T'Q*(M),
I1: H°Q*(M) — €>°Q*(M), foralls € R, (15)

and of course II is finite rank. Also, d and 6 commute with G. It follows directly
that D is Fredholm, for example, on L2Q* (M). Furthermore, (15) also shows that
the de Rham cohomology H* (M) can be calculated using any one of the complexes
CCQ (M), LZQ*(M), or €~°Q*(M), that is, the complexes of smooth, L% or
distributional (current) forms.

Now to the argument. First, let w € L2k (M). Then Do = 0, and since w is
smooth, there is no problem in the integration by parts,

(D*w, ®) = (Do, Dw) = ||do|* + ||do|?,

so that dw = dw = 0. In particular, o is closed and [w] € H*(M) is well defined.
This defines a map
@ : #5(M) — HYN(M).

We must show that @ is both injective and surjective.

Suppose @ (w) = [w] = 0; that is, suppose @ = d{ for some (k — 1)-form (.
We may assume that we are calculating using the complex of smooth forms, so we
can choose ¢ to be smooth. Since there are no boundary terms to worry about, we can
integrate by parts to obtain

loll* = (@, d¢) = (do, ) =0, (16)

and so @ is injective.
Next, let [#] € H*(M), and choose a smooth representative 7. Applying GD =
I — I1 to it yields

n=D¢+vy, wherel =Gy, y =1Ix. a7
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By (15) again, ¢ € €°°Q¥, and of course the same is true for y € L>.7*. Because D
and G act on forms of all degrees together, we do not know yet whether ¢ is of pure
degree k — 1 or y of pure degree k, so we argue as follows. Write
0 =n—di—vy;

then

161> = (8¢, n —dg — ) = (¢, dn—d*¢ —dy) =0.
Hence 7 = d¢ + y, where y € L?¢*(M). Now, clearly, neither ¢ nor y has terms
of degree other than k — 1 and k, respectively. This establishes surjectivity of ® and
completes the proof.

When (M, g) is noncompact, each of these steps may fail in a variety of ways,
and our main task is to show that they can be justified for fibred boundary and fibred
cusp metrics. Most fundamentally, D may no longer be Fredholm on L?Q*, and so we
must find some other function space on which it does have closed range. In fact, in our
cases it is Fredholm on a scale of weighted L2-spaces, and we must study the action
of D on these spaces. In particular, we wish to find function spaces X and Y such
that D : X — Y is Fredholm with cokernel identified with L?.7*(M). This serves
as the replacement for (17). To justify the various integrations by parts, we must also
establish that elements of L2.5#*(M) decay at some definite rate at infinity and also
show similar decay and regularity properties for the forms (.

4. Nonfibred ends
Although the L? Hodge theorems for b- (cylindrical) and scattering (asymptotically
Euclidean) metrics, Theorems 1A and 2A, are already known, we nevertheless present
here proofs of these results which address some (but not all) of the difficulties encoun-
tered in the general fibred boundary and fibred cusp cases.

We sometimes denote the Hodge—de Rham operator for a b or scattering metric by
Dy, or Dy, respectively. Recall from the end of §3 that we need to find function spaces
on which these operators have closed range, and we must also establish various decay
and regularity properties for the L? harmonic forms, as well as for the other auxiliary
forms that enter into the proof. To obtain these properties, we use the machinery of
the b-calculus (see [56]; cf. also [53]). In other words, we adopt the point of view that
in either case D is an elliptic element in an appropriate ring of degenerate differential
operators on the manifold M. Mapping and regularity properties of these operators
can be investigated using a parametrix for D constructed in an associated calculus of
degenerate pseudodifferential operators.

4.1. b-metrics and operators
Let g be an exact b-metric. Associated to it is the space of b vector fields ¥}, which
by definition is the Lie algebra of all smooth vector fields on M which are tangent
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to OM. In a coordinate chart (x, yi,..., y,—1) near 6M, where (y1,..., y,—1) are
coordinates on dM extended to the collar neighbourhood % and x is a boundary-
defining function, any Z € ¥}, can be written as
n—1
Z =a(x, y)xo, + ij(x, ¥)dy;, a,bj € € (M).
j=1

Notice that ¥}, contains precisely those smooth vector fields on M which have point-
wise bounded norms with respect to any b-metric. The vector fields xoy, dy; form a
local spanning set of a vector bundle over M called the b-tangent bundle, 7 M. This
bundle is canonically isomorphic to the ordinary tangent bundle 7 M only over the in-
terior, M, of M, but the canonical map >T M — T M given by evaluating sections at a
point extends to a map that is neither injective nor surjective over 0 M; its null space is
one-dimensional and is spanned by xd,. The dual of °T M is the b-cotangent bundle,
bT*M, which is locally spanned by the one-forms dx /x, dy - We write g A" M and
©>°Q; (M) for the exterior powers of this bundle and its space of smooth sections,
respectively.

A differential operator P on M is called a b-operator if it can be written locally
as a sum of products of elements of ¥;. Thus in these coordinates,

P= D ajqalx,y)(x8,) 0!

Jjtlal<m

with all coefficients aj, € € (M). If P is an operator on a space of sections of a
bundle over M, then the coefficients a; , are smooth endomorphisms of the bundle.
The b-symbol

Pom(P)0, y; & =i7" D ajalx, NE "

Jtlol=m

is invariantly defined as a homogeneous function on ?T*M, and P is elliptic in this
setting if ”o,, (P) is nonvanishing (or invertible if P is a system) for (&, 5) # 0.

Our primary example of a b-differential operator is the Hodge—de Rham operator
D = d + 6 with respect to a b-metric g on M. To illustrate the definitions above, we
determine its form now, assuming that the metric # which appears in the decomposi-
tion of g does not depend on x in the boundary neighbourhood % .

Near 0M any element of Q]lj (M) can be written as

d
w:a—i——x/\ﬁ,
x

where a (x, y) and f(x, y) are families of k- and (k — 1)-forms, respectively, on 6 M
depending on x as a smooth parameter. The L?-norm is given by

dxdy
||w||2=/M(|a|i+|ﬂ|i) .

X
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Since b-metrics are special cases of fibred cusp metrics, where the fibration
OM — B has trivial fibres, we cohere with the more general notation of this paper
and identify 0 M with B. The induced differential is written dg, and the codifferential,
induced by the metric # on B, is written dp. We have

dx
do =dpa + — A (x0ya —dpp), (18)
X
d
S = Sga — x0:f — 2 A S (19)
X

Finally, the b symbol of D is computed just as in the standard case, so that if & =
(& n) € °T*M, then’o (D) =i (¢ A -+ 1-). This gives the following.

PROPOSITION 4

The operator
D=d+06: QM) — €°Q(M)

on (M, g) is an elliptic b-differential operator of order 1.

Remark. It is natural to write forms in terms of the b covector fields dy; and dx/x
since these have (essentially) unit length, but it is also important since, in a poorly
chosen coframe, the expression of D might no longer be a b-operator. For example,
this is the case if we use the standard basis dx and dy;.

Unlike the usual interior calculus, symbol ellipticity alone is not enough to determine
whether a b-differential operator P is Fredholm. For this, one must also use another
model for P called the indicial operator /p. This operator acts on functions on B, X
R:F and is invariant with respect to dilations in s; for a general P written as above,

Ip= > aj.(y)(sd,)/8.
J+lal=m

To analyze this operator we use its dilation invariance. Thus, conjugating /p by the
Mellin transform in s,

dsdy

>
N

o0
s, ) = uwro3) = [ s7uGs.) y eC,
yields the indicial family, /p (y ), which is a holomorphic family of elliptic operators
on B (when P is b-elliptic). By the analytic Fredholm theorem, this family is either
never invertible for any y or else is invertible for all y € C\ A, where A is a discrete
set of complex numbers called the indicial set, the elements of which are called the
indicial roots of P. It is not hard to see that the first possibility never holds. We use an
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alternate (equivalent) characterization of this indicial set which is more intuitive and
certainly easier to calculate:

y € A<= 3¢ € €°(Y) such that P(x” #(y)) = O(x’ 1), where Y = oM.

Notice that P(x” ¢(y)) = O(x7) for all y and ¢, and so y € A if and only if there is
some additional cancellation, which arises precisely when there is an element s7 ¢ (y)
in the null space of Ip.

Again we illustrate this through the operator D. Since we are assuming that A
does not depend on x in %, we can identify /p with D near 6 M, and so all approx-
imate solutions of Dw = 0 in the sense above are exact solutions in this boundary
neighbourhood. Now write w = w'x?, where ' = o’ +dx/x A B’ and neither o’ nor
/' depend on x. Then by (18) and (19), in %,

d
D@x") = 7 Ip(y)(@) =+ (Dsa’ = p8' + = A (@’ = Dgp)).  Q0)
X
Hence y is an indicial root if and only if there is a solution @’ of the equations

Dga’ =y p, Dpp' =yd, e2y)

which implies

Aga' =y, App =7y%f. (22)
Thus y is an indicial root of D if and only if y? € spec(Ag) on Q*(B). Note that
the operators in (22) preserve the form degree and so are easier to analyze than the
operators in (21). However, arbitrary solutions of (22) do not necessarily satisfy (21);
in other words, we must be cautious not to introduce spurious indicial roots by all
solutions of the decoupled equations. From the Kodaira decomposition on Q* B, the
only coupling in (21) is between closed k-forms and coclosed (k — 1)-forms for each k.
Thus let ¢; and y; be a complete set of eigenforms for A g on coclosed (k — 1)-forms
and closed k-forms, with eigenvalue i? and such that dg¢p; = Ay, dpy; = A;P;
for 4; # 0. If we write

a =D aj@y;, B =D i@
then (21) gives
vej=~2jBj,  vBj=72jaj,
which implies y 2 = i?, as expected. We see finally that

o =3 {(a}L n df A ﬂj)xif + (aj_ n ‘i—x A ﬁ;)x—iz‘}, 23)

where aj[,
following.

/)’f are both eigenforms of Ap with eigenvalue /13. We have proved the
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PROPOSITION 5
The indicial set A for the operator D with respect to a b-metric g consists of the
values +1, where 2> € spec(A ) acting on bQ*(M)}B.

Note here that these calculations seem to leave open the possibility that zero is a
double root, which would allow for the possibility of solutions of the indicial equation
of the form w = 'logx + «”x°. However, (20) admits no solutions of this form,
and so we see that the double root is spurious and arises merely from the algebraic
calculations above.

We conclude this section by discussing some general mapping properties of b-
operators on weighted L2-spaces as well as regularity results for their solutions.
Proofs of these theorems may be found in [56].

Let le)(M) = L*(M,dx dy/x); this is the same as LZ(M,dVg) if g is any b-
metric. We also define

HiM)={ueLy(M):Vy---Vjue Ly(M), Vj <land V; € %}
and
xny(M) = {u =x"v:ve H,f(M)},

whenever £ € Nand y € R.

PROPOSITION 6
Let P be an elliptic differential b-operator of order m, acting between sections of the
vector bundles E and F over M, with indicial set A. Then the mapping

P :x" H™™(M; E) — x7 HL(M; F)

is Fredholm if and only if y ¢ Re(¢) : ¢ € A}.

To state the final proposition, we introduce the important subspace of polyhomoge-
neous distributions, sitting in the space of conormal distributions:

N

J
(M) = {u e M) iu~ > D upalilogx) uj € %w(aM)}.
Reyj—00 k=0

These expansions are meant in the standard asymptotic sense as x — 0 and hold
along with all derivatives. The superscript * here may be replaced by an index set /
containing all pairs (y j, k) which are allowed to appear in this expansion.

PROPOSITION 7

Ifu e x7 L%(M; E) and Pu = 0O, then u € %{lg(M; E), where I is an index set
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derived from the index set A for P truncated below the weight y. If Pu = f, where
uex'LI(M;E)and f € 7' (M; F) forsomey’ > v,y ¢ Re A, thenu = v+ w,
where v € ;zfplhg(M; E)and w € o7 (M; F).

The powers y appearing in the polyhomogeneous expansion in this proposition are of
the form y; + £, where each y; is an element of the index set for P and £ € Ny. Log-
arithms can arise either from indicial roots with multiplicity greater than one or else
(as in classical ordinary differential equation theory) when two indicial roots differ by
an integer (for more details on this, see [56]). All the roots we encounter in this paper
are of multiplicity one (although this fact does not really affect the arguments much),
and we justify this in the various cases below, as we did following Proposition 5.

These results about b-operators may be proved in a variety of ways, some fairly
elementary (e.g., see [2] for the analysis of A, on cylinders using separation of vari-
ables). We refer, however, to [56] and [53] for proofs based on the calculus of b-
pseudodifferential operators. This general theory is quite flexible and is ideally suited
for the proofs of more general index theorems in the b-category. A thorough treatment
of this calculus, along with many applications, is given in [56].

We do not need to know much about these operators beyond their mapping prop-
erties, but for the sake of completeness, we say a few words about them. The calculus
by (M) is designed in part to contain parametrices for elliptic b-operators. Elements
A € ¥ (M) are characterized in terms of the structure of their Schwartz kernels x 4.
Each such x4 is a distribution on M? = M x M with singularities along the diagonal
and side faces of this double space; kernels of elements in ”¥* (M) are characterized
by the fact that they lift to distributions on a resolution sz of M? with only polyho-
mogeneous singularities. This resolution is the normal blowup of M? along its corner
and is obtained by replacing the corner (6M)? by its interior normal spherical bundle.

4.2. Analysis for scattering metrics and operators
We next consider scattering metrics on M. The analysis of general elliptic operators in
the scattering calculus is considerably more subtle than for operators in the b-calculus,
but because we only consider the Hodge—de Rham operator, various simplifications
permit us to reduce directly to the b-calculus. (Later in the paper, however, we need
to use the calculus of fibred boundary pseudodifferential operators, which is much
closer in spirit to the scattering calculus than to the b-calculus.)

Recall that a scattering metric g has the form g = g’ /x2, where g’ is a b-metric.
We define the Lie algebra ¥4 of scattering vector fields to consist of all smooth vec-
tor fields on M which have bounded length with respect to any scattering metric g.
Clearly,

Ve =xVp={V:V=xW, We¥}
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alternately, in local coordinates (x, yi, ..., yp—1) near OM, ¥ is spanned by the
vector fields xzé’x and xayj. By definition, these form the full set of sections of the
scattering tangent bundle °7T M its dual, *°T*M, is locally smoothly trivialized by

the sections

dx dyl dyn—l
The space of smooth sections of the exterior powers of this bundle is Q¥ (M).
Thus any w € €°°Q%. (M) can be written as

w:Zk:wk:Zk:(:_:er_xAﬁk“), ax, Bi_1 € E. (24)

x2 7 xk—1
An advantage of this normalization is that
dx dy
2 _ 2 2
loll? = /M D el + 151 ) —r
k

An operator P is a scattering differential operator if it can be locally written as a
finite sum of multiples of elements of %;:

P= > aju(x,y)E0) x0))%  ajq € M)

Jtlal<m

Its scattering symbol is defined as

Con(PYx,y; & m) =iT" D aja (e, <"

J+la|l=m

P is elliptic in this calculus if this symbol is invertible for (&, #) # 0.

The analysis of (A — A)u = 0 is quite different depending on whether 4 is neg-
ative or positive; for example, in the former case, solutions decay rapidly, while in
the latter they oscillate with slow decay as x — 0. Accordingly, the nature of the re-
solvent changes dramatically when 1 € spec(A) (cf. [57], [38]). Because of this, the
general theory of parametrices, mapping properties, and regularity theory for elliptic
scattering operators is fairly complicated. Fortunately, we can sidestep this calculus
by virtue of the following.

PROPOSITION &
If g is a scattering metric on M, then

D =d+6:CCQL(M) — xEP°QL(M)

C C

is an elliptic first-order scattering operator of the form D = x D', where D' is an
elliptic first-order b-operator.
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Remark. It seems initially somewhat confusing that D’ is a b-operator when acting
between sections of the scattering form bundles (normalized as above) but not when
acting between sections of the b-form bundles. We can understand why this is true,
however, when we consider that the endomorphism dx A has the same operator norm
on forms as the does the form dx. This norm depends upon the metric on M. Thus
dx/x is a unit norm endomorphism on the bundle of forms when M has a b-metric,
whereas dx/x? is the unit endomorphism on the bundle of forms when M has a
scattering metric. There is a similar shift in the power of x in the other coordinates,
so in the scattering case, an extra power of x is absorbed into the denominator of the
endomorphism part of the Laplacian. This makes D’ a b-operator on the bundle of
scattering forms, although it is not an operator on the bundle of b-forms.

Proof
Write o € €°Q% (M) as in (24), and set a = > oax, f = > fr. Then a brief
calculation gives

Po=3 (x(DBa)k — x20: B+ (n — k — Dxpi

k
X
k

dx N x2o ay — kxay — x(DBﬁ)k)

k 25)

X2 x
where (Dp(¢)r is the component of degree k of Dp¢ for ¢ = a or f. This shows
immediately that D’ = x~!D is a b-operator; it differs from Dy, where g’ = x2g
is the associated b-metric, only in terms of order zero. Of course, these affect the
indicial set A markedly. O

The mapping properties of D and the regularity properties of its solutions may be
deduced directly from the corresponding properties for D’ in Propositions 6 and 7.
Note, however, that the extra factor of x causes a shift in the weight of the function
spaces.

PROPOSITION 9
Suppose that g is a scattering metric, so that D = xD’ as above. Let A denote the
indicial set for D'. Then

D :x? HEP'QE (M) — x7 T HEQE (M)

C

is Fredholm for any € € Ny and y ¢ {R(1) : 1 € A}.

PROPOSITION 10

If o € x7 Lzﬂz‘C(M) forany y € Rand Do = 0, then o € %’th;“C(M), where
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I is some augmented index set determined by the indicial set A of D' and the cutoff
weight y. If, on the other hand, Dw = #, where 1 € x}’/“d*QZ‘C(M) for some
y' >y, thenw =o' + o with o' € o} QF (M) and o € AHQE (M).
We conclude this section with a computation of the relevant part of the indicial set
A for D'. As in the b-case, this set is determined by the spectrum of A g, but the
computation is more intricate.

First, define the numerical operators N1 and N;:

Nifr = —k—1)p, Nooy = —kay

(i.e., N1 and N, are diagonal on Q*(B) with respect to the decomposition by degree).

Let d ;
O X k—1
o= Ok, o =—+— AN —F,
o K=kt 3 N e
where all ; and f; are independent of dx. Then D (x” w) = x? I (y)(w), where

Ip(7)(@) = ((DBa + W = p)B | dx | (=DB+ (Vo + y)a)i-i )

- <k P k=1

Writing [ for Iy, this vanishes when

a '\ Dp Ny —vy a) (0
w(5)=( ey "o )(5)=(5) o

Although this equation seems strongly coupled and hence difficult to analyze,
computations can be simplified using the special structure that A = D? preserves
degree. On the indicial level this gives

Iy + 1>1<y>( ; )

(0 )
No+y +1 —Dg No+y —Dp B
-(5)
o)
Multiplying out this matrix of operators and using the easily verified fact that
[Dp, Njl =dp — dg,

we have

(AB+(N1—y—1)(N2+y) 2dg )(
20p Ap+(Na+y + 1Ny —yp)

I
N ™ R
O O
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The coupling here occurs only between closed k-forms and coclosed (k — 1)-forms.
We do not need to calculate all the indicial roots of D’, although this can be done
readily from these formulae. Instead, we focus on the special value y = n/2 — 1. This
is a critical value in our calculations because x"/? is just on the border of lying in
L2(dVg) = L2(x " 'dx dy) and we need to analyze the map D : x? "'L? — x7 L?

for y near this borderline value. Thus setting y = n/2 — 1 gives

n n n 2
(M =3) (2 +5 - ar= (5, —1) a.

O R R

Hence if w lies in the null space of Ip(n/2 — 1), then for all £ we have
n 2
(AB + (5 —1- k) )ak +2dppr-1 =0,
n 2
(AB + (5 +1- k) )ﬂk—l + 20pay = 0.

Decompose these equations using an eigendecomposition for Ap such that oy =
ayi, Pr—1 = bgr—1, where both y; and ¢ are eigenforms with eigenvalue 12>0
and dgbk_l = /ll//k, (Sl//k = igﬁk_l. Then

P+ /2 —k—1)> 2) a (0
( 2) /12+(n/2—k+1)2)(b)_(0)’

and so there are nontrivial solutions only if this matrix is singular. Its determinant
equals (1> 4 (n/2 — k)> — 1)?; hence there are no solutions unless |k — n/2| < 1.
First, if A = 0, then k = n/2 £ 1, and the null space consists of harmonic forms
0ns2—1 and B, 24 1. Next, if 42 = 11isin the spectrum of A g, then there are solutions
for ay and fy_1 only if kK = n/2, and elements of the null space of 1 (n/2)I(n/2 — 1)
are obtained by taking a + b = 0. Finally, there are solutions of a similar type when
k = (n£1)/2 and 1> = 3/4 € spec(A ). One can then verify that only the solutions
corresponding to 4 = 0 also lie in the null space of 7(n/2 — 1); hence these are the
only ones that appear in the polyhomogeneous expansions for solutions of Dw = 0.

Note that y = n/2 — 1 is not an indicial root of multiplicity two. As in the
b-setting, this follows by checking that there are no solutions of (26) of the form
o'logx + .

We conclude these computations by noting that if @ € L?(d V) satisfies Do = 0,
then D?w = 0 and the usual integration by parts, which is justified in L?, gives
do = dw = 0 individually. To relate this to the preceding calculations, this implies
that if y > n/2 is an indicial root for x ! D, then it is also one for both x~!d and
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x~ 15 (and conversely), and these are much simpler to compute. In fact,

Loy (@) =) (dBak PN il dBﬂk—l))
k

xk+1 x xk

and

L@ = 3 (ZAT kb dx Zonficr)

k—1 k=2
X X X
k

Hence o is in the null space of both these operators provided dpa = dpf = 0 and
also

opo =—m —k —y)pr-1, dpfr—1 = (y —k)ay.

Thus ay is closed, fx—1 is coclosed, and both are in the null space of Ap + (y —
k)(n — k — y). On an eigenspace with eigenvalue A2 for A g, we must have

p2 —ny + (k(n — k) — 22) =0,

and by assumption, above we must choose the root that is greater than /2. (Of course,
solutions of these equations, no matter the value of y, give indicial roots of x~' D,
corresponding to non-L>-solutions. The point of the earlier calculations is that there
are other indicial roots corresponding to solutions which are not individually closed
and coclosed.) In summary, these comprise the subset

N ={y; :rootsof y* —ny +k(n —k) — 27 =0, 45 e spec(Ap)}  (27)

inside the possibly larger set of all indicial roots of x~'D. Note, in particular, that
when 12 =0,y =k,n—k.

4.3. Hodge theorems for b- and scattering metrics

Having assembled these analytic facts and calculations, we now complete the proofs
of the Hodge theorems for b- and scattering metrics following the outline from the
compact case. We invert the usual order of presentation and discuss first the b-case,
which specializes Theorem 2, and afterwards the scattering case, which specializes
Theorem 1. These results equate Hodge cohomology with weighted cohomology only;
Corollary 4 shows that the results are indeed the same as stated in Theorems 2A and
1A, respectively.

THEOREM 2B
Let g be an exact b-metric on the manifold M. Then for sufficiently small ¢ > 0 and
foreveryk =0, ..., n, there is a canonical isomorphism

@ L2A*M) — Im (WH*(M, g, €) — WH"(M, g, —¢)). (28)
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Proof

As in the compact case, if w € L2k (M), then dw = 0. Further, by Proposition
7 and (23), w is polyhomogeneous with an expansion of the form Za)f(y)xﬂf,
where the tangential and normal parts of a)iE are eigenforms on 0 M with eigenvalue
/15. Since @ € L2, we see that all coefﬁcieht forms wj_ vanish, as do those a);r =0
corresponding to values of j with 1; = 0. Hence w = a +dx/x A B, where a, f =
O (x%), where A = inf{|4;] #0: /13 € spec(Ap)}. Thus [w] € WH*(M, g, €) is well
defined provided € < A.

If o € L?%(M) and ®(w) = 0, then @ = d( for some ¢ € x"’LZng_l(M).
Computing cohomology with the complex of conormal forms as explained in §2, we
can take ¢ = p+dx/xAv, where u,v € & ~"([0, 1), x B; A*(B)). In the integration
by parts lol? = (o, dr) = (0w, ) = 0, the boundary term equals lim,_,o(a, V) g,
and this vanishes since € < 4. Hence w = 0, and so ® is injective.

Next, by Proposition 6, the map

D : xTHIQ*(M) — x"L*Q*(M) (29)
is Fredholm when € € (0, 4). This gives the decomposition
xT1LPQ (M, dVy) = (tan Dl 1) ® (ran D,y i)™

The second summand on the right is finite-dimensional and could be replaced with
any other finite-dimensional subspace of x~7L?Q* which is complementary to the
range of D since the orthogonality of this decomposition does not play any role. In
particular, we claim that we can replace this term by L2.#*(M). To see this, note
simply that the natural pairing between x ~7L>Q* and x” L?>Q* identifies the orthogo-
nal complement of the range of D on x~"7L?Q* with the null space of D on x"7L?Q*,
which equals L?.7*(M). In any case, we have shown that for any n € x~7L>Q*,
there exist elements ¢ € x "H}Q* and y € L>5* such that

n=D{+y. (30)

Now we prove surjectivity of ®@. Fix any [#] in the space on the right in (28), and
choose a conormal representative 7 € «7"7Q* for it. Decompose 7 as D¢ +y as above,
in the space x 7 L2Q*. Proposition 7 shows that ¢ is partially polyhomogeneous; that
is, it is a sum of a finite number of terms of the form ¢; ,x°/ (log x)¢ and a term
¢’ € #/°Q*. All exponents o; lie in the interval (—¢, €), and because we can choose
€ as small as desired, we may assume that the only terms that appear have 6; = 0.
The remaining terms correspond to solutions of the indicial operator /p(0), and the
analysis in §4.1 shows that zero is an indicial root of multiplicity one, so no log terms
occur. Thus ¢ = (o + ¢/, where Ip(0)¢o = 0; if we write o = o + (dx/x) A vo,
then both x( and vg are harmonic on B.
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As in §3, to conclude that 7 = 0 we must check that all three terms, (3¢, #),
(¢, v), and (8¢, d¢), vanish. This is true formally, that is, integrating by parts and
neglecting the boundary terms, so it suffices to check that these boundary terms also
vanish. For the first two this is straightforward since |¢'| is bounded and both # and y
vanish at x = 0. For the final term the boundary contribution is

/ d(CA*5C)=/ﬂ0AdB *p Vo = (10, 0BV0) B,
M B

and this vanishes since vy € L?.#*(B). Hence o = 0, and so 7 = d¢ + y, as
required. As in the compact case, there are only forms of degree k here. This finishes
the proof. O

Now suppose that
dx*>  h
x X
is a scattering metric on M.

THEOREM 1B
Let g be a scattering metric on M. Then for any € > O sufficiently small, there is a
canonical isomorphism

@ L2ANM) — Im (WH*(M, g, ¢) > W H"(M, g, —¢)). (31)

Proof
If o € L2#%(M, g), then dw = 0. By Proposition (10), @ € ﬂiQé‘C(M) for some
A > 0. Hence [w] € # H*(M, g, €) is well defined provided 0 < € < 1. Thus ®(w)
is well defined.
Suppose @ (w) = 0, so that w = d( for some ¢ € x_f_lLZQé‘C_]. Write
o dx p

dx v
k 2/\k1 -
X X xk=

and = == O = N =3¢
¢ L A )

w =

We may assume that ¢ is conormal and hence that |u|, |[v| € o(x"/ 2+E/_l) for
some €' > e. This implies that limy_o(x %14, x ™" *tkB)p = 0, whence |lw|?> =
(d¢, o) = (¢, dw) = 0. This shows that @ = 0 and thus that © is injective.

The surjectivity argument proceeds as before. Since

D : x < HIQ (M) — xTTL?Q* (M)
is Fredholm, we have

xTL2Q* (M) = (ran D|x,5,1Hbl) @ (ran D|x,f,1th)J‘.
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The same argument as in the b-case identifies this orthocomplement with L2.2*.
Now let € &7€Q* represent a nontrivial class [#] in the space on the right in (31).
Write y = D¢ + 7,y € L?>*. By Proposition 10, ¢ is partially polyhomogeneous
and is a finite sum of terms ¢j ¢x% (log x)¢ and some ¢’ € &7Q.. By taking € small
enough, we can eliminate all but the term of weight n/2 — 1, and by the computations
in §4.3, this indicial root occurs with multiplicity one, so there are no log terms. In
fact, those computations give

anp—1  dx  Pujyi _ ;
(=0+ Q= (# tah XZZH)X”/Z '+, 1 =06,

where ay/2—1 and /241 are harmonic on B. Using the same reasoning as in the
proof of Theorem 2B, we see that the boundary terms in the integrations by parts
(6C, ) = (¢, dn) and (67, y) = (¢, dy) both vanish. Since dn = dy = 0, these
terms vanish altogether. Finally, (d¢, d¢) equals the sum of the (vanishing) interior
term, (¢, d>¢) = 0, and a boundary term. Since d and J are both x times b-operators,
d{’ and 67’ both decay, so only ¢ contributes. This boundary term equals

/M dgo A %0 = i/M d(¢o A d * (o) = E£(on/2—1,0BPnj2+1) = 0.

Hence 6; = 0,and finally, = d¢+y,where y € x < 'L2Qflandy e L2, o

5. Fibred ends

We now turn to the general case, where both the base and fibre in the fibration of
OM are nontrivial. As in the b- and scattering cases, we must determine the explicit
structure of D, calculate its indicial roots, and understand its mapping properties and
the regularity (polyhomogeneity) of elements of L2.7*. For the construction of a
parametrix for D, we invoke the fibred boundary calculus of pseudodifferential oper-
ators, as developed in [54] and extended in [67]. This serves as a replacement for the
b-calculus in this context but is more intricate. To help mitigate the analytic requi-
sites, we include a discussion of this parametrix construction in the very special case
where M is a global product and the fibred boundary or fibred cusp metric respects
this decomposition. Although the Hodge theorems in these cases follow directly via
a Kiinneth theorem from those for b- and scattering metrics, we sketch an explicit
parametrix construction for D in hopes that this gives some insight into the more
general case.

We begin with a general discussion of the fibred boundary calculus and then
proceed immediately to a discussion of D and its parametrix in the product case. This
is followed by a review of the geometry of fibrations and the structure of D in the
general case. The identifications of Hodge cohomology with weighted cohomology
are then proved, as usual following the general line of argument from §3. Section 5.5
relates the weighted cohomology to intersection cohomology.
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5.1. The fibred boundary calculus

Suppose that ¢ : Y = 6M — B is a fibration with fibre F', dim B = b, and dim F' =
f. Fixing an extension of this fibration to a collar neighbourhood % of dM in M, we
choose a fibred boundary metric

dx? *(h)
8fb = — + ¢x2 +kF3

where 4 is a metric lifted from B and kg is a symmetric 2-tensor that restricts to a
metric on each fibre. There is an associated fibred cusp metric g, = ngfb. These
metrics stand in the same relationship to one another as do scattering and b-metrics.
As we saw in those cases, only the b-calculus (but not the scattering calculus) is re-
quired to analyze the operator D in both cases. Similarly, the fibred boundary calculus
is enough to analyze the Hodge—de Rham operators for both gp, and gg.. (Indeed, there
is no calculus directly associated to gg., for reasons indicated below.)

The fibred boundary calculus relies on the choice of a 1-jet of the defining func-
tion x along the fibres at 9 M. Making such a choice, define the Lie algebra of fibred
boundary vector fields

Y = {V € ¥,(M) : V tangent to fibres F at M, Vx = ﬁ(xz)}.

To understand this more clearly, choose local coordinates (x, y, z), where y are co-
ordinates on B, pulled back to Y via ¢ and then extended into the manifold, z are
functions on Y that restrict to coordinates on the fibres, similarly extended inward,
and x is in the given equivalence class of defining functions. Then 74, is spanned
locally over € by the vector fields x20,, x0y;, Oz If (x,y,7) is a new choice of
coordinates adapted to the fibration, then &; transforms into a vector field with one
component equal to (6x/0Z)0y, and this explains why we need to fix the differential
of x along each fibre in order that the coefficient here vanish to second order.

In contrast, the vector fields associated to a fibred cusp metric are x0y, 8),].,
x_lazf; these are singular, but much more seriously, their span is not closed under
Lie bracket. Involutivity is a basic requirement in the microlocalization procedure
leading to the construction of the associated pseudodifferential calculus, and this ex-
plains why there is no separate fibred cusp calculus. The elements of 74, constitute the
full set of sections of the fb tangent bundle 7 M. We use its dual, the fb cotangent
bundle, and the bundle of fb exterior forms, AR(M ). Thus in the coordinates above,

i odx 2 Bi
00 Yk ! J
T (M) > 0= = + 2 A E o7
i=0 =0

where a; is a sum of wedge products of i-forms in y and (k — i)-forms in z, and f8; is
a sum of wedge products of j-formsin y and (k — j — 1)-forms in z, all of which are
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smooth in the ordinary sense on M. (This decomposition is recast more invariantly
later.)

We now define the space of fb differential operators on M, the associated ¢-
symbol, and finally, the corresponding notion of symbol ellipticity. This leads to the
following.

PROPOSITION 11

For an exact fibred boundary metric, the Hodge—de Rham operator D = d + 0 is
an elliptic first-order fibred boundary differential operator. For an exact fibred cusp
metric, the operator D is of the form x "' D', where D' is an elliptic first-order fibred
boundary operator.

Elliptic fibred boundary operators may be analyzed using the calculus of fibred bound-
ary pseudodifferential operators from [54]. We use the elaboration of this theory de-
veloped by Vaillant [67]. He constructs parametrices for any Dirac-type operator asso-
ciated to a fibred boundary or fibred cusp metric and in particular proves the following.

PROPOSITION 12 ([67, Proposition 3.28])

Let 9 be a Dirac-type operator associated to a fibred boundary metric (e.g., ei-
ther D or D' above). Suppose that ® € x7 LZQ;‘b(M) satisfies P = 0. Then
w€e Jz%;;ng}‘b (M).

We also require a replacement for the other parts of Propositions 7 and 10 as well
as replacements for the basic mapping properties, as in Propositions 6 and 9. The
precise forms of these results in the fibred boundary setting are somewhat different,
and as explained in the preamble to this section, to motivate these results we take a
detour and investigate the mapping and regularity properties for product metrics. This
involves little more than rephrasing the corresponding results for - and scattering
metrics but is included to help orient the reader. We also include a discussion of the
indicial root structure for D in these two cases; the computations are more transparent
in the product cases, but the general results are qualitatively the same.

5.2. The product case

5.2.1. Fibred boundary metrics

Suppose that M = N x F, where 9N = B, and fix a fibred boundary metric g on M
which is of the form g’ + k, where g’ is a scattering metric on N and k is a metric on
the compact manifold F.
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We write Y = 0M = B x F. Since TY splits canonically as TB @ T F', we have
N1y = @ A”Y.,  APY = N'T*B® \IT*F.

p+q=k

Thus any w € \* M can be written as

d . .
o= 1+—x/\i where o E@/\k_”/Y, ﬁe@/\k_l_“Y
J J

Xk T2 7 k-1
depend parametrically on x.
The Hodge—de Rham operator D = Dy, acts on w, regarded as a column vector

(o, B)', as

0 —x%0,+ (b —k+1)x xDp + Dp 0
(xzéx—kx 0 )+( 0 —xDB—DF)'
(32)
Here D actson a (p, g)-form n Av as (—1)”y A (Dgv). In the more general (non-
product) case, D has a similar decomposition, but the second matrix has extra terms
coming from the nontrivial geometry of the bundle.
The space of harmonic forms on the compact manifold F is finite-dimensional.
Let
o : L>Q*(F) — L>*(F), I, =1-1I

be the natural orthogonal projectors. These extend naturally to LZQFb (M), and we
have
Dy = oDy Tlp + 1T Dyl + Mo Dpg 1T + T1; D11 .

Since [Dyy, [Ig] = 0 in the product case, the second and third terms vanish and this
reduces to
Dy = ogDyIlg D I DyI1, .

We use this decomposition to construct a parametrix for Djs. First,
oDyl = Dy @ Id s+ (Fy,

and so by the theory from §§4.1 and 4.2, if @ € R is not an indicial root for x" Dy,
this operator is Fredholm as a mapping from x*L?Q* — x*t1L2Q* We write the
generalized inverse as

G4 : x“TL2QE (N) @ A% (F) — x“H'Q} (N) @ 7% (F).

The second term in the decomposition of Dy has square Ay + 111 ApII; . Since
Ay >0and IT | ApIl; > ¢ > 0, we have that IT | Dy, IT, : x"HIQ’fkb — x“LZQ}"b
is an isomorphism for any a. Thus for any a we get

G = (I Dy I, ) 7" XTI L2Qf (M) — x°T1 H'Q} (M).
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Altogether, we have proved that
Gl ® G =G x" T HL2Q} (M) @ x“T1; L?Q} (M) —> x“H'Q} (M)

is bounded. Clearly, I — G“Dy = II9, is the projector onto the null space of Dy
in x“LZQ}*b, which is the same as the null space of [1g Dy, I1g, that is, L>*(N) ®
JC*(F). By Proposition 10, I19, maps x“L? into the space of polyhomogeneous fibre
harmonic forms. We emphasize that the indicial roots for Dy, are exactly the same as
for Dy. In particular, the critical root (1/2)dim N — 1 = (b — 1)/2 has multiplicity
one!

In summary, we have proved that the mappings

Dy : x*H'Qf (M) — x* T L2QE (M) @ x“T1 L?QF, (M) (33)

and
Dy x* ' H'QS (M) @ x“TIL H'Qf (M) — xL?Q5 (M) (34)

are Fredholm when a, respectively, a — 1, is not an indicial root of Dy.

The generalized inverse G* has other mapping properties. Suppose 7 = Dy (7,

where n € &7“Q (M) and ¢ € xc_lﬂoHIQFb(M) @ xCHlelb(M) for some ¢ < a.
Then, in fact, ¢ € Ho%’;gﬂfb(M) + A Qf (M).
5.2.2. Fibred cusp metrics
Now suppose that M = N x F has a fibred cusp metric gg; notice that this is a
warped product (since kr is multiplied by x2). We obtain a parametrix for the associ-
ated Hodge—de Rham operator D as above. Write all forms in terms of the (essentially
orthonormal) coframe, dx/x, dy, x dz, and denote the space of forms with this nor-
malization as /\f,. Thus

d .
AL (M) 3 0 = xFa + d Ax*B,  wherea, f € @ Ay,
x :

J

Write o € Qlfc’k(M ) if it decomposes into terms all with fibre degree k. D) acts on
the pair (a, ) as the matrix of operators

0 —x0; — (f — k) Dp +x"'Dp 0
. (35
( x0x +k 0 + 0 —Dp —x~'Dp (35)

As before, this splits as Dy = TlgDy Il @ 11 Dy 11, . If o and f are (j, k)-
and (j — 1, k)-forms, respectively, then

II,Dyll| = x‘lf),
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where

~ HJ_DFHJ_ (b—j+1—f+k)x
D = Dy ;¢ . :
Nosc + ( (k= j)x —I1 Dflly

*

The diagonal terms in this final matrix are constant in x and invertible on IT | LZQfC,

and reasoning as before, for any a € R, the mapping
1) Dy IT : xOT L2QE (M) — x7 T L2QE (M)

has bounded inverse, G .
On the other hand, ITo Dy I € Diffll,(N; Qiﬁc’k%ﬂ*(F)) is a b-operator (it has no
x~Vdp or x~10p terms!) and equals

Dp —X0y — (f — k)
( xox + k —Dp ) ’ (36)

This operator preserves fibre degrees, so we can reduce to any fixed Qif(;k(M ), for
example, when computing indicial roots. We have

; z(y)z(D%—(Hf—k)(Vva) 0 )
(HoPartlo) 0 D=+ =R +k
The critical exponent in the surjectivity calculation is y = — f/2, and inserting this

into the expression above gives D% + (k — f/2)* in both diagonal components. Hence
elements in the null space are in L>.7*(B) and are of fibre degree k = f/2. As
before, at this point one also checks that — f/2 is not an indicial root of multiplicity
two, which simply involves showing as usual that (36) has no solutions of the form
o'x 2 logx + o'x= 112,

In any case, so long as a is not in the indicial set of [1oDjsI1p, then

oDy Mo : xTIoL>Q% (M) —> x“ToL2Q (M)

is Fredholm with generalized inverse Gg.
Altogether, this gives the generalized inverse

G* = G ® G - x“T)L*Q}. (M) & x“ "' L*Q}. (M) — x“H'Q}. (M),

and I — G“ Dy = I1Y, is the projection onto the null space of ITo Dy ITo at weight a,
all elements of which are polyhomogeneous.
In summary, the mappings

Dy : x“H'QE (M) — xTHL*Q% (M) @ x| L* Q¢ (M) (37)

and
Dy : x*TIgH' Q. (M) @ T H'QE (M) — x“L*Qf (M) (38)
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are Fredholm when a is not an indicial root of Dy .

As in the fibred boundary case, if # = Dy, where n € &Z/“Qf (M) and ¢ €
x“TloH'Q} (M) @& x“*'T1, H! (M) for some ¢ < a, then { € no%*;lgg* (M) +
Q5 (M).

5.3. Manifolds with nonproduct fibre bundle ends

5.3.1. Geometry of fibrations

In this section we review some of the geometry associated to a Riemannian fibration
and use it to describe the precise structure of Dy. The exposition here is drawn from
[3, §10.1], [25], [67], and [4], but since the notation in these sources varies consider-
ably, it has seemed worthwhile to develop this material in detail.

Suppose that G = ¢*(h) + k is a metric on the total space of a fibration ¥, where
¢ :Y — Band ¢~ (b) = F,. As before, we assume that k annihilates the horizontal
subbundle 7# Y, which is the orthogonal complement of the vertical tangent bundle
TV, and we let PV : TY — TVY, PH . Ty — THY denote the orthogonal
projections. The tangent bundle T B is naturally identified via ¢ with 7Y, and
we denote the lift of a section X € €°°(B; TB) by X. In the following, we denote
sections of TVY and THY by Uy, U, ... and X 1, X2, ..., respectively. Finally, let
VL denote the Levi-Civita connection of G.

The extent to which these subbundles fail to be parallel with respect to V% is
measured in terms of two tensor fields, the second fundamental form of the fibres,
and the curvature of the horizontal distribution. The second fundamental form is the
symmetric bilinear form on 7VY defined by

I (U1, Ua) = (Y, U, X). (39)
We let II(U;, U,) be the horizontal vector given by
(U, Uy), X) = 113Uy, Ua),

and we let I ; (Uy) denote the vertical vector determined by

(Il (U1), Ua) = 15 (U1, Uy).
The nonintegrability of the horizontal distribution is measured by its curvature

#(X1, Xp) = PY(IX1, Xa)), (40)
which is tensorial and vertical. We define the horizontal vector @U (X 1) by

(Zu (X)), Xo) = (#(X1, X2), U) = ([ X1, X121, U). (41)
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Four additional facts are used repeatedly. First, the bracket of a vertical vector field
with the horizontal lift of a vector field from B is again vertical; that is,

(X,U]l e €2, TVY).

This is proved by noting that vertical vector fields are characterized by the fact that
they annihilate functions of the form ¢* f, f € €°°(B). Second, the Koszul formula
determines the Levi-Civita connection in terms of the metric and Lie brackets:
1
(V‘el Vo, V3) = 5{([V1, Val, V3) — ([Va, V31, Vi) + ([ V3, Vi1, Va)
+ Vi(Va, V3) + Wa(V1, V3) — V3(Vi, Wa)},

for any Vi, Vo, V3 € €, TY).
Third, by definition of the induced Levi-Civita connection V" on the fibres,

(V5 Uz, Us) = (Y, Ua, Us).

Finally, since vertical and horizontal vector fields are perpendicular and because the
vertical distribution is integrable,

(U1, Ua], X) = Uy(X, Us) = Us(X, Uy) = 0.

We now determine the vertical and horizontal components of V‘I;l V2 when the V; are,
successively, vertical and horizontal fields. First, by definition, the horizontal part of
Vi, U is ) )
(V(, U, X) = (II(U1, Ua), X),
and also by definition, the vertical part is Vgl Us.
From the Koszul formula and the expansion of X (U1, Us) using (39),

(V)%Ul, Uz) = ([X, Ui, Uz) — (13 (Uh), Ua),

or in other words,
PVV)@(U = [X, U] - 113 (V).

As for the horizontal component of V}%U , most of the terms in the Koszul formula
vanish, leaving only

Lo lpe = IR P PP
(Vi U. o) = =5 (IX1, Xl U) = — (% (X), Xa).
Next,
(Vi, X, Ua) = —(X, V{5, Uz) = —(Il5 (U), Un)
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is the vertical part of VlL,1 X, and the horizontal part is

~ o~ ~ ~ ~ 1, ~ =~ ~
(Vi X1, Xa) = (Vg U + U, X1l, X5) = (Vg U, Xo) = — {8y (X)), Xa),
where the Koszul formula is used for the final equality.
Finally, putting the covariant derivative on the other side of the inner product and
using the last equality of the previous displayed formula,
~ 1 ~ o~
L -
<V)?1X2, U> - 2<%(X1 ) X2)> U):
and at last,
(V5 X2, X3) = (V¥ X2, X3),

where V2 is the Levi-Civita connection on (B, k). This last formula holds because
all the terms in the Koszul formula expansion depend only on /4.
In summary, we have proved the following.

PROPOSITION 13
The Levi-Civita connection decomposes into vertical and horizontal components as

Vi, Uz = Vi, Uy + II(UL, Uy),
~ 1 ~ -
ViU = (X, U1 - Tz (V) = 5%u (%),
= 1 ~ -~
VEX = -T1;(U) - E%(X),

~ 1 o o ~
v§l X, = E,@(Xl, X2) + (V§, X2)". (42)

We wish to define a new connection that preserves the splitting of 7Y . As a first guess,
one might do this by projecting VX onto the vertical and horizontal subspaces, that is,
by defining Vy U = PV (Vé U),Vy (f() = pH (V‘e (X), where V is any vector (either
horizontal or vertical). The formulae above indicate which terms should be subtracted
from V£ to accomplish this. However, there is another natural choice, which turns out
to be more convenient for many computational purposes, given by using the projected
connection on the vertical bundle and lifting the connection on the horizontal bundle
from the Levi-Civita connection on B. In other words, we define

V.= (P'VhHgvE
or, even more specifically,
Vu, Uy = PV (V] Ua), ViU = PV(V)%U) =[X, U] - 1I;(V),
VuX =0, Vi, Xa = (Vg X2).
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We use this connection henceforth. Notice that it differs from the projected connection
only in the removal of the terms (1/ 2)Zy (X). One important feature of V vis a vis
computations related to the families index theorem is that it is in upper triangular
form with respect to the vertical/horizontal splitting (cf. [3]).

The difference tensor Q = VX — V is given by

1 ~ -
Qu, (Uz) =1I(Uy, Uy), 0;U) = —E%U(X),
0u(X) =~ W) ~ 3 Au(®), 05, (R) = 1A, Ko).

We note also that the torsion tensor of V is the negative of the skew-symmetrization
of Q.

We now express the de Rham differential dy and its adjoint in terms of V, II,
and %. Because the connections VX and V are both metric connections, they act on
1-forms by duality. That is, if ¢ is the 1-form given by (w, -), then Vz¢ is the 1-form
given by (Vzw, -). The action extends to forms of higher degree as a derivation.

Lete;,i =1,..., f,and n,, u = 1, ..., b, be orthonormal frame fields for F
and B, respectively, and let {¢'}, {#*} be the dual coframe fields. It is standard that

f b
dy =D & AVE+ D " AVE (43)
pu=l1

i=1

with analogous formulae for dr and dg. Now substitute V;, = V 4+ Q into (43) to get
first

dyel = dpe’ + Z n* A V,Mej
o
-> ((MW (e, ej)1" A&+ (R o). e A ;7”), (44)

and then
dyn" =dpn". (45)

The last formula initially has many terms, all of which cancel, but the result is no
surprise since dy ¢* = ¢*dp.
Now extend to forms of higher degrees. First, the splitting of 7Y induces a de-
composition
AT = P APUT*Y),
p+q=k

where

APAT*Y) = AP((TVY)*) @ AL((THY)*).



HODGE COHOMOLOGY OF GRAVITATIONAL INSTANTONS 527

We regard the space of sections Q79(Y) as the completed tensor product
QP (B)®QI(Y, TVY). By construction, V preserves this splitting. Thus for o €
QP-4(Y) with w = ¢*(@) A B, a € QP(B), and f € €Y, A4(TVY)"),

dp(¢*(@) A B) = (=1)P¢*(a) AdFp,

and we also define

dpd* (@) A B = ¢*(dpa) A B+ (~DPG* @) A (D0 A 9y, ).
u

Rewrite (44) as
. . ~ . . 1 .
dygj = dFej + dBej — I[H(ej) — 5%(@1),
where
M(e’) = My n* Ae',  R(e!) = Ruwin” A1

To simplify notation, let R = —(1/2)%. Then we have proved the first part of the
following.

PROPOSITION 14
We have dy = dp +dg —II+R, 0y = 0F + (dp)* — II* + R*.

The second part is tautologous. Notice that

dp : QPA(Y) — QP+l (y), dp : QPA(Y) — QPTha(y),

I: QP4(Y) — QPHha(y),  R:QPIY) — QPFH2a-1(y).
We can deduce some useful information from the fact that both dy and dp are
legitimate differentials; that is, their squares are zero. First, there is a Kodaira decom-

position on the fibres, so any smooth form a on Y can be decomposed uniquely and
orthogonally as & = dpn + dpu + y, where y is fibre harmonic. Thus

Ilodr = o = dpllg = oplly = 0. (46)

Second, applying d% = 0 to a form of pure bidegree and decomposing into bidegrees
gives
R>=0, d=0,
dp(dp — 1) + (dp — I)dr = 0,
R(dp —II) + (dg — IR = 0,
drR + Rdp = —(dp — IN)? 7
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with analogous relationships between the adjoints of these operators.
Now define the operator

0= H()(JB — M)Ho;

this acts on the space of fibre-harmonic forms.

PROPOSITION 15
The operator 0 and its adjoint 0* are differentials; that is, 9* = (*)? = 0.

Proof
It suffices to prove only one of these. Recalling that [1g = I — IT, we have

22 = H()(JB = H)2H0 = Ho(C?B = ]HI)HJ_(L?B = ]UI)H();
substituting from (47) and using (46), this equals
—Ho(dFR + Rdrp + (L?B = ]IH)HJ_(C?B = ]UI))HQ = —HO(JB = HH)HJ_(C?B = ]H[)H().

Now, dF(jB — I = —(d~B — M)dp My = 0, so for any form a, (dp — IDpa =
dpn+y with y fibre-harmonic, and hence I1, (dg — IT)[Tgar = d#. Finally,

v’a = —Io(dp — I)dpy = Hodp(dp — 1)y = 0. =

COROLLARY 5
Let D = 0 + 0%, and suppose that Do = 0 for some fibre-harmonic form a. Then
da = 0*a = 0, and so the terms a.p 4 of pure bidegree also satisfy Do 4 = 0.

This follows just as for the usual Hodge Laplacian, for D> = 9*d + 00* preserves
bidegree, and so
0= (D’a, o) = [[oar])? + [[0*ar||;

in addition, we have that both 0 and 0% commute with ID.

5.3.2. Hodge—de Rham operators in general

The structure of the Hodge—de Rham operators for general exact fibred boundary and
fibred cusp metrics is obtained by substituting the expression for dy from Proposition
14 into (32) and (35). To distinguish them, we write Dy, for the operator Dy, associ-
ated to the fibred boundary metric g, and write Dy, for this operator associated to the
fibred cusp metric gg.. The action of Dg, on @ = a/x*+(dx /x*)AB/x*"1 € Qlf‘t’)* (M)
is given by replacing the second matrix in (32) with

Dr +xDp —x(II + I1I*) + x*>(R +R*) 0
0 —Dp —xDg +x(II + IT*) — x2(R + R*)
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Similarly, the action of Dg. on @ = x*a 4 (dx/x) A x¥p € Q;‘C’k (M) is obtained by
substituting

x D+ Dp — (I +1I*) + x(R+R*) 0
0 —x'Dp — Dp 4+ (II + IT*) — x(R+R¥)

for the second matrix in (35).

As explained in the beginning of §5, the construction of parametrices for Dg, and
D¢, requires the machinery of fibred boundary pseudodifferential operators. The basic
strategy is the same in that one inverts [1o DIl and I1; DII | separately but now must
also show that the off-diagonal terms [1o DI and IT; DIIg, which no longer vanish,
play only an insignificant role. This is all carried out by Vaillant [67] (cf. especially
[67, Proposition 3.27], although beware that the Fredholm result is misstated in the
special case 49 = 0), and we simply quote the two results we need, looking back
to the product case for motivation. Before stating these, we remark that the operators
I, IT, are only defined right at the boundary. However, the fibred boundary structure
requires that we have fixed the one-jet of a defining function x along the fibres, and
this implies that the spaces xITIgL? @ x“*'I1, L? are well defined for any ¢ € R
(because the weights differ only by 1).

PROPOSITION 16
Suppose that a is not an indicial root for I1g D, I1g. Then

Dy : x* Hy (M) —> x“T' T L?Q (M) @ x“T1 L*Qj, (M) (48)

and
Dy : x* Mo H'Q (M) @ x“T1 L HL (M) — x“L>Qj (M) (49)

are Fredholm. If Do = 0, then o is polyhomogeneous with exponents in its ex-
pansion determined by the indicial roots of Tox ! D, X1, while if n € /¢ Q5 (M),
;€ xc_ll_IoHlQ}“b(M) @ XCHJ_H&)(M) for ¢ < a and 3 = Dg(, then { €

oy, QO (M) + o/ Q5 (M).

PROPOSITION 17
Suppose that a is not an indicial root for 1o Dg.I1g. Then

Dt : x“HL(M) —> x“TloL>Q (M) & x“~ T L>QE (M) (50)
is Fredholm. If a + 1 is not an indicial root, then
Dy : x“TIgH'QF (M) @ x“ T H'Q} (M) — x“L*QF. (M) (51)

is Fredholm. If Dg.o = 0, then w is polyhomogeneous, with exponents in its ex-
pansion determined by the indicial roots of 1loDgIlo, while if n € «/“QF (M),



530 HAUSEL, HUNSICKER, and MAZZEO

g € x'HOHIQ* (M) & x"“HJ_HflC(M) for ¢ < aand n = Dg(, then { €
%{lgg* (M) + QF (M).

We remark that the indicial roots for the operators [1gDIlg, D = Dg, or Dy, are

different than in the product case because of the term II + II* and because of the

action of dg on the fibre part of forms; on the other hand, the term %2 + %* is lower

order at x = 0 and does not affect the indicial roots.

5.4. Hodge theorems for fibred boundary and fibred cusp metrics
We now complete the proofs of the identifications of L2 harmonic forms with
weighted cohomology in the two cases.

THEOREM 1C
If (M, g) is a manifold with fibred boundary metric, then for every k there is a natural
isomorphism

L*#*(M) — Im (W HY(M, g, €) —> W H*(M, gp, —€)). (52)
Proof

If w € L>2%(M), then Proposition 16 shows that o is polyhomogeneous and hence
lies in xfOLZQIISb(M ) for some ¢y > O (with polyhomogeneous coefficients). This
gives the mapping

L*>% (M) — # H*(M, gp, €)
— Im (# H*(M, g, €) — W H*(M, gp, —€)).

If [w] = 0, then w = d¢ for some ¢ € x_‘_leﬁfb_l(M); by the discussion in
§2.4, we can choose (" to be conormal. Write

wzzap,q+d_x/\,5p,q’ ¢ = Fpa 4% Vg

xP x?2 xP xP x2 xp
p.q P.q

where |0 41, |8p.ql = OxCHD/240) and |, 41, V) g = O(x~D/24€) The usual
integration by parts gives

>

||a)||2=/ d(/\*w—/ d(¢ A #o) = lim )

BxF
i [ a2

x—0

which vanishes by the decay properties of the x4 and ), ,. Thus @ = 0, and this
proves injectivity.
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For surjectivity, we note that for sufficiently small € > 0, the space L>.#*(M)
can be identified with the cokernel of the map

D : x T MoH'Q} (M) @ x T L H' Q}f (M) —> x~€L?Q} (M).
Thus we can write
—€y2 2
x €L QFb(M) = Im(be|x*5’1HOHIQ;)(M)—FX’GHLHIQR(M)) @ L (M).

So suppose that # € x”LZQ]f‘b (M) is a polyhomogeneous representative for a class in
the space on the right in (52). Then # = Dg,¢ + y, where ¢ € Ho%*;lggfb(M) &)
I, .o7€Qg (M) and y € L>¢*(M). In fact, comparing orders of vanishing in x, we
see that ¢ = (o + ¢, ¢’ € 1Qf (M), and (o € ker Ity -1 p,,11,((b — 1)/2).

We must analyze the structure of (o more closely. Acting on pairs (a, ), the
indicial operator has the form

! (b—l)_ D Ni—(b-1)/2
oMo =\ Ny + (0= 1)/2 D ’

where D = 0 + 0*. The operators Ny and N, are defined by NS = (b — k)px
and Nyox = —kay (which agrees with the scattering case since n = b + 1 there).
Following the calculation and reasoning for the scattering case, we expand in terms of
an eigenbasis for D? and deduce that this indicial root has rank 1 and that an element
of the null space of this indicial operator has the form

X@-D/2 T 32 7 o2

_ d
% zx(b—l)/z(a(b 2, 4% ﬂ(bﬂ)/z)’

where a,—1),2, Bp+1)/2 € kerD.
We now have

1917 = (1= de = 7,000 = (dr —dg =)o) = tim | ondxco
x—=0J)y
= Jim, /Y ap-1)2 A dy ¥y Bo+1y2 = (@p-1)/2, 0 Bo+1)2 + R* Bo1)2)y -

But R*Bp11y/2 is a (b — 3)/2, *)-form, so it pairs trivially with a@_1)/2. Hence
o =0.
The rest of the argument is as in the scattering case. O

THEOREM 2C
If (M, gg.) is a manifold with fibred cusp metric, then there is a natural isomorphism

L> (M) — Im (WH*(M, €) — WH*(M, —¢)). (53)
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Proof
The proofs of the existence of this mapping and its injectivity are nearly identical to
those in the fibred boundary case, so we omit them.

For the surjectivity argument, we decompose

—nr?2 1
x "TL*Q*(M) = (ran DMIx_’YHQthEBx_"HHLHbI) @ (ran DM|x—'7H0H,}@x—‘+'HLHb‘) .

So we can write any n € x’7L2£2;5C (M) which represents a nontrivial class as # =
D¢ + y, where y € L2*(M) and ¢ € x‘”LZQ;fC(M). Since the indicial root
y = — f/2 occurs with multiplicity one, we have { = (o4 ¢, where (" € “Qf (M)

and
o= Z (xkock + dx A xkﬁk)x_f/z,
P X
where aj and Sy are independent of x and dx. Matching up powers of x in =
D¢ + y, we find that (j is in the null space of the operator Iy, ' = 1 Dy I1p, which
acts on (x, k)-forms by

’v’(—§)=(kl_mg s )

This implies that & and # must both be forms on B with coefficients in .7#°//?(F) and
in the kernel of D. Thus the boundary term in the integration by parts vanishes as in
the fibred boundary case. O

5.5. From weighted cohomology to intersection cohomology
To prove our main theorems, we must relate the weighted cohomology groups ap-
pearing in the statements of Theorems 1C and 2C to intersection cohomology groups.
Most of the work has already been done in §2.3, so it remains only to reinterpret the
answers.

The statement for fibred cusp metrics is slightly simpler, so we consider that case
first. We have proved that when (M, g) is a fibred cusp metric, then

L>*(M) = Im (WH*(M, €) — WH*(M, —¢)).
Using Proposition 2, this is equivalent to
2 ~
L (M) Z Im(IH[ | (12)(X, B) —> IH ., (5/2/(X, B)),

where X is the compactification of M defined in the introduction. The two spaces on
the right correspond to intersection cohomology with the middle perversities

IS odd L f oodd
1 — 2 9 b - 1 = 2 b 9
m(f+1D [ %, f even, m(f+1) %— 1, f even,

respectively. This proves the main theorem (Theorem 2).
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THEOREM 2/
Suppose that (M, g) is a manifold with fibred cusp metric. Then

L*>*(M) = Im(IH}, (X, B) — IH%(X, B)).

We remark on a few special cases of this result.
If f =0(.e., (M, g) has cylindrical ends), then

and so the Hodge cohomology is equated with the image of the relative in absolute
cohomology, as already proved in §4.

If dmF = f > 0, then the two spaces on the right coincide when f is
odd, or if we have only H//2(F) = 0, that is, if (X, B) is a Witt space. In ei-
ther case, L2.7*(M) equals the (unique) middle perversity intersection cohomology
IH} (X, B).

We can see this simplification directly from the analysis in the last section. Recall
the decomposition # = d¢ + y for the closed form € &7 ”QIEC(M). We have ¢ =
¢o+ ', where ¢’ € &7“Qf (M) and (j is the sum of pullbacks of forms on B wedged
with elements of H//2(F). But the assumption that X is a Witt space gives (o = 0,
and hence [#] = [y ] already in W H (M, gg, €). Thus in this case,

WH(M, g, —€) = WH (M, gte, €) = WH (M, gg, 0) = L> (M),

and all these spaces are finite-dimensional. This already follows from [68, Corollary
2.34]. Finally, the discussion in §2.3 shows how to interpret this in terms of intersec-
tion cohomology.

However, when H//2(F) # 0, the unweighted L2-cohomology is infinite-
dimensional and the two middle perversity intersection cohomologies are different.
In this case, some sort of more elaborate analysis, such as we have carried out in this
paper, is needed.

We obtain the Hodge theorem for fibred boundary metrics by a translation from
the fibred cusp case. To do this, first rewrite the isomorphism

L*% (M) = Im(w HY (M, g, €) — W H"(M, g, —€))

in terms of weighted L2-cohomology for the associated fibred cusp metric gf. =
x2ggp. This gives

L* (M) = Im (WH*(M, gie,n/2 — k + €) — WH*(M, ge, n/2 — k — €)),

and hence by Proposition 2, we get the following.
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THEOREM 1’
If (M, g) is a fibred boundary metric, then

2 Aok ~ k k
L*%(M) Z Im (IH{(,, £y 2k Xs B) —> THiy )0 i (X5 B))-

We list the various cases.
Suppose b is even. Since n = b + f + 1, this is the same as when n 4 f is odd,
and then the two groups are the same, so that

[ k b
H*(X, B), k<t
IHJ’;il(X, B), k=5+1,

L2ANM) = IH},,, (X, B) = :

IH} (X, B), k=n-%+1,

H*(X \ B), k>n-25.

Just as in the fibred cusp case, when b is even, the form ¢ which arises in the surjec-
tivity argument must vanish since it lies in Q*=1/2:* = {0} on the boundary. Hence
the map ® is now surjective onto # H*(M, g, €). In this case the range of D is
closed, and the theorem follows from the techniques of [68].

When b is odd,
LK (M) = Tm(IHf 441y« (X, B) —> TH} p_1) 0 (X, B))
[ HY(X, B), k<5t
Im(H*(X, B) — IH}_|(X,B)),  k="71+1,

Im(IHJIE_I(X, B) — IHJIE_Q(X’ B)), k= b_gl +2,

12

Im(IH*(X, B) — IHE(X, B)), k=n—-51_2,

2
Im(IH{ (X, B) — H*(X \ B)), k=n—t3 -1,
| HA(X\ B), kzn— b

Simpler corollaries of this theorem, for cases when F is a sphere and X a smooth
manifold, were stated in Corollary 1 in the introduction.

6. Relationship to other works
We now briefly discuss some consequences of the Hodge theorems proved here and
their relationship to other work in the field.

Carron’s Hodge theorem for manifolds with flat ends

In a recent paper [12], Carron has calculated the Hodge cohomology for manifolds
with finitely many ends, on all of which it is assumed that the curvature tensor van-
ishes identically. He uses two main tools: a precise geometric structure theorem for
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flat ends (see [27]), and his theory of nonparabolicity at infinity in order to obtain
new function spaces that are extensions of HOIQ*(M ) and on which the range of D
is closed. This work has substantial overlap with ours in the sense that many but not
all fibred boundary and fibred cusp metrics are nonparabolic at infinity and satisfy the
extra conditions implied by the flatness hypothesis.

The signature formula of Dai and Vaillant
As discussed in the introduction, an immediate corollary of Theorems 1 and 2 is that

sgn;2(M, g) = sgnlm (IHn(X, B) — I[Hwm(X, B)). (54)

This formula holds both for fibred boundary and fibred cusp metrics.
On the other hand, there is an L? signature theorem for manifolds with fibred
cusp ends proved by Dai [25] and generalized by Vaillant [67]:

sgn;2(M, g) = sgnlm (H*(M,0M) — H*(M)) + . (55)

The final term here is the 7-invariant, originally defined by Dai, which is a sum of sig-
natures coming from the higher terms in the Leray spectral sequence for the fibration
of M. Combining these two signature theorems now identifies © = 7 (0 M) with the
difference of the two algebraic signatures in (54) and (55) (see (4) in the introduction).
The original definition of 7 involves algebraic signatures on the higher terms (i.e., the
Ey-terms, k > 3) of the Leray spectral sequence of the fibration for 6 M. It seems very
tempting to conjecture that the summands in this definition arise from signatures on
the weighted cohomology for weights +a, where a varies from some small positive
number to one sufficiently large so that the weighted cohomologies W H(M, g, ta)
equal the relative and absolute cohomologies, respectively. There should be finitely
many jumps in this deformation, and the intermediate weighted cohomologies should
correspond to intersection cohomologies with perversities varying from lower middle
or upper middle to one of the extremes. We shall return to a precise exploration of
these ideas elsewhere.

Hitchin’s Hodge theorem

Section 7 contains an explanation of our Hodge and signature theorems in several
interesting examples. Most of those examples are hyperkéhler, and the Hodge coho-
mology of such manifolds has been recently studied by Hitchin [44]. Amongst his
results is one particularly relevant to our paper.

THEOREM 3 (Hitchin)
Let M be a complete hyperkdhler manifold of real dimension 4k such that one of
the Kihler forms w; satisfies w; = dfy, where  has linear growth. Then any L>
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harmonic form on M is of degree 2k and is self-dual or antiself-dual provided that k
is even (resp., odd).

This implies the following.

COROLLARY 6
If M is a hyperkiihler manifold as above, then dim L>#*(M, g) = |sgn;2(M, g)|.

Hence for the class of hyperkihler manifolds satisfying the hypothesis of Hitchin’s
theorem (including most of the examples in §7), the Hodge cohomology can be com-
puted from the L2-signature index theorem of Dai and Vaillant.

We obtain two consquences that follow from this result and the analysis devel-
oped for the proofs of our main theorems. The first gives an interesting topological
obstruction to the existence of a fibred boundary or fibred cusp hyperkihler metric
satisfying the linear growth hypothesis of Theorem 3.

COROLLARY 7

If M is a hyperkdhler manifold as in Theorem 3 which is either of fibred cusp or
fibred boundary type, then the intersection form on H*(M, M) is semidefinite, so
that sgn(M) is nonpositive if k is odd and nonnegative if k is even.

Proof
To be definite, suppose that g is a fibred cusp metric. We know by Theorem 3 that
the intersection form on L%>.#%K(M, g) is semidefinite of the correct sign. On the
other hand, the topological signature of a manifold with boundary is by definition the
index of the intersection form on the image of (middle degree) relative cohomology
in absolute. Thus we must show that this latter intersection form is also semidefinite.

Suppose that 7 and v are smooth closed compactly supported 2k-forms that repre-
sent nontrivial classes in In(H**(M, dM) — H?**(M)). By Theorem 2 or, rather, by
its proof in §5, we have n = d¢ +y, v = d&é + p, where y, p € L>%(M); we also
have ¢ = (o + ¢/, where {” € /€ Q%Ck (M) and ¢y is polyhomogeneous with growth at
just the critical value for square integrability and in addition is fibre-harmonic in form
and in the kernel of D. There is a similar decomposition for &.

We now compute that

/ nAv=/(dC+V)/\(d§+p)
M M

:/ d(/\df—i-/ dg“/\p—i—/yAdf—i-/y/\p.
M M M M

Now integrate by parts in each of the first three terms on the right. Using the infor-



HODGE COHOMOLOGY OF GRAVITATIONAL INSTANTONS 537

mation in the last paragraph, the boundary terms all vanish, and we are left with the
equality of the pairing of # and v with the pairing of y and p, as desired. O

Remark. This topological obstruction is investigated further in [41] for toric hy-
perkédhler varieties.

The arguments in the proof above also yield the following.

COROLLARY 8
If M has a hyperkdhler fibred boundary metric as above, then the t-invariant of M
is nonpositive if k is odd and nonnegative if k is even.

7. Examples

A mathematically interesting theme in contemporary research in string theory in-
volves the use of duality to predict the dimensions of spaces of L> harmonic forms on
various classes of noncompact manifolds. Probably the most famous of these is the S-
duality conjecture made by Sen in [63, page 220], which predicts the dimension of the
Hodge cohomology on moduli spaces of monopoles on R>; these moduli spaces in-
clude the Atiyah-Hitchin manifold, the Taub-NUT space, and its higher-dimensional
generalizations. A similar S-duality prediction in [66, page 57] concerns the Hodge
cohomology of quiver varieties, while [39, Conjecture 1] contains a mathematical
conjecture about the Hodge cohomology of moduli of Higgs bundles. Similarly to
Sen’s conjecture, these last predictions equate the Hodge cohomology of these moduli
spaces with the image of compactly supported cohomology in absolute cohomology.
We also mention the predictions about Hodge cohomology in [64] for multi-Taub-
NUT spaces and in [10] for the G,-space constructed in that paper.

The justification of these predictions has been a key motivation for our work.
In this final section we examine these conjectures in light of the results of this pa-
per. The point is that, particularly in the low-dimensional cases, the moduli spaces
in these conjectures carry natural fibred boundary metrics, and hence our Theorem 1
can be applied. We discuss several examples where we can confirm the predictions,
but notably, we also show that the L2 harmonic form predicted to exist on the ALF
G-space of [10] does not in fact exist. This is labeled as a U (1)-puzzle in [10, §6]
and awaits further explanation.

Many of the calculations below have been or could be done using techniques al-
ready in the literature. For example, Hitchin [44] has already settled Sen’s S-duality
conjecture for the Atiyah-Hitchin and Taub-NUT manifolds. Likewise, the computa-
tions for all hyperkidhler ALE spaces follow from Theorem 3 above and the computa-
tion of Hodge cohomology in the b-case, which was previously known (see [2], [56]).



538 HAUSEL, HUNSICKER, and MAZZEO

For spaces with hyperkéhler metrics of fibred boundary type, the calculations follow
from Theorem 3 again and the signature formula (55) of Dai and Vaillant. We hope
the advantages of our more unified approach to these problems is apparent and that
our results give new topological insight even in the previously understood cases. We
state as a corollary those applications that we believe are new.

7.1. Gravitational instantons

A gravitational instanton is by definition (see [42]) a four-dimensional complete hy-
perkidhler manifold. In all known topologically finite and noncompact examples, the
metric is of fibred boundary type. These examples can be separated into three classes:
ALE (short for asymptotically locally Euclidean), where F is a point; ALF (short
for asymptotically locally flat), where F = S'; and ALG (by induction), where
F=s8!xSs.

The space L2.7>(M) of L*> harmonic 2-forms for gravitational instantons is par-
ticularly interesting since it contains the curvatures of U(1) Yang-Mills connections.
Because of this, we also mention what is known about SU(2) Yang-Mills connections
on gravitational instantons and how these U(1) Yang-Mills connections fit into that
picture as subspaces of reducible connections.

7.1.1. ALE gravitational instantons
In his thesis, Kronheimer [49], [50] classified all ALE gravitational instantons. The
underlying manifolds in this classification are (diffeomorphic to) minimal resolutions
of C?/ T, where T is a finite subgroup of SU(2). These are of type Ak, Dy, Es, E7, or
Eg. If we denote the resolution of C2/ T by Mr, the correspondence is given by the
fact that the intersection form on H?(Mr) is isomorphic to the Cartan matrix of some
simply laced Lie algebra of type ADE. Topologically, this means that Mr retracts to
a configuration of Lagrangian 2-spheres forming the corresponding Dynkin diagram.
The intersection form gives a pairing H>(Mr) x H*>(Mr) — Z, and since the Cartan
matrix defining the form is always negative definite, we see that the forgetful map
H?(Mr) — H?(Mr) is an isomorphism.

Now apply Theorem 1 to get the well-known result that L>.7X(M) is nontrivial
only in degree 2 and

L> % (Mr, gaLg) = H?(Mr).

In particular, if k is the number of conjugacy classes in I, then
dim ch%ﬂz(Mr, gaLlg) =k — 1.

A nice explicit construction of k — 1 independent elements giving a basis of
szfz(Mr) in this case appears in [35]. The paper [51] combines this with [49] to
construct all finite-energy U(k) Yang-Mills instantons on M.
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7.1.2. ALF gravitational instantons

There is no classification known for ALF gravitational instantons parallel to that of
Kronheimer for the ALE case. However, Cherkis and Kapustin [20] have recently
conjectured a classification scheme; using a physics argument, they predict that all
ALF instantons are of the types Ay, Dy, so that Dy stands for the Atiyah-Hitchin
manifold.

Consider first the Ag- (for k > 1) and Dg- (for k > 4) families. The underlying
manifolds of these gravitational instantons are the same as in the ALE case, although
the metrics are of course now ALF. Thus now I is either a cyclic or dihedral subgroup
of SU(2) and Mr is the minimal resolution of C2/I". The Ay-family was constructed
first in [42] (see below for the details), while the Dy-family appears in [20] and [19].

The following corollary confirms the prediction made in [64] concerning the
Hodge cohomology of ALF gravitational instantons in the Ag-case but includes the
Dy.-case as well.

COROLLARY 9

Suppose that T C SU(2) is a finite cyclic or dihedral subgroup, and let k be the
number of conjugacy classes in U. If (Mr, gaLF) is the associated ALF gravitational
instanton, then dim L*> % (Mt) = k; L?> % (Mr) is trivial for d # 2.

Proof
In both the Ay and Dy settings, Xr = Xr U S2. The Mayer-Vietoris sequence
gives H*(Xt) = H?*(Xr) ® HY(S?). Therefore by (1), dim L2#%(M, gaLg) =
dim H*(Xt) + 1 =k.

Alternatively, apply Theorem 3 and (55). One calculates that the z-invariant of
the fibration at infinity is —1; hence sgn;»(Mr, gaLr) = sgn(Mr) — 1 = —k. The
result follows by applying Theorem 3 again. O

A consequence of this result is that for an ALF gravitational instanton Mr there is,
up to scaling, a unique L? harmonic form; this form is exact but not, of course, in the
range of d on L2, In the Ay-case, the metric and all L? harmonic 2-forms are known
explicitly. We now explain this in more detail and determine which L?-harmonic form
is exact.

The explicit construction of the ALF gravitational instantons of type Ay uses the
Gibbons-Hawking ansatz (see [33])

gALF = V(dx} + dx3 + dx3) + V1(d0 + a)?,

where « is a 1-form on R? such that da = *d V. There is a metric gf;‘LF of this type
that lives on a four-manifold M; and admits an isometric circle action with k fixed
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points. Away from these fixed points, M}, fibres over R3 \{p1,..., px} with S ! fibres,
and it induces a degree —1 fibration around each p; € R3. Here (x1, x2, x3) is the
standard coordinate system on R and § € S!. Finally,

k
2m
V = +1, m>0.
Zl: lx — pil
These are called Gibbons-Hawking or multi-Taub-NUT metrics, and g}%LF is the fa-
mous Taub-NUT metric.
The paper [61] explicitly describes the k-dimensional space L2.7#>(M;) as

Q =d&, i=1,...,k,
where

& =a; — E(d@ +a), whereV; = _m and da; = *dV;.
14 lx — pil

This description is only local in the given coordinate chart, and indeed, &; extends
globally only as a connection on a U(1)-bundle. Its curvature €; is globally defined.
There is one exception: the connection ¢ = > & = V~1(df + a) — d6 is gauge
equivalent to V! (d6 4 a), which extends globally as the metric dual of the Killing
vector field 9/06 from the circle action. Its curvature is the L? harmonic 2-form
d(V~1(d6 + a)). For the Taub-NUT metric, that is, when k = 1, this 2-form was
discovered by Gibbons [32] and exhibited as support for Sen’s S-duality conjecture.
(As already noted, Hitchin [44] settled Sen’s conjecture in this case by proving that
there are no other nontrivial L2 harmonic forms.)

Our result explains the topological origin of Gibbons’s L? harmonic 2-form. For
although M is diffeomorphic to R*, its compactification (as an ALF space) is X| =
CP?. The nontrivial cohomology of CP? in degree 2 is the topological source of
Gibbons’s L harmonic 2-form.

The other infinite family of ALF gravitational instantons, of type Dy, was con-
structed in [19] and [20] as moduli spaces of certain singular SU(2) monopoles on
R3. The metrics are defined using twistor theory and so are not as explicit as the
Gibbons-Hawking metrics above. However, for k > 4, Theorem 1 again gives a k-
dimensional space of L? harmonic 2-forms, a one-dimensional subspace of which is
exact. It would be interesting to find these harmonic forms explicitly.

We now come to the Atiyah-Hitchin manifold M (see [1]). As explained in [43],
the compactification of this space is obtained by adding a copy of RP?, and in fact,
MURP? = §* Hence (1) shows that L>.22*(M) = 0. However, 7| (M) is Z,, and the
universal cover M has compactification M URP? = CP2. Therefore L2#°%(M) is
one-dimensional. This 2-form was constructed by Sen in [63], and Hitchin [44] proved
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its uniqueness. Our proof of Sen’s conjecture, through (1), explains the topological
origin of this form since it comes from the one-dimensional H?(CP?).

In contrast to the ALE case, very little is known about Yang-Mills instantons on
these ALF gravitational instantons (though, of course, the discussion above can be ap-
plied to understand the situation for U(1) Yang-Mills instantons). Recently, new fam-
ilies of SU(2) Yang-Mills instantons on multi-Taub-NUT spaces have been found (cf.
[28], [30]). In particular, [30] contains an intrinsic construction of the L? harmonic
forms Q; defined above as the curvatures of reducible SU (2) Yang-Mills instantons.

We conclude this section with a final example, the well-known Euclidean
Schwarzschild space M, which is a complete Ricci-flat 4-manifold but not hy-
perkdhler. Its Hodge cohomology is calculated in [29] using techniques from [44],
and it is shown there that L>X(M) = 0 when k # 2 and L>¢%(M) is two-
dimensional, with a one-dimensional subspace of (anti)-self-dual solutions. This is
explained neatly by (1): namely, M is diffeomorphic to R?> x $? and is ALF with
F = §' = 3(R?); hence it compactifies as X = S x S2. Applying (1), we see that
the Hodge cohomology of M is concentrated in degree 2, and

dim L>#%(M) = dim H*(X) = dim H?(5* x §?) = 2.

As explained in [29], the self-dual L? harmonic 2-forms on M had already appeared
in the physics literature in the disguise of SU(2) Yang-Mills instantons (see [14]).

7.1.3. ALG gravitational instantons

The ALG gravitational instantons are the most recent of these spaces to be studied,
and examples have only recently been constructed (see [21]); they arise as moduli
spaces of periodic monopoles on R? x S!. In these examples the underlying manifold
M is an elliptic fibration of type D1, Dy, D3, D4 or Eg, E7, Eg (cf. [21] for the precise
meaning of this). They have a fibred boundary metric with F = T2, and hence their
compactification X = M U S! is not a Witt space. Theorem 1 gives the following.

COROLLARY 10

Let (M, garg) be an ALG gravitational instanton with a fibred boundary metric with
F = T2 Then

L**(M, garc) = Im (H*(M, 0M) — H*(M))

is an isomorphism or, in other words, dim L>%(M, gaLG) equals the rank of the
intersection matrix on H*(M, oM ).

Proof
The intersection cohomology of X can be calculated using Mayer-Vietoris, so that the
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result follows from Theorem 1. However, another approach may be more transparent.
By Theorem 3 and the signature formula (55), it is enough to show that the fibration
0(M) — B has t-invariant equal to zero. But this follows from [25, pages 316 —319],
where it is shown that 7 = 0 on any fibration that admits a flat connection. This
applies in the present situation because over the one-dimensional base B = S! any
connection is flat. O

In the examples of type Dy, the intersection matrix is the Cartan matrix of type Dy
(see [21]). Hence in this case L2.5#2 (M, ga1g) is four-dimensional.

A parallel construction in [21] of certain moduli spaces of solutions to Hitchin’s
equations (or, equivalently, Higgs bundles) yields manifolds with hyperkidhler metrics
guit Which have the same complex structure and underlying topology as the moduli
spaces of periodic monopoles discussed above. A conjecture in [21] states that the
corresponding elements of these two classes of moduli spaces are in fact isometric.
For example, it is known that the moduli space of rank 2 parabolic Higgs bundles on
CP'\ {p1, p2, p3, pa} is an elliptic fibration (given by the Hitchin map) with one
singular fibre of type Ds.

If this conjecture is valid in general, then Corollary 10 implies that for the
four-dimensional moduli space of solutions to Hitchin’s equations on a cylinder,
L>*(M, gui) = Im(H?*(M, M) — H?(M)). This would be the first evidence,
albeit indirect, for [39, Conjecture 1].

7.2. ALE toric hyperkdhler manifolds

Toric hyperkdhler manifolds were defined and first studied in [6]. An algebraic geo-
metric account of the underlying varieties, with some novel applications to combina-
torics, is given in [40].

Let U(1)? act on H", preserving the hyperkihler structure, and let My =
H*/// /5U(l)d be a smooth toric hyperkédhler manifold of dimension 4n — 4d. The
notation X////¢G here denotes a hyperkihler quotient (see [45]). This construction
determines a family of metrics on Mg corresponding to the regular values of the hy-
perkdhler moment map. For any such value, consider the family M;s, t > 0. The
asymptotics of the metrics in the family M, are the same for ¢ # 0 (i.e., these metrics
are quasi-isometric, with increasing quasi-isometry constant as t — 0). Ast — 0,
M;¢ degenerates to the singular space Moy = H"////oU (1)?. If we suppose that M
has only one isolated singularity, then the metrics in this family maintain the same
asymptotics at infinity even when ¢ = 0. In this case, M is the cone over a 3-Sasakian
compact smooth manifold. This implies that M, is ALE.

The question of when M has only one isolated singularity is intimately related to
3-Sasakian geometry (see [9]), and we quote a result from [6, Theorem 4.1]: M( has
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only one isolated singularity if and only if the action of U(1)¢ on H" is unimodular
(this means that the generic quotient M¢ is smooth) and generic (this means that the
vector configuration described by the embedding U(1)? ¢ U(1)" is generic; see [5]).
Now Theorem 1 and [41] give the following.

COROLLARY 11
Suppose that the toric hyperkdhler manifold M¢ is smooth and generic. Then

LZ%Z”_Z‘I(M@) = Im(HZ"_Zd(Mg, 5M¢) - H2n_2d(Mg“)) = H2n—2d(M§))

and L>* (Mg) = 0 in all other degrees.

The Hodge cohomology is concentrated in the middle degree because Mz has no
cohomology above the middle dimension. It is proven in [41] that the intersection
form on H?"~2¢(Ms, 9M) is definite, which in the case of a smooth and generic
toric hyperkihler variety is consistent with Corollary 7. It follows that the forgetful
map H>' % (Mg, 0Mg) — H A= (M) is an isomorphism for any smooth toric
hyperkihler variety, proving the last isomorphism in Corollary 11.

There are two extreme cases for a smooth generic toric hyperkéihler manifold M.
One occurs when d = n — 1, and these are just the ALE gravitational instantons of
type Ak, which we have discussed earlier. The other extreme is when d = 1, and then
we obtain the Calabi metric on 7*CP"~!. From the argument above, it has an ALE
metric and its Hodge cohomology is supported in the middle degree 2n — 2, where it
is one-dimensional. An explicit generator for this space was found in [47].

A closely related example is the ALE Ricci-flat Kéhler metric on 7*S", con-
structed by Stenzel in [65]. Theorem 1 shows that there is a one-dimensional space
of L? harmonic n-forms on that manifold when 7 is even. For n = 2 this is just the
Eguchi-Hanson metric. For general n = 2k, physicists have found explicit expressions
for the L2 harmonic k-form (see [24]).

7.3. Spin(7)- and Go-metrics
There has been recent interest amongst physicists in constructing new noncompact
complete Spin(7)- and Gp-metrics (cf. [10]), and there have been predictions about
the L? harmonic forms on such spaces. All known examples have fibred boundary
metrics, and so our results, Theorem 1, (1), and (2) can be used to check these predic-
tions. We mention just two examples.

In fact, our Theorem 1 suggested that physicists look for an L2 harmonic 3-form
on a particular example, an ALE G>-metric on a rank 3 real vector bundle over S4,
constructed first in [11]. We have the following as a simple corollary of Theorem 1.
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COROLLARY 12

The Go-metric of [11] on a rank 3 real vector bundle over S* supports exactly a one-
dimensional space of degree 3 and a one-dimensional space of degree 4 L* harmonic
forms.

Armed with the knowledge that such forms existed, physicists (see [23]) were able to
find their explicit forms (see [23, (2.18)]) and also [23, footnote 4].

There is another example of a Gy-metric, constructed in [10], which lives on
R* x §3. It is ALF with F = S!, and so our result (2) implies the following.

COROLLARY 13
There are no nontrivial L* harmonic forms on the Ga-space of [10].

A prediction coming from duality arguments between M-theory and type IIA string
theory suggested the existence on this space of an L? harmonic 2-form or, equiva-
lently, a finite energy U(1) Yang-Mills field, whose counterpart exists in dual theory.
Corollary 13 shows that this prediction fails; actually, the methods of [44] were al-
ready used in [10, §6] to establish the nonexistence of L? harmonic 2-forms on this
G;-manifold. Those authors call this the U(1)-puzzle.
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