COMMUNICATIONS IN
ANALYSIS AND GEOMETRY
Volume 21, Number 1, 105-170, 2013

Desingularizing isolated conical singularities:
Uniform estimates via weighted Sobolev spaces

TOMMASO PACINI

We define a very general “parametric connect sum” construction
that can be used to eliminate isolated conical singularities of Rie-
mannian manifolds. We then show that various important analytic
and elliptic estimates, formulated in terms of weighted Sobolev
spaces, can be obtained independently of the parameters used in
the construction. Specifically, we prove uniform estimates related
to (i) Sobolev Embedding Theorems, (ii) the invertibility of the
Laplace operator and (iii) Poincaré and Gagliardo-Nirenberg—
Sobolev-type inequalities.

Our main tools are the well-known theories of weighted Sobolev
spaces and elliptic operators on “conifolds”. We provide an overview
of both, together with an extension of the former to general Rie-
mannian manifolds.

For a geometric application of our results we refer the reader to
our paper [15] concerning desingularizations of special Lagrangian
conifolds in C™.
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1. Introduction

It is a common problem in differential geometry to produce examples of
(possibly immersed) Riemannian manifolds (L,g) satisfying a given geo-
metric constraint, usually a non-linear partial differential equation, on the
metric (Einstein, constant scalar curvature, etc.) or on the immersion (con-
stant mean curvature, minimal, etc.). If L (or the immersion) happens to
be singular, one then faces the problem of “desingularizing” it to produce
a new, smooth, Riemannian manifold satisfying the same constraint. Often,
one actually hopes to produce a family (L, g¢) of manifolds satisfying the
constraint and which converges in some sense to (L, g) as t — 0. One typical
way to solve this problem is via “gluing”. We outline this construction as
follows, focusing for simplicity on the situation, where L has only isolated
point singularities and the constraint is on the metric.

Step 1: For each singular point = € L, we look for an explicit smooth
“local model”: i.e., a manifold (ﬁ, §) which satisfies a related, scale-invariant,
constraint and which, outside of some compact region, is topologically and
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metrically similar to an annulus B(x,€;) \ B(x,e2) in L, centred in the
singularity. We can then glue L onto the manifold L \ B(z,€2), using the
“neck region” B(z,e€1) \ B(x,€e2) to interpolate between the two metrics.
The fact that the neck region is “small” is usually not a problem: one
can simply rescale § to t2g, so that now (ﬁ,ﬂg) is of similar size. The
resulting manifold, which we denote (ﬁ#L, g#g), satisfies the constraints
outside of the neck region simply by construction. If the interpolation is
done carefully we also get very good control over what happens on the
neck. We think of (ﬁ#L, Jg#g¢) as an “approximate solution” to the gluing
problem. Rescaling also gives a way to build families: the idea is to glue
(L,t29) into B(z,e1) \ B(x, tez), producing a family (Ly, g;); intuitively, as
t — 0 the compact region in L collapses to the singular point x and L,
converges to L.

Step 2: We now need to perturb each (L, g;) so that the resulting family
satisfies the constraint globally. Thanks to a linearization process, the per-
turbation process often boils down to studying a linear elliptic system on
gt One of the main problems is to verify that this system satisfies estimates
which are uniform in ¢. This is the key for obtaining the desired perturbation
for all sufficiently small ¢. Roughly speaking, there is often a delicate balance
to be found as ¢ — 0: on the one hand, if L; was built properly, as t — 0 it
will get closer to solving the constraint; on the other hand, it becomes more
singular. Uniform estimates are important in proving that this balance can
be reached.

The geometric problem defines the differential operator to be studied.
However, this operator is often fairly intrinsic, and can be defined indepen-
dently of the geometric specifics. The necessary estimates may likewise be of
a much more general nature. Filtering out the geometric “super-structure”
and concentrating on the analysis of the appropriate category of abstract
Riemannian manifolds will then enhance the understanding of the problem,
leading to improved results and clarity. The first goal of this paper is thus
to set up an abstract framework for dealing with gluing constructions and
the corresponding uniform estimates. Here, “abstract” means: independent
of any specific geometric problem. We focus on gluing constructions con-
cerning Riemannian manifolds with isolated conical singularities. These are
perhaps the simplest singularities possible, but in the gluing literature they
often appear as an interesting and important case. Our framework involves
two steps, parallel to those outlined above.

Step A: In Section 11 we define a general comnect sum construction
between Riemannian manifolds, extrapolating from standard desingulariza-
tion procedures.
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Step B: We show how to produce uniform estimates on these connect
sum manifolds, by presenting a detailed analysis of three important
Problems: (i) Sobolev Embedding Theorems, (ii) invertibility of the Laplace
operator and (ili) Poincaré and Gagliardo—Nirenberg—Sobolev-type
inequalities. The main results are Theorems 11.7, 12.2, 12.3, 13.1 and
Corollary 13.2.

Our Step A is actually much more general than Step 1, as described
above: it is specifically designed to deal with both compact and non-compact
manifolds and it allows us to replace the given singularity not only with
smooth compact regions but also with non-compact “asymptotically conical
(AC) ends” or even with new singular regions. It also allows for different
“neck-sizes” around each singularity. In this sense it offers a very broad and
flexible framework to work with.

The range of possible estimates covered by our framework is clearly
much wider than the set of Problems (i)—(iii) listed in Step B. Indeed, the
underlying, well-known, theory of elliptic operators on conifolds is extremely
general. Within this paper, this choice is to be intended as fairly arbitrary:
among the many possible, we choose three estimates of general interest
but differing one from the other in flavour: Problem (i) is of a mostly
local nature; Problems (ii)—(iii) are global. In reality, however, our choice
of Problems (i)—(iii) is based on the very specific geometric problems we
happen to be interested in. The second goal of this paper is thus to lay
down the analytic foundations for our papers [14, 15| concerning deforma-
tions and desingularizations of submanifolds whose immersion map satisfies
the special Lagrangian constraint. The starting point for this work was a
collection of gluing results concerning special Lagrangian submanifolds due
to Arezzo-Pacard [2], Butscher [3], Lee [9] and Joyce [6, 7], and parallel
results concerning coassociative submanifolds due to Lotay [12]. It slowly
became apparent, thanks also to many conversations with some of these
authors, that several parts of these papers could be simplified, improved
or generalized: related work is currently still in progress. In particular,
building approximate solutions and setting up the perturbation problem
requires making several choices, which then influence the analysis rather
drastically. A third goal of the paper is thus to present a set of choices
which leads to very clean, simple and general results. One such choice con-
cerns the parametrization of the approximate solutions: parametrizing the
necks so that they depend explicitly on the parameter ¢ is one ingredi-
ent in obtaining uniform estimates. A second ingredient is the consistent
use, even when dealing with compact manifolds, of weighted rather than
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standard Sobolev spaces. Although such choices may seem obvious to some
members of the “gluing community”, it still seems useful to emphasize this
point.

For expository purposes we found it useful to split the paper into three
separate parts. Part 1 is devoted to weighted Sobolev spaces and the
corresponding Sobolev Embedding Theorems. The main example we are
interested in is the case of “conifolds”; in this special case the Sobolev
Embedding Theorems, cf. Corollary 6.8, are well-known. However, Problem
(i) requires keeping close track of how the corresponding Sobolev constants
depend on the conifolds and on the other data used in the connect sum con-
struction. It is thus useful to step back and investigate exactly which prop-
erties of Sobolev spaces are crucial to the validity of Embedding Theorems.
In the standard, i.e., non-weighted, case, the book by Hebey [4] provides
an excellent introduction to this problem. Given the lack of an analogous
reference for weighted Sobolev spaces, we devote a fair amount of attention
to their definition and properties. Our main result in Part I is Theorem 5.1,
which proves the validity of the Sobolev Embedding Theorems under fairly
general hypotheses on the “scale” and “weight” functions with which we
define these spaces.

Part II is devoted to the Fredholm theory of elliptic operators on coni-
folds. This theory is well-known but, for the reader’s convenience, we review
it (together with its asymptotically cylindrical counterpart) in Sections 7
and 9. Sections 8 and 10 contain instead some useful consequences of the
Fredholm theory.

Part III contains the main results of this paper, corresponding to Steps
A and B, above: the definition of “conifold connect sums” and the uniform
estimates, Problems (i)—(iii).

We conclude with one last comment. Depending on the details, the con-
nect sum construction can have two outcomes: compact or non-compact
manifolds. In the context of weighted spaces, Problem (i) does not note
the difference. Problems (ii) and (iii) require instead that the kernels of
the operators in question vanish. On non-compact manifolds this can be
achieved very simply, via an a priori choice of weights: roughly speaking,
we require that there exist non-compact “ends”, then put weights on them
which kill the kernel. This topological assumption is perfectly compatible
with the geometric applications described in [15]. On compact manifolds it
is instead necessary to work transversally to the kernel; uniform estimates
depend on allowing the subspace itself to depend on the parameter t. We
refer to Section 12 for details.
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2. Preliminaries

Let (L, g) be an oriented m-dimensional Riemannian manifold. We can iden-
tify its tangent and cotangent bundles via the maps

(2.1) T,L — TFL, v v¥ :=g(v,-), with inverse T*L — TyL, o o’.

There are induced isomorphisms on all higher-order tensor bundles over L.
In particular, the metric tensor g, as a section of (7%L)2, corresponds to
a tensor ¢°, section of (T'L)2. This tensor defines a natural metric on T*L
with respect to which the map of Equation (2.1) is an isometry. In local
coordinates, if g = g;;dz’ @ dz’ then @ =490 ® dj, where (g*) denotes the
inverse matrix of (gi;).

Given any x € L we denote by i,(g) the injectivity radius at x, i.e.,
the radius of the largest ball in T, L on which the exponential map is a
diffeomorphism. We then define the injectivity radius of L to be the number
i(g) := infyeriz(g). We denote by Ric(g) the Ricci curvature tensor of L:
for each x € L, this gives an element Ric,(g) € TAXL @ T L.

Let E be a vector bundle over L. We denote by C*°(E) (respectively,
C2°(E)) the corresponding space of smooth sections (respectively, with com-
pact support). If F is a metric bundle we can define the notion of a metric
connection on E: namely, a connection V satisfying

V(o,7) = (Vo,7) + (0,VT),

where (-,-) is the appropriate metric. We then say that (F,V) is a metric
pair.

Recall that coupling the Levi—Civita connection on T'L with a given
connection on E produces induced connections on all tensor products of
these bundles and of their duals. The induced connections depend linearly
on the initial connections. Our notation will usually not distinguish between
the initial connections and the induced connections: this is apparent when
we write, for example, V2o (short for VVo). Recall also that the difference
between two connections V, V defines a tensor A := V — V. For example, if
the connections are on F then A is a tensor in T*L ® E* ® E. Once again,
we will not distinguish between this A and the A defined by any induced
connections.

Let E, F' be vector bundles over L. Let P : C*°(E) — C*(F) be a linear
differential operator with smooth coefficients, of order n. We can then write
P=3%",A;-V' where 4; is a global section of (TL)'® E*® F and -
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denotes an appropriate contraction. Note that since P is a local operator it
is completely defined by its behaviour on compactly-supported sections.

Remark 2.1. Assume P =37 ; A, - V. Choose a second connection V on
E and set A := V — V. Substituting V=V — V4V = 4+ V allows us to
write P in terms of V. Note that the new coefficient tensors A; will depend
on A and on its derivatives VFA.

Now assume F and F' are metric bundles. Then P admits a formal
adjoint P* : C*°(F) — C*°(F), uniquely defined by imposing

(2.2) /(Pa, T)p volg = /(O’, P*1)pvoly, Vo€ CF(E), 7€ CF(F).
L L

P* is also a linear differential operator, of the same order as P.

Example 2.2. The operator V: C®(E) — C*°(T*L ® E) has a formal
adjoint V*: C®(T*L ® E) — C*(E). Given P =31 A;- V', we can
write P* in terms of V*. For example, choose a smooth vector field X on
L and consider the operator P:=Vyxy =X -V :C®(E) — C®(E). Then
(Vx)'o = V(X" ®o0).

The V-Laplace operator on FE is defined as A :=V*V:C®(E) —
C>®(FE). When FE is the trivial R-bundle over L and we use the Levi-Civita
connection, this coincides with the standard positive Laplace operator acting
on functions

(2.3) A, = —try(V2) = —¢” - V2. C®°(L) — C>(L).

Furthermore V = d and V* = d* so this Laplacian also coincides with the
Hodge Laplacian d*d. On differential k-forms the Levi-Civita V-Laplacian
and the Hodge Laplacian coincide only up to curvature terms.

To conclude, let us recall a few elements of functional analysis. We now
let E denote a Banach space. Then E* denotes its dual space and (-, -)
denotes the duality map F* x E — R.

Let P: E — F be a continuous linear map between Banach spaces.
Recall that the norm of P is defined as ||P| := supj¢—1|P(e)| = supo
(|P(e)|/le]). This implies that, Ve # 0, |P(e)| < ||P|| - |e|. If P is injective
and surjective then it follows from the Open Mapping Theorem that its
inverse P~! is also continuous. In this case infj,—1|P(e)| > 0 and we can
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calculate the norm of P~ as follows:

- [P~1(f)l le] 1
(2.4) IP~H| = supj 20 ——5"" = SUPe0mH <7 = SUD|e|1 75—
T2 #01P(e)] =P (e))
1
infj—|P(e)]

Recall that, given any subspace Z < F, the annihilator of Z is defined as

Ann(Z) :={p € F*: (¢,2) =0, Vz € Z}.

Note that Ann(Z) = Ann(Z). Let P* : F* — E* be the dual map, defined by
(P*(¢),e) :== (¢, P(e)). It is simple to check that Ann(Im(P)) = Ker(P*).

Recall that the cokernel of P is defined to be the quotient space Coker
(P) := F/Im(P). Assume the image Im(P) of P is a closed subspace of F,
so that Coker(P) has an induced Banach space structure. The projection
7 F' — Coker(P) is surjective so its dual map 7* : (Coker(P))* — F* is
injective. The image of 7* coincides with the space Ann(Im(P)) so 7* defines
an isomorphism between (Coker(P))* and Ann(Im(P)). We conclude that
there exists a natural isomorphism (Coker(P))* ~ Ker(P*).

Remark 2.3. It is clear that Ker(P*) can be characterized as follows:
¢ € Ker(P*) < (¢,P(e)) =0, Ve€ E.

On the other hand, the Hahn-Banach theorem shows that f € Z iff (¢, f) =
0, V¢ € Ann(Z). Applying this to Z := Im(P), we find the following char-

acterization of Im(P):

feIm(P) < (¢, f) =0, Vo e Ker(P").

We say that P is Fredholm if its image Im(P) is closed in F' and both
Ker(P) and Coker(P) are finite-dimensional. We then define the index of P
to be

i(P) := dim(Ker(P)) — dim(Coker(P)) = dim(Ker(P)) — dim(Ker(P*)).

Important remarks: Throughout this paper we will often encounter
chains of inequalities of the form

leo| < Ciler| < Colea| < ...
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The constants C; will often depend on factors that are irrelevant within the
given context. In this case we will sometimes simplify such expressions by
omitting the subscripts of the constants C}, i.e., by using a single constant C'.

We assume all manifolds are oriented. In Part 2 of the paper, we will
work under the assumption m > 3.

Part 1. Sobolev Embedding Theorems

The goal of this part is to provide a self-contained overview of certain aspects
of the theory of weighted Sobolev spaces on Riemannian manifolds. Aside
from the special case of “conifolds”, discussed in Section 6 and which is well-
known, the point of view we present here applies to manifolds in general and
we would not know where to find it in the literature. In Sections 4 and 5,
we find it useful to separate the “scaling factor” p from the “weight” w:
distinguishing them in this way appears not to be a standard choice in the
literature, but we find it useful so as to emphasize their different roles in the
theory.

3. Review of the theory of standard Sobolev spaces

We now introduce and discuss Sobolev spaces on manifolds. A good refer-
ence, which at times we follow closely, is Hebey [4].

Let (F, V) be a metric pair over (L, g). The standard Sobolev spaces are
defined by

(3.1) WY?(E) := Banach space completion of the space
{oe CF(E) : |lollwy < oo},

where p€[l,00), k>0 and we use the norm |ofy» = (E;?:O

, 1/p
fL |VIigP volg> . We will sometimes use L? to denote the space W} .

Remark 3.1. At times we will want to emphasize the metric g rather than
the specific Sobolev spaces. In these cases, we will use the notation || - ||,.

It is important to find conditions ensuring that two metrics g, § on L
(corresponding to Levi—Civita connections V, @), define equivalent Sobolev
norms, i.e., such that there exists C' > 0 with (1/C)|| - [lg < || - |ls < C| - |l4-
In this case the corresponding two completions, i.e., the two spaces W7,
coincide.
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Definition 3.2. We say that two Riemannian metrics g, § on a manifold
L are equivalent if they satisfy the following assumptions:

A1l: There exists Cy > 0 such that
(1/Co)g < g < Cog.
A2: For all j > 1 there exists C; > 0 such that
|Vj§ ‘g < Cj.
Remark 3.3. It may be useful to emphasize that the conditions of Defini-
tion 3.2 are symmetric in g and g. Assumption A1l is obviously symmetric.

Assumption A2 is also symmetric. For j = 1, for example, this follows from
the following calculation which uses the fact that the connections are metric:

(3.2) IVilg = |Va—Vily = |A@G)ly = |A(9)l; = [Vals,

where ~ replaces multiplicative constants. Note that in Equation (3.2) A is
the difference of the induced connections on T* L & T™ L. This tensor depends
linearly on the tensor defined as the difference of the connections on T'L.
It is simple to see that these two tensors have equivalent norms so that
Assumption A2 provides a pointwise bound on the norms of either one.
From here we easily obtain bounds on the norms of the tensor defined as
the difference of the induced connections on any tensor product of T'L and
T*L. Similar statements hold for bounds on the derivatives of A.

Assumptions 1 and 2 can be unified as follows. Assume that, for all j > 0,
there exists C; > 0 such that

V(3 —9)ly < Cj.

As long as Cj is sufficiently small, for j = 0 this condition implies Assump-
tion 1. Since V7 g = 0, it is clear that for j > 0 it is equivalent to Assumption 2.

Lemma 3.4. Assume g, § are equivalent. Then the Sobolev norms defined
by g and g are equivalent.

Proof. Consider the Sobolev spaces of functions on L. Recall that Vu = du.
This implies that the W} norms depend only pointwise on the metrics. In this
case Assumption Al is sufficient to ensure equivalence. In general, however,
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the W} norms use the induced connections on tensor bundles. For example,
assume j = 2. Then

IV2u| = [(A+ V)(A+ V)u| < [A%u| + |A - Vu| + |V (Au)| + |V,

where A :=V — V is the difference of the appropriate connections. It is
clearly sufficient to obtain pointwise bounds on A and its derivative VA. As
mentioned in Remark 3.3, these follow from Assumption A2. The same is
true for Sobolev spaces of sections of tensor bundles over L.

Now consider the Sobolev spaces of sections of E. Since we are not
changing the connection on E, Assumption Al ensures equivalence of the
WP norms. The equivalence of the Wlf norms is proved as above. [l

For p > 1 we define p’ via

1 1 P
3.3 -+ —==1, ie,p = ——.
(8:3) p 7 p—1
For p > 1 we define p* via
1 1 1
(3.4) —=-——, le,p"= mp
p p m m-—p

It is simple to check that
(3.5) —+ == —.

More generally, for p > 1 and [ = {1,2,...} we define p; via

mp

(3.6) — = , le., p =

l
m m—Ip’

so that p* = p]. Note that p; is obtained by [ iterations of the operation

*

p—p

and that = < p’ - <1 5 SO if p; > 0 (equivalently, [p < m) then p; > p; | >
p. In other words, under appropriate conditions p; increases with /.

The Sobolev Embedding Theorems come in two basic forms, depending
on the product Ip. The Sobolev Embedding Theorems, Part I concern the
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existence of continuous embeddings of the form

(3.7) WP, (E) — WF(E) (for lp < m),

i.e., the existence of some constant C' > 0 such that, Vo € W,f+l(E),
(38) 15ty < Cllolhz, o

A standard argument based on Holder’s inequality then shows that W,f 1
(E) = W(E), for all ¢ € [p,p;]. We call C' the Sobolev constant. In words,
bounds on the higher derivatives of o enhance the integrability of . Oth-
erwise said, one can sacrifice derivatives to improve integrability; the more
derivatives one sacrifices, the larger the integrability range [p,p;].

The exceptional case of Part I concerns the existence of continuous

embeddings of the form
(3.9) WP (E) = WXE) (for Ip=m), Vq € [p,o0).

The Sobolev Embedding Theorems, Part II concern the existence of contin-
uous embeddings of the form

(3.10) WP (E) = C*(E) (for Ip > m).

Roughly speaking, this means that one can sacrifice derivatives to improve
regularity.

The validity of these theorems for a given manifold (L, g) depends on
its Riemannian properties. It is a useful fact that the properties of (E, V)
play no extra role: more precisely, if an Embedding Theorem holds for func-
tions on L, it then holds for sections of any metric pair (F,V). This is a
consequence of the following result.

Lemma 3.5 Kato’s inequality. Let (E,V) be a metric pair. Let o be a
smooth section of E. Then, away from the zero set of o,

(3.11) ld|o|| < |Val.
Proof.
2lolld|o|| = |d|o|*| = 2(Vo,0) < 2|Val|o]. O

The next result shows that if Part I holds in the simplest cases, it then
holds in all cases. Likewise, the general case of Part II follows from combining
the simplest cases of Part II with the general case of Part I.
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Proposition 3.6.

(1) Assume Part I, Equation (3.7), holds for all p <m with | =1 and
k=20. Then Part I holds for all p and l satisfying lp < m and for all
k> 0.

(2) Assume Part I, Equation (3.7), holds in all cases and that the excep-
tional case, Equation (3.9), holds forl =1 and k = 0. Then the excep-
tional case holds for all p and | satisfying Ip = m and for all k > 0.

(3) Assume Part I, Equation (3.7), and the exceptional case,
Equation (3.9), hold in all cases and that Part II, Equation (3.10),
holds for all p > m with l =1 and k = 0. Then Part II holds for all
p and l satisfying lp > m and for all k > 0.

Proof. As discussed above, it is sufficient to prove that the result holds for
functions: as a result of Kato’s inequality it will then hold for arbitrary
metric pairs (E, V).

(1) Assume [ = 1. Given u € W}, , Kato’s inequality shows that |u]...
|V*u| € WF. Applying Part I to each of these then shows that W7 = WY "

The general case follows from the composition of the embeddings

P p* D5
Wk+l ‘—>Wk+l_1 <_’Wk+l—2 — ...

(2) For [ =1 we can prove W/, < W/ as in (1) above. Now assume

Ip =m for | > 2. Then Part I yields Vle — Wfl**l. Since p;_; = m we can
now apply the exceptional case in its simplest form.

(3) Let us consider, for example, the case [ =2 and k=0. We are
then assuming that p > m/2. Let us distinguish three subcases, as follows.
Assume p € (m/2,m). Then Part 1 implies that W2 < W¥". Since p* > m
we can now use the embedding W7 " — (0 to conclude. Now assume p=m.
Then W} — W for any ¢ > m and we can conclude as above. Finally,
assume p>m. Then W) — WP — C% The other cases are
similar. Il

Corollary 3.7. Assume the Sobolev Embedding Theorems hold for (L,g).
Let g be a second Riemannian metric on L such that, for some Cy > 0,
(1/Coh)g < g < Cpg. Then the Sobolev Embedding Theorems hold also for

(L,9).
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Proof. According to Proposition 3.6 it is sufficient to verify the Sobolev
Embedding Theorems in the case [ = 1 and k& = 0. These involve only C°-
information on the metric. The conclusion is thus straightforward. O

Remark 3.8. Under a certain density condition, Proposition 3.6 can be
enhanced as follows.

Assume Part I, Equation (3.7), holds for p=1, I =1 and k =0, i.e.,
W} < Lw-1. Assume also that, for all p < m, the space C2°(L) is dense in
WP. Then Part I holds for all p < m with [ =1 and k =0, i.e., W} — LP".
The proof is as follows.

Choose u € C°(L). One can check that, for all s > 1, |ul® € WP, cf.,
e.g., [4]. Then, using Part I and Hélder’s inequality,

]l

e / (lul* + |9 ]ul?]) vol,

<C [ (ul* ] + ul*~! V) vol,
L
< Clllul~ iz (Nlullze + 1Vl Lr) -
Let us now choose s so that (s — 1)p’ = sm/(m — 1), i.e., s = p*(m — 1)/m.
Substituting, we find

m—1 1
’

(/L ’“‘p*> m SC(/LW*)p lullywe-

This leads to [|u|| o+ < Cllullwr, for all u € C°(L). By density, the same is
true for all u € W?.

To conclude, we mention that if (L, g) is complete, then C2°(L) is known
to be dense in WY for all p > 1, cf. [4] Theorem 3.1.

The most basic setting in which all parts of the Sobolev Embedding
Theorems hold is when L is a smooth bounded domain in R™ endowed with
the standard metric g. Another important class of examples is the following.

Theorem 3.9. Assume (L,g) satisfies the following assumptions: there
exists R1 > 0 and Ry € R such that

i(9) > R1, Ric(g) > Rag.
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Then:

(1) The Sobolev embeddings Part I, Equation (3.7), hold for all p and 1
satisfying Ip < m and for all k > 0.

(2) The exceptional case of Part I, Equation (3.9), holds for all p and 1
satisfying lp = m and for all k > 0.

(3) The Sobolev embeddings Part II, Equation (3.10), hold for all p and
satisfying Ilp > m and for all k > 0.

Furthermore, when kp > m, W,f is a Banach algebra. Specifically, there
exists C > 0 such that, for all u,v € W,f, the product uv belongs to W,f
and satisfies

[uvllwy < Cllullwe - lv]lwe-

We will prove Theorem 3.9 below. Roughly speaking, the reason it holds
is the following. Given any coordinate system on L, the embeddings hold on
every chart endowed with the flat metric §. Now recall that, given any (L, g)
and any x € L, it is always possible to find coordinates ¢, : B C R™ — L
in which the metric g is a small perturbation of the flat metric: this implies
that the embeddings hold locally also with respect to g. The problem is that,
in general, the size of the ball B, thus the corresponding Sobolev constants,
will depend on z. Our assumptions on L, however, can be used to build a
special coordinate system whose charts admit uniform bounds. One can then
show that this implies that the embeddings hold globally. The main technical
step in the proof of Theorem 3.9 is thus the following result concerning the
existence and properties of harmonic coordinate systems.

Theorem 3.10. Assume (L, g) satisfies the assumptions of Theorem 3.9.
Then for all small € > 0 there exists r > 0 such that, for each x € L, there
exist coordinates ¢, : B, C R™ — L satisfying

(1) ¢t (seen as a map into R™) is harmonic.
(2) ll¢zg = glico <.

Remark 3.11. Theorem 3.10 can be heavily improved, cf. [4] Theorem
1.2. First, it is actually a local result, i.e., one can get similar results for any
open subset of L by imposing similar assumptions on a slightly larger sub-
set. Secondly, these same assumptions actually yield certain C%® bounds.
Thirdly, assumptions on the higher derivatives of the Ricci tensor yield cer-
tain bounds on the higher derivatives of ¢.g — g, see Remark 4.6 for details.
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To conclude, it may be useful to emphasize that imposing a global lower
bound on the injectivity radius of (L, g) implies completeness.

Proof of Theorem 8.9. As seen in Proposition 3.6, it is sufficient to prove
the Sobolev Embedding Theorems in the simplest cases. Concerning Part
I, let us choose u € WF(L). Using the coordinates of Theorem 3.10, ¢%u €
WPF(B,). All Sobolev Embedding Theorems hold on B, with its standard
metric g. Thus there exists a constant C' such that, with respect to g,

(3.12) l¢zull e (B,) < Cllozullwy(s.)-

The fact that Vu = du implies that Equation (3.12) involves only C? infor-
mation on the metric. Since ¢g is C° close to g, up to a small change of the
constant C' the same inequality holds with respect to ¢%g. Let B,(r) denote
the ball in (L, g) with centre x and radius r. Then B,(r/2) C ¢.(B,) C
B, (2r) so

/ |u[?" vol, g/ |[ulP" vol,,
B.(r/2) ¢ (Br)
p*—p+tp
<c (/ (ul? + |dul?) vol,
¢=(Br)

C (/(\ulp + |dul?) Volg>
L

x (/ (jul? + |dul?) Volg> |
B.(2r)

Let us now integrate both sides of the above equation with respect to x € L.
We can then change the order of integration according to the formula

/IGL </yeBm<r> v VOIQ) Yol = /yeL f) (/reBy(r) VOIg) vl

Reducing r if necessary, the C? estimate on g yields uniform bounds (with
respect to x) on voly(By(r/2)) and voly (B, (2r)) because analogous bounds
hold for g. This allows us to substitute the inner integrals with appropriate

IN
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constants. We conclude that

p*—p

/ ul?” vol, < C </(\u|p+ |du\p)volg) ' </(|u|p+ |du|p)volg)
L L L

e </(\u|p + |du\p)volg) "
L

We conclude by raising both sides of the above equation to the power 1/p*.
Note that the final constant C' can be estimated in terms of the volume of
balls in L and of the constant C' appearing in Equation (3.12).

The exceptional case of Part I is similar: it is sufficient to replace p* with
any q > m. Part II is also similar, although slightly simpler. Specifically, one
finds as above that

ullco, (B.)) < Cllullwe(s,(s,)) < Cllullwer)-

Since this holds for all z € L, we conclude that [[ul[cory < Cllullywr(r)-
The proof that W} is a Banach algebra relies on the Sobolev Embedding
Theorems and some simple algebraic manipulations. For brevity, we present
only the case W1 with 2p > m, which already contains all the main ideas; [1],
Theorem 5.23, gives the general proof for domains in R™.
Recall the Leibniz rule

Vi (uv) = ki::o @) (VEu) @ (Vi)

It thus suffices to estimate each term on the right-hand side, for j = 0,1, 2.
The embedding W2 — CY implies that

[ tuvply <l [ 1ol voly < Clulfy - ol
L L

We can analogously estimate all other terms except perhaps [ |VulP|Vv|P. If
p > m we can use the stronger embedding W2 — C' to estimate this term
as above. Otherwise we use the following fact.

Fact: Assume m/2 < p < m. Then there exist r, 7’ such that 1/r + 1/r' =
1 and pr < p*, pr’ < p*.

This fact is obvious if p = m (using the convention p* = o0). For p < m
it suffices to choose r such that m/p <r <m/(p —m) and ' =r/(r — 1).
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The Sobolev Embedding Theorem, Part I, then yields WP < LP" so
|VulP € L. Likewise, |Vu|P € L™ so, using Holder’s inequality,

LA}VuVWwWVdgs|HVuwmf-Mvaan=rwmmim-nvwww/
< CIIVulBy, - [Vo[B0 < Cllullyy - 0]

Combining all these estimates proves that [[uv|[wr < Cllullwr - [[v|we, as
claimed. O

Example 3.12. Any compact oriented Riemannian manifold (L, g) satisfies
the assumptions of Theorem 3.9. Thus the Sobolev Embedding Theorems
hold in full generality for such manifolds. The same is true for the non-
compact manifold R™, endowed with the standard metric g.

Let (3,¢') be a compact oriented Riemannian manifold. Consider L :=
% x R endowed with the metric h := dz? + ¢'. It is clear that (L, h) satisfies
the assumptions of Theorem 3.9 so again the Sobolev Embedding Theorems
hold in full generality for these manifolds. More generally they hold for the
asymptotically cylindrical (A. Cyl.) manifolds of Section 6. Note however
that here we are using the Sobolev spaces defined in Equation (3.1). In
Section 6, we will verify the Sobolev Embedding Theorems for a different
class of Sobolev spaces, cf. Definition 6.14.

4. Scaled Sobolev spaces

In applications standard Sobolev spaces are often not satisfactory for various
reasons. First, they do not have good properties with respect to rescalings of
the sort (L, t2g). Secondly, uniform geometric bounds of the sort seen in The-
orem 3.9 are too strong. Thirdly, the finiteness condition in Equation (3.1)
is very rigid and restrictive.

For all the above reasons it is often useful to modify the Sobolev norms.
A simple way of addressing the first two problems is to introduce an extra
piece of data, as follows.

Let (L, g, p) be an oriented Riemannian manifold endowed with a scale
factor p > 0 or a scale function p = p(x) > 0. Given any metric pair (E, V),
the scaled Sobolev spaces are defined by
(4.1) w?r

1.sc(F2) := Banach space completion of the space

{a € C(E) lollwz,. < OO} ’

where we use the norm ||o||y»

k;sc

L 1/p
= (S5 J, [/ Vol voly)
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Note that at the scale p =1 these norms coincide with the standard
norms.

Remark 4.1. Let us slightly change notation, using gr, (respectively, gg)
to denote the metric on L (respectively, on E). The metric g used in the
above norms to measure V7o is obtained by tensoring g7, (applied to V7)
with gg (applied to o): let us write g = g1, ® gg. We then find

P’V olg, 0950~ " VOlg,0g, = |v]‘7|(p”gL)®gEV01(p*29L)®gE-

Roughly speaking, the scaled norms thus coincide with the standard norms
obtained via the conformally equivalent metric p~2g;, on L. It is important
to emphasize, however, that we are conformally rescaling only part of the
metric. This can be confusing when F is a tensor bundle over L, endowed
with the induced metric: it would then be natural to also rescale the metric of
E. We are also not changing the connections V. In general these connections
are not metric connections with respect to (p~2gr) ® gg. This has important
consequences regarding the Sobolev Embedding Theorems for scaled Sobolev
spaces, as follows.

Naively, one might hope that such theorems hold under the assumptions:

i(p~%g) = Ry, Ric(p~g) > Rap~2g.

Indeed, these assumptions do suffice to prove the Sobolev Embedding The-
orems in the simplest case, i.e., [ =1 and k£ = 0. However, the general case
requires Kato’s inequality, Lemma 3.5, which in turn requires metric con-
nections. To prove these theorems we will thus need further assumptions on
p, cf. Theorem 4.7.

We now define rescaling to be an action of R* on the triple (L, g, p),
via t- (L, g,p) := (L,t%g,tp). Recall that the Levi-Civita connection V on
L does not change under rescaling. Using this fact it is simple to check
that [|o|lwy_, calculated with respect to ¢ - (L, g, p), coincides with ||oflwyz_
calculated with respect to (L, g, p): in this sense the scaled norm is invariant
under rescaling.

Remark 4.2. As in Remark 4.1, our definition of rescaling requires some
care. To explain this, let us adopt the same notation as in Remark 4.1. Our
notion of rescaling affects only the metric on L, not the metric on E. As
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before, this can be confusing when FE is a tensor bundle over L, endowed
with the induced metric.

As in Section 3, it is important to find conditions under which (L, g, p)
and (L, g, p) define equivalent norms.

Definition 4.3. Let (L, p) be a manifold endowed with a scale function.
We say that two Riemannian metrics g, § are scaled-equivalent if they satisfy
the following assumptions:

A1: There exists Cy > 0 such that
(1/Co)g < g < Cog.
A2: For all j > 1 there exists C; > 0 such that
’ngyp”g@gza < Cj,

where V is the Levi-Civita connection defined by g, F =T*L ® T*L
and we are using the notation introduced in Remark 4.1.

Remark 4.4. As in Remark 3.3, one can check that
|v§‘p‘2g®gb~ <Ci= |A(g)|p‘29®g1§ < (1.

In turn this implies that |A|,-24g,, < C1, where now A denotes the differ-
ence V — V of the connections on 7L and E = T*L ® TL.

Again as in Remark 3.3, one can check that if for all j > 0 there exists
C; > 0 such that

]V] (9 - 9)‘;)*29@915 < Cj

and if Cy is sufficiently small then g, g satisfy Assumptions A1l and A2.

The following result is a simple consequence of Remark 4.1 and
Lemma 3.4.

Lemma 4.5. Assume (L,g,p), (L,§,p) are scaled-equivalent in the sense
of Definition 4.3. Then the scaled Sobolev norms are equivalent.
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We can also define the scaled spaces of C* sections
(4.2) Ck (E) = {g € CH(E) : ollcx < oo} ,

where we use the norm |[[o||cx = E?:o sup,er, |’ V7|, Once again, these
norms define Banach spaces.

Remark 4.6. One can analogously define Che spaces. Note that Equation
(4.2) implies that C% = C°. It is these spaces which are relevant to the
generalization to higher derivatives of Theorem 3.10. Specifically, bounds on
the higher derivatives of Ric(g) yield C™ bounds on ¢rg — g with respect
to the (constant) scale factor r determined by the theorem.

We are now ready to study the Sobolev Embedding Theorems for scaled
spaces. As mentioned in Remark 4.1, these theorems require further assump-
tions on p.

Theorem 4.7. Let (L, g) be a Riemannian manifold and p a positive func-
tion on L. Assume there exist constants Ry >0, Ro € R, R3 > 1 and ( >0
such that:

Al: Vz € L, iy(g9) > Rip(z).
A2: Vo € L, Rici(g) > Rop(z)29s.
A3: Vx € L,Vy € B(z,(p(x)),

(1/R3)p(z) < p(y) < Rsp(x).

Then all parts of the Sobolev Embedding Theorems hold for scaled norms and
for any metric pair (E, V). Furthermore, when kp > m, Wlf;sc is a Banach
algebra.

Now let § be a second Riemannian metric on L such that, for some
Co >0, (1/Ch)g < g < Cog. Then the scaled Sobolev Embedding Theorems
hold also for (L, g, p) and for any metric pair (E,V). The Sobolev constants
of g depend only on the Sobolev constants of g and on Cjy.

Proof. Let us prove Part 1 for functions, assuming [ =1, k = 0. Choose
x € L. Set B, := B(x,(p(z)). For y € By, consider the rescaled metric h
defined by hy, := p(z)2g,. Assumption A1 shows that i,(g) > Rip(y). Using
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Assumption A3 we find

iy(h) = p(x)Yiy(g) > Rip(y)p(z) ™" > Ri/Rs.

Now recall that the Ricci curvature Ric is invariant under rescaling, i.e.,
Ric(h) = Ric(g). Then Assumptions A2 and A3 show that

Ric, (k) = Ric,(g) > Rop(y) 2p(x)?h > (Ra/B3)h.

We have thus obtained lower bounds on the injectivity radius and Ricci cur-
vature of (B, h). Note that these bounds are independent of z. Recall from
Remark 3.11 that Theorem 3.10 is essentially local. Specifically, set B! :=
B(z,(1/2)(p(z)). Then for any € > 0 there exists r = r(p, R1, R2, R3,€,m)
such that, for any « € L, there exist coordinates ¢, : B, — (B, h) satisfying
lé3h— glleo < e.

Exactly as in the proof of Theorem 3.9, we can now use the local Sobolev
Embedding Theorems for B, to conclude that

1/p* 1/p
(4.3) (/ \u|p*volh> <C (/ (|ul + |dul}) volh> :
B B,

Assumption A3 allows us, up to a change of constants, to replace the (locally)
constant quantity p(x) with the function p(y). Remark 4.1 shows how replac-
ing p~2g with g leads to the scaled norms. Proceeding as in the proof of
Theorem 3.9, via double integration, we then get

’
x

(4.4) ull o < Cllullwe,.,

where we are now using the metric g.
Now consider the case k =1, i.e., assume u € WY _. Then ¢%|Vul, €
WP (By). As before, we obtain

(45) ( /|

1/p* 1/p
\VUV;L Volh> <C (/B’ (]Vum + |d(]Vu\h)|€L) V01h> .

/
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Note that the Levi—Civita connections of g and h coincide. We can thus apply
Kato’s inequality, finding |d|Vuls|n < [VZu|, = |p(z)?V?ul,. This leads to

(4.6) ( /

1/p
<cC (/,(IP(%)VU\ZvL !P($)2V2U\Z)P(I)mvolg> ~

x

1/p*
Ip(iL‘)VUZ*p(x)_mvolg>

’
x

We can now proceed as before, using Assumption A3, to obtain

IVul| - < ClIVullwe,, -
Together with Equation (4.4), this implies W5, — W/ ..

The other cases and parts of the Sobolev Embedding Theorems can be
proved analogously.

The claim that W,f; s 1s a Banach algebra can be proved as in Theo-
rem 3.9, using Remark 4.1 to write the scaled norms in terms of standard
norms. In this case, the fact that the connection V is not a metric connection
with respect to the rescaled metric p~2¢ is not a problem: the proof only
uses the Leibniz rule (together with Holder’s inequality for LP norms and
the Sobolev Embedding Theorems which we have just proved).

The proof of the Sobolev Embedding Theorems for (L,g,p) is simi-
lar. For example, to prove Part I with [ =1 and k£ = 0, we locally define
iLy = p*Q(x)gy. Our assumption on ¢ allows us to substitute A with h in
Equation (4.3). The proof then continues as before. Now consider the case
k=1,1i.e., assume u € Wgsc with respect to g. Let V denote the Levi-Civita

connection defined by §. We can then study qb;\@u ;, as before, obtaining
the analogue of Equation (4.5) in terms of (h,V) instead of (h,V). Since
the Levi—Civita connections of § and h coincide we also obtain the analogue
of Equation (4.6). The proof then continues as before. O

Remark 4.8. Compare the proof of Theorem 4.7 with the ideas of
Remark 4.1. The main issue raised in Remark 4.1 concerned Kato’s inequal-
ity for the rescaled metric p~2g. In the proof of the theorem this problem is
solved by Assumption A3, which essentially allows us to locally treat p as
a constant. Assumptions Al and A2 are then similar to the assumptions of
Remark 4.1.

Example 4.9. We now want to present two important examples of (L, g, p)
satisfying Assumptions A1-A3 of Theorem 4.7.
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(1) Let L be a smooth bounded domain in R™, endowed with the stan-
dard metric g. Given any x € L we can define p(z) := d(z,0L). This
function satisfies Assumption Al with R; = 1 and Assumption A2 with
Ry = 0. The triangle inequality shows that, for all y € B(z, (1/2)p(x)),
(1/2)p(z) < p(y) < (3/2)p(z). This implies that Assumption A3 is also
satisfied.

(2) Given a compact oriented Riemannian manifold (X, ¢'), let L := % x
(0,00) and § := dr? + r2g’. Let 6 denote the generic point on ¥.. There
is a natural action

Rt x L — L, t-(0,r):=(0,tr).

Given any t € RT, it is simple to check that t*§ = t?§. For any = € L,
note that i4,(g) = i,(t*g). We conclude that i;,(g) = tiz(g). Analo-
gously, Ricy,(g) = Ricg(g). It follows that, given any strictly positive
f = f(0), the function p(0,r) := rf(0) satisfies A1l and A2. It is simple
to check that it also satisfies Assumption A3. The simplest example is
f(0) =1, ie., p(0,r) =r. In Section 6, we will extend this example to
the category of “conifolds”.

Remark 4.10. Since the norms || - HW" are scale-invariant it is clear that
if the Sobolev Embedding Theorems hold for (L, g, p) then they also hold
for (L,t%g,tp) with the same Sobolev constants. This is reflected in the fact
that Assumptions A1-A3 of Theorem 4.7 are scale-invariant.

5. Weighted Sobolev spaces

In Section 4, we mentioned that the finiteness condition determined by the
standard Sobolev norms is very restrictive. This problem can be addressed
by introducing a weight function w = w(x) > 0 into the integrand. Coupling
weights with scale functions then produces very general and useful spaces,
as follows.

Let (L, g) be a Riemannian manifold endowed with two positive functions
p and w. Given any metric pair (E,V), the weighted Sobolev spaces are
defined by

(5.1) W,f;w(E) := Banach space completion of the space
{a € C®(E) : |ofws. < oo} ,

1/p
where we use the norm ||oly» = ( _o J lwp?Valgpm VOlg> .
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We can also define the weighted spaces of C* sections
(5.2) Ck(EB) = {a € CH(E) : ||o]lcx < oo} ,

where we use the norm ||o||cxr 1= Z?:o sup, e |wp?Vieo|,. Once again, these
norms define Banach spaces.

Theorem 5.1. Let (L,g) be a Riemannian manifold endowed with posi-
tive functions p and w. Assume p satisfies the assumptions of Theorem 4.7
with respect to constants R1, Ro, R3 and (. Assume also that there exists a
positive constant Ry such that, Vx € LYy € B(x,(p(x)),

(1/Ra)w(x) < w(y) < Raw().

Then all parts of the Sobolev Embedding Theorems hold for the weighted
norms defined by (p,w) and for any metric pair (E,V).

Now let § be a second Riemannian metric on L such that, for some Cy >
0, (1/Co)g < g < Cog. Then the weighted Sobolev Embedding Theorems hold
also for (L, g, p,w) and for any metric pair (E,V). The Sobolev constants
of g depend only on the Sobolev constants of g and on Cy.

Proof. The proof is a small modification of the proof of Theorem 4.7: one
needs simply to take into account the weights by multiplying Equations (4.3)
and (4.6) by w(z). The assumption on w allows us, up to a change of con-
stants, to replace the (locally) constant quantity w(z) with the function
w(y). O

Remark 5.2. Choose any constant 3 € R. Define rescaling to be an action
of R* on (L,g,p,w), via t-(L,g,p,w) := (L,t?g, tp, t’w). Then lollwe
calculated with respect to t - (L, g, p, w), coincides with t°||o|| wr calculated
with respect to (L, g, p,w): this shows that these weighted norms are in
general not invariant under rescaling. However, if the Sobolev Embedding
Theorems hold for (L, g, p,w) then, multiplying by the factor %, we see
that they hold for (L, t%g,tp,t’w) with the same Sobolev constant. This is
reflected in the fact that the hypotheses of Theorem 5.1 are t-invariant.

6. Application: manifolds with ends modelled on cones and
cylinders

We now introduce the category of “conifolds”. These Riemannian manifolds
are a well-known example for the theory of weighted Sobolev spaces. They
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will also provide a useful framework for our study of desingularizations. It
will also be useful to define the analogous “cylindrical” category, both for
its affinities to conifolds and as a tool for studying them.

Definition 6.1. Let L™ be a smooth manifold. We say L is a manifold
with ends if it satisfies the following conditions:

1) We are given a compact subset K C L such that S:= L\ K has a
finite number of connected components 51, ..., Se, i.e., S =1 S;.

2) For each S; we are given a connected (m — 1)-dimensional compact
manifold ¥; without boundary.

3) There exist diffeomorphisms ¢; : ¥; x [1,00) — S;.

We then call the components S; the ends of L and the manifolds X; the links
of L. We denote by X the union of the links of L.

Definition 6.2. Let L be a manifold with ends. Let g be a Riemannian
metric on L. Choose an end S; with corresponding link ;.

We say that S; is a conically singular (CS) end if the following conditions
hold:

1) %; is endowed with a Riemannian metric g.
We then let (0,7) denote the generic point on the product mani-
fold C; := %; x (0,00) and §; := dr? + r?g. denote the corresponding
conical metric on C;.

2) There exist a constant v; > 0 and a diffeomorphism ¢; : 3; x (0,¢] —
S; such that, as 7 — 0 and for all k£ > 0,

VR (59 — Gi)lg. = O(r" "),

where V is the Levi-Civita connection on C; defined by g;.
We say that S; is an AC end if the following conditions hold:

1) %; is endowed with a Riemannian metric g.
We again let (6,r7) denote the generic point on the product mani-
fold C; :=%; x (0,00) and §; := dr? + r%g} denote the corresponding
conical metric on C;.
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2) There exist a constant v; < 0 and a diffeomorphism ¢; : £; x [R, 00) —
S; such that, as 7 — oo and for all k > 0,

IV* (679 — 3i)

where V is the Levi-Civita connection on C; defined by g;.

9i — O(,,Jh—k)}

In either of the above situations we call v; the convergence rate of S;.

Remark 6.3. Let (L, g) be a manifold with ends. Assume S; is an AC end
as in Definition 6.2. Using the notation of Remark 4.1 we can rewrite this
condition as follows: for all k& > 0,

VH(7g = Gi)lr-2g.05. = O(™).
In particular there exist constants C > 0 such that
V(679 — §i)lr-2g.05 < CkRY.

By making R larger if necessary, we can assume CoR" is small. This implies
that ¢fg and g; are scaled-equivalent in the sense of Definition 4.3, cf.
Remark 4.4. The above conditions are stable under duality and tensor prod-
ucts so one can prove that, for any tensor o on L and as r — oo,

|o]6:9 = lolg. (1 +0O(™)) .

If 0 = df for some function f on L, we can multiply both sides by r to obtain
an analogous estimate in terms of the rescaled metrics:

|df [r-29;g = |df 25, (1 + O(™)).

Furthermore, let A :=V — V denote the difference of the two connections
defined by ¢7g and g;. Then, as in Remark 3.3, Definition 6.2 implies that
|Alg, = O(r**~1). This leads to

V2 lorg = IV2 £l (1+O(™) + [df 15,007,
ltrg:g V2 f| = [tr5, V2] (1 4+ O(r™)) + |df|5.0(r" 7).
Multiplying these equations by r? we can re-write them as
|v2f|r—2¢§g = |%2f|7“—2§i + O(ryi) (|€2f|r—2§i + |df|r—2§i> 5
12 Ageg | = 11205, 1 + O™ (Ir° Ag. f| + |df [r-=3,) -

Analogous comments apply to higher derivatives and to CS ends.
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Definition 6.4. Let (L, g) be a manifold with ends endowed with a Rie-
mannian metric. We say that L is a CS (respectively, AC) manifold if all
ends are CS (respectively, AC). We say that L is a CS/AC manifold if all
ends are either CS or AC. We use the generic term conifold to indicate any
CS, AC or CS/AC manifold.

When working with a CS/AC manifold we will often index the CS
(“small”) ends with numbers {1,...,s} and the AC (“large”) ends with
numbers {1,...,[}. Furthermore we will denote the union of the CS links
(respectively, of the CS ends) by ¥ (respectively, Sp) and those correspond-
ing to the AC links and ends by X, Seo.

Remark 6.5. It is useful to include smooth compact manifolds in the cate-
gory of conifolds: they are precisely those for which the set of ends is empty.

We now need to choose which function spaces to work with on conifolds.
It turns out that the most useful classes of function spaces are precisely
those of Section 5. One needs only to choose appropriate functions p and w
satisfying the assumptions of Theorem 5.1, as follows.

Regarding notation, given a vector 3 = (f1,...,0.) € R® and j € N we
set B+j:=B1+J....0.+j). We write 8>3 iff 8;>0; for all

1=1,...,e.

Definition 6.6. Let L be a conifold with metric g. We say that a smooth
function p: L — (0,00) is a radius function if ¢;p =r, where ¢; are the
diffeomorphisms of Definition 6.2. Given any vector 3 = (81, ..., 3.) € R,
choose a function B : L — R which, on each end S;, restricts to the con-
stant 3;. Then p and w := p~? satisfy the assumptions of Theorem 5.1, cf.
Example 4.9. We call (L, g, p, 3) a weighted conifold.

Given any metric pair (E,V), we define weighted spaces Cg(E) and
W,ﬁ g(E) as in Section 5. We can equivalently define the space Cg(E) to
be the space of sections o € C¥(E) such that |Vio| = O(rP77) as 7 — 0
(respectively, r — oo) along each CS (respectively, AC) end.

In the case of a CS/AC manifold we will often separate the CS and
AC weights, writing 3 = (i, A) for some p € R® and some XA € R'. We then
write Céfu)\) (E) and Wls(u,k) (E).

One can extend to these weighted spaces many results valid for standard
Sobolev spaces. Holder’s inequality is one example.
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Lemma 6.7 (Weighted Hoélder’s inequality). Let (L,g) be a conifold.
Then, for allp > 1 and B = (31 + B2,

Juvlly < g, - ol
1_ 1 1
More generally, assume TR Then

luvllzy < flullzg - llvllze -

Proof.
fuwllzy = [ (oo™ 0y ) vol,
< |lp™Prup™™ || 1o - [lp~ P2 0p™ ™ ||
= Jullzg, - ol -
The general case is similar. O

Corollary 6.8. Let (L, g,3) be a weighted conifold. Then all parts of the
weighted Sobolev Embedding Theorems hold for any metric pair (E,V).

Furthermore, assume kp > m. Then the corresponding weighted Sobolev
spaces are closed under multiplication, in the following sense. For any (3,
and B there exists C > 0 such that, for all u € Wlf,ﬁl and v € W,f”@z,

[[uvllwy

P iy < Cllullwe, - lvllwe,, -

Proof. Let (L,g) be a conifold. Write L = K U S as in Definition 6.1 and
let C; denote the cone corresponding to the end 5;. Example 4.9 showed
that the assumptions for the scaled Sobolev Embedding Theorems hold for
(Ci, gi,r). The same is true for the weighted Sobolev Embedding Theorems.
Using the compactness of K we conclude that these assumptions, thus the
theorems, hold for L with respect to any metric g such that ¢;g = g; on
each end. As in Remark 6.3 one can assume that ¢;g and g; are scaled-
equivalent so there exists Cp > 0 such that (1/Cp)g; < ¢fg < Cpgi. Again
using the compactness of K we may thus assume that (1/Cy)g < g < Cog.
Theorem 5.1 now shows that the weighted Sobolev Embedding Theorems
hold for (L, g). The fact that weighted Sobolev spaces are closed with respect
to products can be proved as in Theorem 4.7, using Lemma 6.7. [l

Remark 6.9. Let (L, g) be an AC manifold. Note that for 3 > 3 there exist
continuous embeddings Wy 5 — W]: 5 The analogous statement is true for
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the weighted C* spaces. By composition Corollary 6.8 thus leads to the
following statements:

1) If Ip < m then there exists a continuous embedding W} i B(E) —
o
Wk’lﬁ(E).
2) If Ilp = m then, for all g € [p, 0), there exist continuous embeddings
W,erm(E) — W:,B(E)

3) If Ip > m then there exists a continuous embedding W,fHB(E) —
%@)

Note that if (L, g) is a CS manifold then the behaviour on the ends is studied
in terms of » — 0 rather than r — co. In this case the same conclusions hold
for the opposite situation 3 < 3. Finally, let (L,g) be a CS/AC manifold
with 8 = (@, A). Then the same conclusions hold for all 8 = (ji, \) with
< A=

We now want to show that all the above notions and results are scale-
independent, as long as we rescale the weight function correctly to take
into account the possibility of variable weights. We start by examining the
properties of (L,t%g).

Lemma 6.10. Let (L,g) be a conifold. For each AC end S; let ¢; : ¥; X
[R,00) — S; denote the diffeomorphism of Definition 6.2. In particular, for
all k > 0 there exist Cy > 0 such that, forr > R,

IVF (079 — §i) 25,05, < Car”* < CRRY".

As seen in Remark 6.3, we can thus assume that ¢ g, §; are scaled-equivalent.
Choose any t > 0. Define the diffeomorphism

¢t,i : Ez X [tRa OO) - Ev ¢t,i(07r) = ¢Z(97r/t>

Then, for r > tR and with respect to the same CY, there are t-uniform esti-
mates

IVH(65:(t29) = Gi)lr-2g.05. < Cr(r/t)" < CRR".

Analogously, for each CS end S; let ¢; denote the diffeomorphism of Defini-
tion 6.2. Define the diffeomorphism

¢t,i : EZ X (O,tﬁ] — E) ¢t7i(07T) = ¢1(6’T/t)

Then there are t-uniform estimates as above.
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In particular, with respect to these diffeomorphisms, (L,t?g) is again a
conifold. If p is a radius function for (L,g) then tp is a radius function for
(L, tg).

Proof. Define the map
5t : Zz X R+ — Zz X R+, ((9,7') — (9,757”).

Since d; is simply a rescaling it preserves the Levi—Civita connection V.
Note that ¢¢; = ¢; 0 1/, It is simple to check that &} It (t23;) = §;. Thus, for
r > tR,

81 sy (’Vk(qﬁz (’52 ) — t2§z‘)|t2§i®t2§i>
1/t (|V (079 — Gi)le2g.05: )
<t ka(r/t) ik — Cx(r/t) Vip=h

where in the last line the factor t =% comes from measuring V* using ¢2g;, cf.
Remark 4.1. These inequalities can be rescaled as in Remark 6.3 to obtain
the desired t-uniform estimates.

Now note that

Pri(tp)o0) = tp o (0, 1) =tpo ¢i(0,r/t) = tr/t =,

so tp is a radius function in the sense of Definition 6.6. CS ends can be
studied analogously. O

The following result is a direct consequence of Theorem 5.1 and
Remark 5.2.

Corollary 6.11. Let (L, g) be a conifold. Then, for allt > 0:

1) Choose a constant weight 3. Define weighted Sobolev spaces Wkﬂ as
in Section 5 using the metric t>g, the scale function tp and the weight
function w := (tp)~B. Then all forms of the weighted Sobolev theorems
hold for (L,t2g,tp, (tp)~P) with t-independent Sobolev constants.

2) More generally, let B be a function as in Definition 6.6. Choose a con-
stant “reference” weight 3’ and define weighted Sobolev spaces W,f'@
as in Section 5 using the metmc t2g, the scale function tp and the

weight function wy : (t ] tp) B. Then the weighted norms || - HWP
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calculated with respect to these choices, coincide with t=# || - lwy 5 cal-

culated with respect to (L, g, p,w := p~P). In particular, all forms of
the weighted Sobolev Embedding Theorems hold for (L,t?g,tp,w; :=

P
(t # tp)~P) with t-independent Sobolev constants.

Remark 6.12. Compare the weights used in parts (1) and (2) above. Basi-
cally, to deal with variable weights we introduce a corrective factor of the
form t3—P": since the exponent is bounded, for fixed ¢ this does not affect the
decay/growth condition on the ends. Its effect is simply to yield estimates
which are uniform with respect to t.

We conclude this section by summarizing the main definitions and prop-
erties of a second class of manifolds with ends, modelled on cylinders. We
will see that the corresponding theory is closely related to that of conifolds.

Definition 6.13. Let L be a manifold with ends. Let g be a Riemannian
metric on L. Choose an end S; with corresponding link ;. We say that S;
is an A. Cyl. end if the following conditions hold:

1) ¥; is endowed with a Riemannian metric g;.
We then let (0, z) denote the generic point on the product mani-
fold C; := %; x (—o0, 00) and h; = dz? + g. denote the corresponding
cylindrical metric on C;.

2) There exist a constant v; < 0 and a diffeomorphism ¢; : ¥; x [R', 00) —
S; such that, as z — oo and for all £ > 0,

IV (éig — hi)

R, = 0(e"7),

where V is the Levi-Civita connection on C; defined by ill

We say that L is a A.Cyl. manifold if all ends are A. Cyl.

For the purposes of this paper the function spaces of most interest on
A.Cyl. manifolds are not the ones already encountered, cf. Section 3 and
Example 3.12. Instead, we use the following.

Definition 6.14. Let (L,h) be a A.Cyl. manifold. We say that a smooth
function ¢ : L — [1,00) is a radius function if ¢f¢ = z, where ¢; are the
diffeomorphisms of Definition 6.2. Given any vector 8 = (f1,..., ) € R,
choose a function 8 on L which, on each end 5;, restricts to the constant
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Bi. We call (L, h,(,3) a weighted A. Cyl. manifold. Given any metric pair
(E, V) we define Banach spaces of sections of E in the following two ways.
The weighted spaces of C* sections of E are defined by

(6.1) CH(E) := {7 € CH(E) : ||o ey < oo}

where we use the norm HO’”C;; = Z?:o sup, ey e PEN@ITig).
The weighted Sobolev spaces are defined by

(6.2) w? 5(E) := Banach space completion of the space
{oec™®):ollwy, <o},

where p€[l,00), k>0 and we use the norm |oflyy, = (Zk

=0
, 1/
[; e PeVig|P volh) .

Both types of spaces are independent of the particular choices made.

Remark 6.15. It is simple to see that the norm |[o ||y | is equivalent to the

norm defined by Z?:o(fj; |V (e=B¢5)|Pvoly)'/P. This leads to the following
fact.

Let WY (E) denote the standard Sobolev spaces for (L, k) introduced in
Section 3. Let B¢ - W} denote the space of all sections of E of the form
o =ePor for some 7 € WF(E), endowed with the norm ||o|| := |7||. Then
wy s(E) = ePS - WPF(E) as sets and the norms are equivalent. Analogously,
the spaces C’E(E) are equivalent to the spaces e#¢ - C¥(E), where C*(E) are
the standard spaces of C* sections used in Section 3.

As before, weighted spaces defined with respect to A.Cyl. metrics and
cylindrical metrics are equivalent. Remark 6.15 allows us to reduce the
weighted Sobolev Embedding Theorems for A.Cyl. manifolds to the stan-
dard Sobolev Embedding Theorems, obtaining results analogous to Corol-
lary 6.8 and Remark 6.9. According to [4] Theorem 3.1 and Proposition 3.2,
the spaces C2° are dense in the standard Sobolev spaces defined for mani-
folds whose ends are exactly cylindrical. The same is then true for weighted
Sobolev spaces on A.Cyl. manifolds.

Remark 6.16. It is interesting to compare Definitions 6.14 and 6.6. Assume
(L,h) is an A.Cyl. manifold with respect to certain diffeomorphisms ¢; =
¢i(0, z) as in Definition 6.2. Since the corresponding weighted Sobolev spaces
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are equivalent we may assume that h is exactly cylindrical on each end, i.e.,
using the notation of Definition 6.2 it can be written h = dz? + gi. Consider
the conformally rescaled metric ¢ := e?‘h. Using the change of variables
r = e° it is simple to check that g = dr? + r?g.. This implies that (L, g) is
an AC manifold with respect to the diffeomorphisms ¢;(0,log z). Viceversa,
any AC metric on L defines a conformally equivalent A.Cyl. metric. Note
that if z € (R',00) then r € (R, 00) with R := e® and that r~™vol, = vol,,.
Thus, by change of variables,

oo o0
(6.3) / /\rﬁa\prmvolg:/ /\eﬂza\pvolh.
R Jx R Jx

This shows that the spaces L%(E) of sections of E coincide for (L, g) and
(L,h), while the corresponding norms are equivalent (but again, as in
Remark 4.1, one may need to take into account, which metric is being used
on F in the two cases).

The same is true also for Sobolev spaces of higher order. Specifically,
an explicit calculation shows that the Levi—Civita connections defined by A
and g are equivalent, i.e., the corresponding Christoffel symbols coincide up
to constant multiplicative factors. It thus makes no difference which metric
is used to define V. On the other hand, the norm inside the integral does
depend on the choice of metric. For example,

o0 o0
(6.4) / / |7“_B+]V]fa|§r_m voly = / / le=P=Via|} voly,.
R Jx R Jx

This proves that the spaces W} 5(E) are equivalent.
Analogous results hold for CS manifolds: if h is A.Cyl. then g := e~%h
is CS. In this case

(6.5) / /!rﬁﬂprmvolg:/ /]eﬁzf]pvolh,
0 JX loge

so the space L% for (L, g) coincides with the space LIL,B for (L, h).

These facts show, for example, that the Sobolev Embedding Theorems
for conifolds and A.Cyl. manifolds are simply two different points of view on
the same result. They also show that C¢° is dense in all weighted Sobolev
spaces on conifolds because, as already seen, this is true on A.Cyl. manifolds.
Finally, they show that in Remark 6.3, we are really using the cylindrical
metric 72§ = h to “measure” A (in the sense of Remark 4.1).
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Part 2. Elliptic estimates

We now turn to the theory of elliptic operators via weighted Sobolev spaces,
focusing on Fredholm and index results for the manifolds discussed in Sec-
tion 6. Results of this kind have been proved by various authors, e.g.,
Lockhart-McOwen [11], Lockhart [10] and Melrose [13]. We will follow the
point of view of Lockhart and McOwen to which we refer for details, see also
Joyce—Salur [8].

7. Fredholm results for elliptic operators on A.Cyl.
manifolds

We start with the case of A.Cyl. manifolds. The theory requires appropriate
assumptions on the asymptotic behaviour of the operators, which we roughly
summarize as follows.

Definition 7.1. Given a manifold X, consider the projection 7 : X x R —
Y. A vector bundle F, on X x R is translation-invariant if it is of the form
7*E', for some vector bundle £’ over Y. We define the notion of translation-
invariant metrics and connections analogously.

Let Py : C®°(Eyx) — C®(Fx) be a differential operator between
translation-invariant vector bundles. We say that P, is translation-invariant
if it commutes with the action of R on ¥ x R determined by translations;
equivalently, writing P, =) A - VF with respect to a translation-
invariant V, if the coefficient tensors A7° are independent of z.

Let (L, h) be an A.Cyl. manifold with link ¥ = II¥;. Let E, F' be vector
bundles over L. Assume there exist translation-invariant vector bundles Foo,
Fy over ¥ x R such that, using the notation of Definition 6.13, ¢;(E|s,)
(respectively, ¢} (F|s,)) coincides with the restriction to ¥; x (R’,00) of E
(respectively, Fio).

Let Py =Y AP - VF: C®(Ey) — C%°(Fx) be a translation-invariant
linear differential operator of order n. Consider a linear operator P :
C*(E) — C*(F). We say that P is asymptotic to P if on each end there
exists v; < 0 such that, writing P = 3. Ay - V¥ (up to identifications) and
as z — 00,

VI (Ar = AF)| = O(e"7),

where |- | is defined by the translation-invariant metrics. We call v; the
convergence rates of the operator P.
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In what follows, to define the spaces W} B(E)’ we will assume that E is
endowed with a metric and a metric connection which are asymptotic to the
translation-invariant data on F,, in the appropriate sense.

Assume P is a linear operator of order n with bounded coefficients Ay,.
It follows from Definition 6.14 that, for all p > 1, £ > 0 and 3, P extends
to a continuous map

(7.1) P WP, 5(E) — WP 4(F).

Remark 7.2. It will sometimes be useful to denote by Pg the extended
operator of Equation (7.1), so as to emphasize the particular weight being
used.

Now assume P is asymptotic to a translation-invariant operator P..
Then Equation (7.1) holds also for the operator e (P — P..), where v < 0
denotes the convergence rates of P as in Definition 7.1. This implies that
the operator P — P, extends to a continuous map

(7.2) P Pa: WPy, o(B) = Wi, (F).
Note that if 3 < 3’ then W +nﬁ( ) C W,f+n ,(E) and that the opera-
tor Pg extends the operator Pg. Note also that C*(E) C W,iﬁ(E) as a
dense subset. Dualizing this relation allows us to identify the dual space
(W,ﬁ’ﬁ(E))* with a subspace of the space of distributions (C2°(E))*. It is
customary to denote this space W7 Ik’_ B(E) Endowed with the appropri-
ate norm, it again contains CZ°(E) as a dense subset. The duality map

Wf,kﬁﬁ(E) X W,fﬁ(E) — R, restricted to this subset, coincides with the
map

(713)  CX(E)x Wl4(E) - R, <o,0 >i= / (0,0") 13 vOly.
' L
This map extends by continuity to a map defined on W/ a 3(E) x W[ 5(E)

for all [ > 0, showing that Wp _(E) also contains all spaces wp o s(E). It
can be shown that P admits contlnuous extensions as in Equation (7.1) for
any k € Z.

Lemma 7.3. Let P:C®(E) — C*®(F) be a linear differential operator
of order n, asymptotic to a translation-invariant operator P.,. Let P*:
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C*®(F) — C*(E) denote its formal adjoint. Consider the continuous exten-
ston of P* to the spaces

(7.4) P WP

_k,_g(F) - Wf/k—n,—,B(E)‘

Under the identification of Sobolev spaces of negative order with dual spaces,
this operator coincides with the operator dual to that of Equation (7.1),

(7.5) P* (W] 5(F))* — (WE,, 5(E))".

Furthermore if E=F and P is self-adjoint, i.e., P = P* on smooth
compactly-supported sections, then P = P* on any space Wlfﬂ.

Proof. The formal adjoint of P is asymptotic to the formal adjoint of Py, so
the extensions exist as specified. The statement of this lemma can be clarified
by adopting the notation of Remark 7.2: the claim is then that (P*)_g =
(Pg)*, where on the left the superscript * denotes the formal adjoint and on
the right it denotes the dual map.

Since both maps are continuous, it is sufficient to show that they coin-
cide on a dense subset: in particular that (P*)_g(7) = (Pg)*(r), for all
7 € C°(F). Since we are identifying (P*)_g(7) with an element of the dual
space (W} ng(E))", we can again invoke continuity to claim that it is suf-
ficient to prove that, for all e € C°(E),

(7.6) (P*)-p(T),€) = ((P)"(7) €).

This claim is now a direct consequence of the definitions and of Equa-

tion (7.3).
The claim concerning self-adjoint operators is a simple consequence of
continuity. Il

Remark 7.4. As already remarked, 8’ > 3 implies Pg extends Pg. This
shows that the spaces Ker(Pg) grow with 8. On the other hand, as a vector
space, the cokernel of P in Equation (7.1) is not canonically a subspace of
W,fﬁ(F ) so there is no canonical way of relating cokernels corresponding
to different weights. However, consider the following construction, for which
we assume P, P* are Fredholm. Pick 7 € W,fﬂ(F) such that (o, 7) # 0,
for some o € Ker(P*). According to Remark 2.3 this implies that 7 does
not belong to Im(P). By density we can then find 77 which is smooth and
compactly-supported and does not belong to Im(P). Now choose 1 satisfy-
ing (o, m2) # 0 for some o € Ker(P*) and which is linearly independent of 7y,
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etc. After a finite number of steps we will have found a vector space spanned
by 71,...,7, which defines a complement to Im(P) and thus is isomorphic
to Coker(P). Note that by construction 7; belong to all spaces W,fﬂ(F). On
the other hand, as 3 decreases the dual weight —3 increases, so Ker(P*)
increases, so the 7; chosen for the weight 3 can be used also for any weight
B’ < B. The conclusion is that we can construct spaces representing the
cokernel, which grow as (3 decreases, i.e., as the function spaces become
smaller.

Now assume P is elliptic. We are interested in conditions ensuring that
the extended map of Equation (7.1) is Fredholm.

Definition 7.5. Let 3 be a compact oriented Riemannian manifold with
connected components X1,...,Y.. Let Py be a translation-invariant opera-
tor on X X R. Consider the complexified operator Py, : Foo @ C — Fio @ C.
Choose a connected component ; x R and fix v+ i € C. Let us restrict
our attention to the space of sections of Eo, ® C of the form (1 +0)25(9).
Consider the subspace V? ey determined by the solutions to the problem
P (e0F9)25(0)) = 0 on %; x R We define the space C] C C to be the
space of all v 4 ¢ such that V. 7 +Z s 7 0. We then define the space of excep-
tzqnal weights for POo on X; X R to be the corresponding set of real values,
Dy =Re(Cp ) C

Now fix a multl 1ndeX v +id € C° Let Vyyis := &5 1V ig, We define
the space of exceptional weights for Py, on ¥ x R, denoted Dp C R, to be
the set of multi-indices v = (71, ...,7.) such that, for some j, v; € D P

Remark 7.6. Definition 7.5 introduces the exceptional weights via the
kernel of P, and the space of sections with exponential growth. Along the
lines of [11], the exceptional weights can equivalently be defined as follows.
Separating the 00 derivatives from the 0z derivatives and setting Dz =
—i0z, we can write

(7.7) Py =Y Ap(0,00)(02)" = Ag(0,00)i*(Dz)F,

where, to simplify the notation, 06 denotes any combination of derivatives
in the @ variables. For any A € C, set Py := > A.(6,00)i* \F. Note that

(7.8) Poo(e™0(0)) =Y Ar(60,00)(iN)Foe™* = (Py(0))e™

50 Poo(e?0(0)) = 0iff Py(0) = 0. We view the latter as a generalized eigen-
value problem on Y and say that A is an eigenvalue iff the corresponding
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generalized eigenvalue problem admits non-trivial solutions. It follows from
the above calculations that a weight v € R is exceptional in the sense of
Definition 7.5 iff —y = Im(\), for some eigenvalue .

For elliptic operators it turns out that the exceptional weights of Py
determine the possible Fredholm extensions of any P asymptotic to P.

Theorem 7.7. Let (L,h) be an A.Cyl. manifold with link ¥ =11%,. Let
P :C*®(E) — C*>®(F) be a linear elliptic operator of order n, asymptotic to
an elliptic operator Px.

Then each Dfam is discrete in R so Dp_ defines a discrete set of hyper-

planes in R€. Furthermore, for each p > 1 and k > 0, the extended operator

P, Wl§+n'y( ) — Wlf;y(F) is Fredholm iff v ¢ Dp._.

In a similar vein, we can compute how the index of P depends on ~.

Definition 7.8. Consider the complexified operator Pu : Foo @ C —
Foo ®C. Choose a connected component X; X R of ¥ x R and fix
v+1id € Cf;w. We denote by 17] ;s the space of solutions to the problem
P (e0F925(0, 2)) = 0 on X x ]R where (0, z) is polynomial in z. We can
extend this definition to all v+ id by setting V ris = {0} if v+1i0 gé CJ
Note that Vj 5 < Vv+ 5- Given any v € R we now set VW = @56R iss
then define the multzplzczty of v on ¥; x R by mP (v) == dlm(V])

Now fix a multi-index v € R®. We define the multiplicity of v on ¥ x R

to be mp_(vy) := Z;:l m?:oo (v5)-

Theorem 7.9. In the setting of Theorem 7.7, each multiplicity mp_(7y) is
finite. Furthermore, choose v,y € R®\ Dp_ with v; < 4. Then

iy, (P) —in, (P) = Z mp,, (7).
YED P V1SV

Remark 7.10. Assume we can compute the value of i, (P) for a specific
good choice of non-exceptional . Theorem 7.9 then allows us to compute
i~(P) for all non-exceptional « in terms of data on the link.

The following result is proved in [11] Section 7, cf. also [8], as a conse-
quence of the Sobolev embedding and change of index theorems.

Proposition 7.11. In the setting of Theorem 7.9, assume ~ and v’ belong
to the same connected component of R®\ Dp_. Then i(P) =iy (P) and
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Ker(Py) = Ker(P.). Furthermore, the index and kernel are independent of
the choice of p and k.

Example 7.12. Assume (L, h) is an A.Cyl. manifold with one end with
link (3, ¢’). Let P := A, denote the positive Laplace operator on functions.
Then P is asymptotic to the Laplace operator A; defined on the prod-
uct (X x R, h := dz? + ¢). One can check that A; = —(82)? + Ay and that
Aﬁe(“ﬁi‘s)za(@) =0iff § =0 and Ayo = +?0. In other words, the harmonic
functions on the cylinder which have exponential growth are generated by
the eigenvalues of Ay . In particular, the exceptional weights for A, are of
the form +,/e,, where e, are the eigenvalues of A,

8. Weight-crossing

Let (L,h) be an A.Cyl. manifold. Let P : C*(E) — C*°(F) be a linear
elliptic operator asymptotic to some P, as in Definition 7.1. Consider the
extension of P to weighted Sobolev spaces as in Equation (7.1). When 3
changes value crossing an exceptional weight the change of index formula
given in Theorem 7.9 leads us to expect that the kernel and/or cokernel of
P will change. Specifically, when 3 increases, we expect the kernel of P to
increase and the cokernel to decrease. The process by which this occurs can
be formalized using the Fredholm and index results stated in Section 7. The
notation we rely on was introduced in Definitions 7.5 and 7.8. To simplify the
notation, throughout this section we forgo the distinction between bundles
(or operators) and their complexifications.

Literally speaking, given any index v € R and end S}, the sections in each
V] are defined on X; x R. Using the identification ¢;, we can alternatively
thlnk of them as belng defined on S;. However, we can also think of them as
being globally defined on L by first choosing a basis of sections o7 for each
V then interpolating between them so as to get smooth extensions a] over
L. In particular, it may be useful to choose the extension of each o7 so that
it is identically zero on the other ends. The construction implies that each
P (07) has compact support. By choosing the extensions generically over
L\ S, we can assume that all P(c?) are linearly independent. This implies
that P is injective on 177.

Now assume « € R is exceptional. Then, for any v < 0 with |v| << 1,

(8.1) pP.w?

k+nrv+u( ) — Wy,

k 'ery( )
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is Fredholm. In particular, let ¥ < 0 be the convergence rates of P as in
Definition 7.1. We will assume that |[v| << 1 as above. Writing P(o)

(P — Px)(0) 4+ Px(0) and using Equation (7.2) then shows that P(V) C

W,fw 4, (F). Since P is injective on V4 we can define a decomposition
(8.2) Vy=V,eV!

by defining P(‘N/,;) = P(‘Z,) N Im(Py4,) and choosing any complement ‘N/,;’ .
By definition, P(‘N/,;’) N Im(Py4y) = 0. In other words, we can think of P(‘N/,;’)
as belonging to the cokernel of Pyy,. On the other hand, P(‘N/,;’ ) belongs to
the image of P,_, because YN/., C W,ernﬂ_V(E) . Roughly speaking, P(‘N/,;’)
thus describes the portion of the cokernel of P which “disappears” when
crossing the exceptional weight v.

By construction, for any o € V there exists u, € W} A (E) such
that P(o) = P(u,). Note that u, is not necessarily uniquely defined. How-
ever, it is sufficient to fix a choice of u, for each element of a basis of 17,;

to obtain a unique choice of u, for any o € XN/,; Note also that o —u, €

W¥\ py—u(E). We have thus defined a map
(8.3) 177' — Ker(Py_,), 0—0—u, ¢ W,ern’,Hy(E).

The image of the map of Equation (8.3) thus defines a space of “new”
elements in Ker(P), generated by crossing the exceptional weight «. Note
that u, is of strictly lower order of growth compared to o. This shows that
the map of Equation (8.3) is injective and that the elements in its image
admit an asymptotic expansion of the form ¢ 4 lower order. The following
result shows that every new element in Ker(P) arises this way.

Lemma 8.1. Let us identify ‘N/,; with its image under the map of Equa-
tion (8.3). Then

Ker(Py—y) = Ker(Pyy) ® V.

Proof. By injectivity, the inequality D is clear. To prove the lemma it is thus
sufficient to prove that the inverse inequality holds on the corresponding
dimensions. Choose any o € V. According to Remark 2.3,

P(o) € Im(Py-,) < (1, P(0)) =0, V1 € Ker(PZ,,,),

P(o) € Im(Py4,) & (1, P(0)) =0, V7 € Ker(P~,_,).
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From the definition of ‘7,;’ we know that P(o) € Im(P,—,) and that P(o) ¢
Im(Py4,) unless o = 0. Note also that Ker(P~,,,) C Ker(PX,_,). We con-
clude that the following map is well-defined:

Ker(P*,_,)

(84) Ker(P*.,)

x Vo, ([r],0) — (1, P(0)),
and that the corresponding map
~ Ker(P*._ :
(8.5) V,;/ — 7( *7 v)
Ker(P*,,)
is injective. This proves that

(8.6) dim(V)) < dim(Ker(P*

7771/)) - dim(Ker(Pj'eru))'

On the other hand, the change of index formula shows that

(8.7)  dim(V2) + dim(V) = dim(Ker(Py_,)) — dim(Ker(P*.,,,))
— dim(Ker(Py+,)) + dim(Ker(P*,_,)).

Subtracting Equation (8.6) from (8.7) proves the desired inequality. O

9. Fredholm results for elliptic operators on conifolds

We now want to see how to achieve analogous results for certain elliptic
operators on conifolds. In parallel with Section 7 it is possible to develop an
abstract definition and theory of AC operators, analogous to that of asymp-
totically translation-invariant operators on A.Cyl. manifolds. For simplicity,
however, we will limit ourselves to the special case of the Laplace opera-
tor acting on functions. This already contains the main ideas of the general
theory.

Let (L, g) be a conifold. Consider the weighted spaces introduced in Def-
inition 6.6. As in Section 7 we denote the dual space (W,fﬁ)* by Wf/k’_ﬁ_m.
This choice of weights is compatible with the identifications of Remark 6.16,
and the properties of these dual spaces are analogous to those seen in Sec-
tion 7. It follows directly from the definitions that

. TP p
V: Wk,ﬁ - kal,ﬁfl
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is a continuous operator. Equation (2.3) then implies that A, extends to a
continuous map

(9.1) Ag: W,fﬂ — Wlf—lﬁ—?‘

The following result is closely related to Lemma 7.3 and uses the fact that
Ay is formally self-adjoint.

Lemma 9.1. Let (L,g) be a conifold. Choose u € W,fﬁ, v E W2p/—k,2—ﬁ—m'
Then

(9.2) (v, Agu) = (dv,du) = (Agv, u).

Proof. Using the appropriate dualities, each expression in Equation (9.2)
defines by composition a continuous bilinear map (u,v) € W¢ 5 ¥

W;Lk 2 Bom R. Since Ay = d*d the equalities hold on the dense subsets
C° x Cg°. By continuity the equalities thus continue to hold on the full
Sobolev spaces. O

We now want to investigate the Fredholm properties of Ag. It is initially
useful to distinguish between the AC and CS case. To begin, let (L, g) be an
AC manifold with ends S; and links ¥;. The starting point for the Fredholm
theory is then the following observation.

Lemma 9.2. Let (X, ¢’) be a Riemannian manifold. Let the corresponding
cone C := X x (0,00) have the conical metric § := dr® +r?g'. Let Ay denote
the corresponding Laplace operator on functions. Then, under the substitu-
tion r = €%, the operator T'QAg coincides with the translation-invariant oper-
ator

(9.3) Py := —(92)* + (2 —m)dz + Ay
on the cylinder ¥ x R.

Proof. Recall that in any local coordinate system the Laplace operator on
functions is given by the formula

1

(9.4) Ay = v

9;(v/99"0y).
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Let U be a local chart on ¥ so that U x (0,00) is a local chart on C.
Equation (9.4) then shows that

m—1
r

(9.5) Ay =—(0r)* - or +1 %Ay
The substitution r =e® implies rdr = 0z. The claim is then a simple
calculation. 0

Lemma 9.2 allows us to study the Fredholm properties of Ay by building
an equivalent problem for an A.Cyl. manifold, as follows. We use the notation
of Section 7.

Multiplication by p? defines an isometry Wlf—l P Wif—l g- Thus Ag
in Equation (9.1) is Fredholm iff the operator

(9.6) PR W= W, 4

is Fredholm. Now consider the A.Cyl. manifold (L, h), where h = p~2g. It
follows from Equation (2.3) and Lemma 9.2 that the operator P := p?A, is
asymptotic in the sense of Definition 7.1 to the translation-invariant operator
Py, of Equation (9.3). One can check that the convergence rate v of P
coincides with the convergence rate v of the AC manifold, cf. Definition 6.2.

It is simple to verify that the equation Pa(e(19)?¢(6)) = 0 is equivalent
to the following eigenvalue problem on the link:

(9.7) As,0 = [(y +1i6)* + (m — 2)(y + i0)]o.

Using the fact that the eigenvalues el of Ay, are real and non-negative, it
follows that 6 = 0 and that v satisfies v2 4 (m — 2)y = ¢}, for some n, i.e.,

(2 —m) £1/(2—m)? + 4e),

2

(9.8) V=

This shows that, for this particular operator, C{Dm = Dggx. It also fol-
lows from Lemma 9.2 that the equation P (e"*0(6)) =0 is equivalent to
Ag(rYo) = 0. Thus

(9.9) ij ={r7o(0) : Ag(r7o) =0},

ie., ij coincides with the space of homogeneous harmonic functions of
degree v on the cone 3; x (0, 00).
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Varying the choice of eigenvalue el gives the set of exceptional weights
for Py, on the end ;. Repeating this for each end defines the set Dp_ C R°.
According to Theorem 7.7 these are the weights for which the operator P is
not Fredholm with respect to the Sobolev spaces of (L, h). However, recall
from Remark 6.16 that the Sobolev spaces of (L, g) and (L, h) coincide. Thus
Dp_. C R¢ are also the weights for which the operators of Equations (9.6),
(9.1) are not Fredholm.

Remark 9.3. Note that in this particular case (and in the analogous case
presented in Example 7.12) the generalized eigenvalue problem introduced
in Remark 7.6 has reduced to an eigenvalue problem in the usual sense.

It is also fairly straightforward to verify that, for this operator P, the
spaces V 4is and V s coincide, cf. Joyce [5] Proposition 2.4 for details. This
allows us to snnphfy the definition of the multiplicity m(~y).

The situation for CS manifolds is similar. The change of variables r = e ™7
introduces a change of sign in Equation (9.3). This sign is later cancelled by
a change of sign in the identification of Sobolev spaces of (L, g) and (L, h).
The final result is thus identical to the AC case. Combining these results
leads to the following conclusion.

Corollary 9.4. Let (L,g) be a conifold with e ends. For each end S; with
link ; let e}, denote the eigenvalues of the positive Laplace operator Ay,
and deﬁne the set of “exceptional weights” DI = {7} CR as in Equatzon
(9.8). Given any weight v € R define Vyj as in Equation (9.9) and let m/ (v)
denote its dimension. Given any weight v € R set m(y) := 22:1 mi (v;).
Let D CR® denote the set of weights v for which m(vy) > 0. Then each
multiplicity m(7y) is finite and the Laplace operator

(9.10) Ay W,fﬂ — ng—Q,ﬁ—Q

is Fredholm iff B3 ¢ D.

The analogue of Theorem 7.9 also holds. For example, assume L is a
CS/AC manifold and write 3 = (@, ). Choose (prq, A1), (ft2, A2) € RE\ D
with py > e, A1 < Aa. Then

Z.I>"’27A2 (A ) Z”lvAl Zm I’l’7

where the sum is taken over all (pu,A) € D such that py > p > pg, A <
A< Ao

In the same way one can also prove the analogue of Proposition 7.11.
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10. Application: harmonic functions on conifolds

We can use the results of Sections 8 and 9 to reach a good understanding
of the properties of the Laplace operator acting on functions on conifolds.
Specifically, we will be interested in the kernel and cokernel of A,.

Smooth compact manifolds. Let (L, g) be a smooth compact Rieman-
nian manifold. Let A, denote the positive Laplace operator on functions.
Consider the map

(10.1) A, WP(L) = WP (L).

For all p > 1 and k € Z, standard elliptic regularity shows that any f €
Ker(Ay) is smooth. The maximum principle then proves that f is constant.
Thus Ker(Ay) = R, independently of the choice of p, k.

As seen in Section 2, f € Im(Ay) iff <wu, f >=0, for all u € Ker(Ap),
where AJ is the operator dual to that of Equation (10.1). As in Lemma 7.3
we can identify this with the formal adjoint operator. However, A, is for-
mally self-adjoint, i.e., the operators A, and Aj coincide on smooth func-
tions. By continuity they continue to coincide when extended to any Sobolev
space. Thus Ker(Aj) = Ker(Ag) =R. As in Equation (7.3) we find
<u, f>= [, ufvoly. Tt follows that Im(A,) = {f € W} _,(L): [, fvoly =
0}. In particular, A, has index zero.

AC manifolds. Let (L, g) be a AC manifold with convergence rate v < 0
as in Definition 6.2. Let A, denote the positive Laplace operator on weighted
Sobolev spaces of functions, as in Equation (9.1). For simplicity, we will
restrict our attention to the case of L with two ends.

Each end defines exceptional weights, plotted as points on the horizontal
and vertical axes of figure 1. Each exceptional weight gives rise to an excep-
tional hyperplane, plotted as a vertical or horizontal line. The Laplacian
is Fredholm for weights 3 = (31, #2) which are non-exceptional, i.e., which
do not lie on these lines. The arrow indicates the direction in which the
corresponding Sobolev spaces, thus the kernel of A4, become bigger.

Choose (3 non-exceptional. For all p > 1 and k € Z, standard elliptic reg-
ularity proves that any f € Ker(A,) is smooth. Furthermore, since Ker(Ay)
is independent of p and k, the Sobolev Embedding Theorems show that f
has growth of the order O(rP). If 8 < 0 we can thus apply the maximum
principle to conclude that f = 0. In other words, A, is injective through-
out the quadrant defined by the lower shaded region. Since A, is formally
self-adjoint, the same holds for A7. Recall from Section 9 how weights on
AC manifolds change under duality. We conclude, following Section 2, that
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-

Figure 1: Harmonic functions on AC manifolds.

Coker(Ay) =0 for B > 2 —m. In other words, A is surjective throughout
the quadrant defined by the upper shaded region. In particular, the map
of Equation (9.1) is an isomorphism and has index zero for 2 —m < 3 <0,
i.e., in the region marked by A.

When B > 2 — m the cokernel is independent of the weight. Thus, any
change of index corresponds entirely to a change of kernel. Furthermore,
Ker(A,) = Ker(p?A,). We can thus use the results of Section 8 to study how
the kernel changes as 3 increases. For example, assume we are interested in
harmonic functions for some (thus any) @ in the region B. We can reach
this region by keeping (9 fixed and repeatedly increasing i, starting from
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the region A. Each time we cross an exceptional line x = 7, new harmonic
functions on (L, g) are generated by elements 7o () € Vvl. Specifically, these
new harmonic functions will be asymptotic to r7¢ on the first end and to
zero on the second end. Using the ideas of Section 8, we can further show
that the lower-order terms will have rate O(r7™1) on the first end and
O(r"?) on the second. Analogous results hold for harmonic functions for 3
in the region C. The construction shows that the harmonic functions in the
regions B and C are linearly independent. We can thus apply the change of
index formula to show that harmonic functions in the generic region D are
generated by linear combinations of harmonic functions in the regions B, C.

It may be good to emphasize that the above constructions depend on
the specific (L, g) only in terms of the specific exceptional weights, but are
otherwise completely independent of (L, g). However, these constructions
fail if D is chosen outside the region where A, is surjective.

CS manifolds. Let (L, g) be a CS manifold with convergence rate v > 0
as in Definition 6.2. As before, let A, denote the positive Laplace operator
on weighted Sobolev spaces of functions, as in Equation (9.1). We again
restrict our attention to the case of L with two ends.

Figure 2 plots the exceptional weights and lines in this case. Once
again the arrow indicates the direction in which the corresponding Sobolev
spaces, thus the kernel of A, become bigger. Choose 3 non-exceptional. As
before, any f € Ker(A,) is smooth with growth of order O(rﬁ) IfB>0
the maximum principle shows that f = 0. Now assume 3 = . In this
case (Wk—2,,8—2) = WQ_kﬂ. Choose f € Wk,[-} and assume Agf = 0 Then,
choosing u =v = f in Lemma 9.1 and using regularity, we can conclude
df =0 so f is constant. This shows that, for any weight in the region A,
Ker(Ay) =R. As before we also find that, in this region, Im(A,) = {f €
Wk 9.5-2 " o 1, [voly = 0}. In particular, the index of A, is zero.

Now assume (81, 32) > (0, 252). Then Wpﬁ C Wp(
gration by parts argument remains valid. On the other hand the only con-
stant function in Wp k.3 is zero, so in this case we find that A, is injective.
The same holds for (81, 82) > (352 5™,0). Thus A, is injective in the upper
shaded region. By duality we deduce that A, is surjective in the lower shaded
region.

Now assume 3 crosses from A to B. In this particular case the method
used above for AC manifolds fails, because it would require A, to be sur-
jective in the region A. We can however bypass this problem as follows: the
change of index formula shows that the index increases by one and we know
that the Laplacian is surjective in B, so Ker(Ay) = R in B. The same is true
for the region C. We can use Section 8 to study the harmonic functions in

2om 2om) So our inte-
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Figure 2: Harmonic functions on CS manifolds.

the lower shaded region. For example, the harmonic functions in D will be
generated by functions which are of the form 7o + O(r7™*) on the first end
and of the form O(r?) on the second end. Note a difference with respect
to AC manifolds: harmonic functions in B and C (more generally, in D and
E) are not necessarily linearly independent. Thus we cannot write harmonic
functions in F as the direct sum of harmonic functions in D and E, as in the
AC case. Once again, harmonic functions elsewhere will be heavily depen-
dent on the specific (L, g).

We may also be interested in the cokernel of A,. The change of index
formula shows that the dimension of the cokernel increases with (3. For
example, the index is —1 in the regions G,H. Since A, is injective here, this
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Figure 3: Harmonic functions on CS/AC manifolds.

implies that the cokernel has dimension 1. More generally, the change of
index formula allows us to compute the dimension of the cokernel wherever
Ay is injective. We can also use the ideas of Remark 7.4 to build complements
of Im(A,) which grow with S3.

CS/AC manifolds. Let (L, g) be a CS/AC manifold with convergence
rate v. Following the same conventions as before, we now turn to figure 3.
Here, the horizontal axis corresponds to the CS end with weight 1 and the
vertical axis corresponds to the AC end with weight .

When A < 0 and g > 2 — m, the maximum principle and integration by
parts show that A, is injective. Dually, when A > 2 —m and p <0, Ay is
surjective. In the region A, A, is an isomorphism with index zero. Harmonic
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functions in the region B are of the form 770 + O(r7**2) on the AC end and
of the form O(r"*) on the CS end. Harmonic functions in the region C are of
the form 7o + O(r7™) on the CS end and of the form O(r”2) on the AC
end. Since these functions are linearly independent, their linear combinations
give the harmonic functions in the region D.

Example 10.1. R with its standard metric can be viewed as a CS/AC
manifold, the CS end being a neighbourhood of the origin. In this case all
harmonic functions can be written explicitly, so in this case we have exact
information on their asymptotics.

Part 3. Conifold connect sums and uniform estimates

This is the main part of the paper. Our goal is to introduce a certain “para-
metric connect sum” construction between conifolds; as mentioned in the
Introduction, this is the abstract analogue of certain desingularization pro-
cedures used in differential geometry, in which an isolated conical singularity
is replaced by something smooth or perhaps by a new collection of AC or
CS ends. We will show that careful choices of parameters and weights lead
to uniform estimates concerning both Sobolev Embedding Theorems and
the Laplace operator. These estimates are at the heart of the paper [15].
Readers interested in specific applications of these estimates can thus refer
there for details.

11. Conifold connect sums

The goal of this section is to define the “parametric connect sum” con-
struction and prove that the scaled and weighted Sobolev constants are
independent of the parameter t. For simplicity we start with the non-parametric
version.

Definition 11.1. Let (L, g) be a conifold, not necessarily connected. Let
S denote the union of its ends. A subset S* of S defines a marking on L.
We can then write S = S* II S**, where S** is simply the complement of S*.
We say S* is a CS-marking if all ends in S* are CS; it is an AC-marking if
all ends in S* are AC. We will denote by d the number of ends in S*.

If L is weighted via B we require that 3; = §;, if S; and S; are marked
ends belonging to the same connected component of L.
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Definition 11.2. Let (L, g, S*) be a CS-marked conifold. Let ¥*, C* denote

the links and cones corresponding to S*, as in Definition 6.2. Given any end

S; C S* let ¢; : B; x (0,€] — S; be the diffeomorphism of Definition 6.2.

~ Let (ﬁ,f}, S*) be an AC-marked conifold. Let $*, C*, g%l DI [R, o0) —

S; denote the corresponding links, cones and diffeomorphisms, as above.
We say that L and L are compatible if they satisfy the following assump-

tions:

1) C* = C*. Up to relabelling the ends, we may assume that C} = C’;‘ .

2) R < e. We can then identify appropriate subsets of S* and S* via the
maps ¢; o (bi_l.
3) On each marked AC end, the metrics qgf g and g; are scaled-equivalent

in the sense of Definition 4.3. Analogously, on each marked CS end, the
metrics ¢;g and g; are scaled-equivalent in the sense of Definition 4.3.

If L is weighted via 8 and L is weighted via B we further require that,
on the marked ends, the corresponding constants satisfy 3; = 3; and that
B; = B; if S; and §; are marked ends in the same connected component
of L.

Remark 11.3. The condition R < € may seem rather strong. However, let
(L,g,5*) be CS-marked, (i,g,S*) be AC-marked and C* = C*. As seen
in Remark 6.3, by making R larger if necessary it is possible to assume
that the metrics <ZA>;*§, g; on X; X [R, o0) are scaled-equivalent in the sense
of Definition 4.3. Lemma 6.10 then shows that the metrics q?)ii(tz‘@), gi; on
i X [tR, o0) are also scaled-equivalent, with the same bounds. Analogously,
by making e smaller if necessary, we can assume that the metrics ¢;g, g
on %; x (0,€] are scaled-equivalent. By first making R large and e small
and then rescaling to satisfy the condition R < € we thus obtain compatible
conifolds in the sense of Definition 11.2.

Definition 11.4. Let (L, g, S*), (ﬁ,g, S’*) be compatible marked conifolds.
We define the connect sum of L and L as follows. We set

(11.1) L#L := (L\ S*)U (X% x [R,€e]) U(L\ S*),
where the boundary of L\ §* is identified with £* x {R} via the maps ¢;

and the boundary of L\ S* is identified with ¥* x {e} via the maps ¢;. We
can endow this manifold with any metric g#g which restricts to g on L \ S*
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and to g on L\ S*. Then L#L is a conifold. Its ends are $** IT $**. We call
x [R, €] the neck region of L#L.
Given radius functions p on L and p on L we can endow L#L with the
radius function

pon L\ S*
p#p =< r onY* x[R,€
p on L\ S*

If L, L are weighted via 3, B then L#L is weighted via the function

Jé; on L\ S*
B#3 = Bjs- on X* x (R, €]
B onL\S~

Example 11.5. Let L be a smooth m-dimensional submanifold of R",
endowed with the induced metric. Assume that it is either compact or that
it has AC ends: e.g., it could be a collection of m-planes in R"”. Now assume
it has transverse self-intersection points z1,...,z; € R™. For each x; choose
a ball B(z;,€) in R™. Then L := L\ {z1,..., 7} is a conifold with s CS ends
defined by the connected components of (B(z1,€e) U---U B(zg,€)) N L. The
corresponding cones are copies of R™. Choose a pair S1, Ss of connected
components of B(z1,€) N L and an appropriately rescaled m-dimensional
hyperb0101d L CR» asymptotic to the corresponding cones C1, Cs. Then L,
L are compatible and L#L is an abstract Riemannian manifold, which we
can think of as a desingularization of L. Our hypothesis in Definition 11.1
that L, L are not necessarily connected allows us to extend this construction
to intersection points of distinct submanifolds and to desingularize all points
simultaneously.

Since ﬁ#L is again a conifold it is clear that all versions of the Sobolev
Embedding Theorems continue to hold for it. Note that S G might also
be empty: in this case ﬁ#L is a smooth compact manifold. We now consider
the parametric version of this construction.

Definition 11.6. Let (L, g,S*), (E,g, S'*) be compatible marked conifolds
with d marked ends. Let (p, 3), respectively, (p, B), be corresponding radius
functions and weights. Choose parameters t = (t,...,tq) > 0 sufficiently
small. We assume that t is compatible with the decomposition of L into its
connected components: specifically, that t; = ¢; if S; and S’j belong to the
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same connected component of L. We then define the parametric connect sum
of L and L as follows. We set

Ly = (L\ S*) U (Us,cs 5 x [tiR,€e]) U(L\ S%),

where the components of the boundary of L \ S* are identified with the
¥ X {th} via maps qAStZ defined as in Lemma 6.10 and the components of
the boundary of L\ S* are identified with the ¥; x {€} via the maps ¢;.
Choose 7 € (0,1). If the ¢; are sufficiently small, we find ;R < tr < 2t] <e.
Choose any metric g¢ on Ly such that, for each ¥; C 3%

t2g on the corresponding component of L \ $*
e = 7 i(t29)  on Xy x [t R, ¢]]

;g on X; X [Qtz‘Ta 6]

g on L\ S*

and such that, for all j > 0 and as t — 0,

sup [V (g5 — Gi)lr-2g.05, — O-
S x [t7,2t7]

We endow L; with the radius function

t;p on the corresponding component of L \ S
Pti=1RT on X; X [tZR, €]
p on L\ S*

and the weight

B onlL)\S*
Be:=2 B on¥;x[tiR, €
B onL\S*

We now need to define the weight function wg. As in Corollary 6.11, the
simplest case is when 3 is constant on each connected component of L. We
then define

(ti ﬁ)_Bi on the corresponding component of L \ S
wy 1= pt_ﬁf = p b on X; X [tl-f?, €]
pP on L\ S*.
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For general weights 3, we need to modify the weight function. As in Corol-
lary 6.11, on the ith component of L consider the constant “reference” weight
B;. We then define

(t, ” ti,ﬁ)_B on the corresponding component of L \ $*,
Wt = 4 = on X x [tiR, €],
pP on L\ S*.

We may equivalently write this as

_ {tﬁ_ﬂzpt_ﬁt’ on j’/ \ Sv*7

Pr t, elsewhere.

Using this data, we now define weighted Sobolev spaces W,f g, on Ly as in
Section 5. We call 3; x [tiR, €] the neck regions of Ly.

Theorem 11.7. Let (L,g,5"), (i,g,ﬁ*) be compatible weighted marked
conifolds. Define Ly, g¢, pt and B as in Definition 11.6. Then all forms
of the weighted Sobolev Embedding Theorems hold uniformly in t, i.e., the
corresponding Sobolev constants are independent of t.

Proof. The proof is similar to that of Corollary 6.8. Let us for the moment
pretend that the metrics g, § are exactly conical on all ends of L, L. This
allows us to assume that the metrics g; are exactly conical on all ends
and neck regions of L; so the assumptions of Theorem 5.1 are satisfied in
these regions. On L \ S* we are using rescaled metrics, radius functions and
weights as in Corollary 6.11. As seen in Remark 5.2, the assumptions of The-
orem 5.1 are t-independent, so they are verified here. These assumptions are
also verified on L \ S* and on the neck regions. We conclude that all forms
of the weighted Sobolev Embedding Theorems hold for these metrics, with
t-independent Sobolev constants.

Let us now go back to the metric g¢. Recall from Lemma 6.10 that we
can assume that, on each end of L, g¢ is a t-uniformly small perturbation
of the conical metric. The same is true also on the neck regions. Specifically,
on ¥; x [t;R,t7] Lemma 6.10 shows that

sup |7,,(t79) — 5i < CoR™.
On 3; x [tT,2t7] our hypotheses imply

sup |9t — Jilr—2g.05 < Co-
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The analogue is true also on ¥; x [2t7, €], using the estimates provided by
Definition 6.2.

These perturbations are all t-independent, so according to Theorem 5.1
the weighted Sobolev Embedding Theorems hold also for ¢, with ¢-
independent Sobolev constants. O

Remark 11.8. Note that Theorem 11.7 actually requires only ¢t-uniform
C%-bounds over the metrics g¢. In Definition 11.6, we include control over
the higher derivatives and the assumption that the quantities in question
tend to zero for use in later sections. The same is also true for various other
results, e.g., Corollary 6.8.

We conclude with the following result, which serves to highlight certain
properties of g¢ as ¢ — 0. This is important for Section 12.

Lemma 11.9. Consider g¢ as in Definition 11.6. Choose a neck region in
Lt and b € (0,7) so that t;R < t7 < 2tT < t* < e. Then, on % x [t; R, 7], the
metric g¢ converges to the rescaled metric t?QASZiQ in the following sense: for
all j >0 and ast — 0,

sup ‘rjvj (gt - t??ﬁ,zf]”tf@* §®t?‘£f.i§ — 0,

where V denotes the Levi-Civita connection defined by <ZA>2‘Z§} on ¥; X [tZR, ti-’].
Proof. Consider the map
0 i x [R0TY — 5 x 1R, 1Y), (8,7) v (0, ti7).

We can use this map to pull the estimate back to XJ; x []35, t?_l}. We can then
write it as follows: for all j > 0 and as t — 0,

(11.2) sup [V7(57,(t290) = B10)], 251 gy — O

where V denotes the Levi-Civita connection defined by (52‘ gonY; x [R,t"71].
We choose to prove this form of the estimate.
On ¥; x [R,t77'] it follows from Definition 11.6 that o (t7%gt) = b4,
so the equation is trivially true.
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On ¥; x [t7 2771,

V9 (67, (t; 2 8) — G0)lr—2q.05. = V7 (57, (£ *ge)
= 0,5l (v 00261, (120 267, (6250)
= 5: (Wj(t;2gt - t;2§i)’(r/ti)*"’tfzgi(@t;%i)

= 5% (IV9(96 = 325,25, ) = 0,

where the last statement follows from Definition 11.6. Furthermore, it follows
from Definition 6.2 that

NG5G — Gi)lr2.05, < Citi T D7 — 0,

using (7 — 1) > 0. We have thus found that both metrics of interest con-
verge to the same metric g;. The conclusion is a simple computation.
On X; x [Qtf_l,t?_l], as above and using g = ¢g,

V9 (67, (t 2 t) — Gi)lr—2.05. = OF, (ﬁj(@g - §z’)|r4§i®§i> < Ot — 0,
using by; > 0. Furthermore,
V(319 — Gi)lr—2g,m5, < C(2477 )" — 0.
Again, combining these estimates implies the claim. (Il

12. The Laplacian on conifold connect sums

Let (L,g,p,S*), (L, g, p, 5’*) be compatible marked conifolds. As seen in
Section 11, we can define their connect sum (ﬁ#L,g#g,ﬁ#p). This is a
new conifold so we can study the properties of its Laplace operator as in
Section 10.

We start with the case in which S** U $** £ (), i.e., the set of ends is
non-empty. This case actually turns out to be easier than the alternative
situation, where f)#L is smooth and compact, because we can use weights
to force injectivity of the Laplacian.

Non-compact conifolds. Assume the set S** U §** of ends of E#L is non-
empty. If weights 3, B are non-exceptional for Ay, Ay then the weight B#,@
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is non-exceptional for Agu, so

. . P p
Bats ' Wy s = Wiopus s

is Fredholm. The same holds for the parametric connect sums (L, g, pt, B¢)-
We want to study the invertibility of the Laplace operator. The following
result is obvious.

Lemma 12.1. Let (ﬁ,g,ﬁ,ﬁ,é*) be a weighted AC-marked conifold.
Assume 3 satisfies the conditions

Bi <0, for all AC ends S, e,
Bi > 2 —m, for all CS ends S; e S’

so that Ay is injective.
Let (L, g, p,3,5%) be a weighted CS-marked conifold. Assume B satisfies
the conditions

B; <0, forall AC ends S; € S,
Bi >2—m, for all CS ends S; € S.

This is not yet sufficient to conclude that Ay is injective because the set of
AC ends might be empty. To obtain injectivity we must furthermore assume
that each connected component of L has at least one end, e.g., S’, satisfying
the condition

3 <0, if 8" is AC,
3 >0, if S is CS.

Now assume that L, L are compatible. Ti}en, for all ends S; € §*,
2—m < f; <0. This implies that S" € 8** so L#L has at least one end.
Furthermore, B#3 satisfies the conditions

B#,@|Si <0, for all AC ends S; € S S,
B#,@m >2—m, for all CS ends S; € S 1 G,

Together with the condition on S’, this implies that Agy4 is injective.
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If furthermore 3, B are non-exceptional for Ay, Ay then

N . P 4
Bars Wy s = Wi o pup s

is a topological isomorphism onto its image so there exists C' > 0 such that,

P
for all f € Wk,,i-)#ﬁ’

Ifllwe . < ClIAfllwe

k. B#B k—2,B#B-2

For the constant C' in Lemma 12.1 one can choose the norm of the
inverse map (Agx,) !, as in Equation (2.4). The analogous result holds also
for parametric connect sums. We now want to show that, in this case, the
invertibility constant C' can be chosen to be t-independent. In other words,
there exists a t-uniform upper bound on the norms of the inverse maps

(Agt)il-

Theorem 12.2. Let (L,g,p,3,5%), (ﬁ,g,ﬁ,B,S’*) be marked compatible
conifolds satisfying all the conditions of Lemma 12.1. Define (L, gt, pt, B¢)
as in Definition 11.6. Then there exists C >0 such that, for all f €
W]gﬂt (Lt)7

HfHW,f‘ﬁt < CHAgtfHW;ffz.ﬁt—z‘

Proof. To simplify the notation let us assume that all ¢; coincide: we can
then work with a unique parameter ¢t. The general case is analogous.
Let C; denote an invertibility constant for A, on L, i.e., for all f €
Wi s(L),
Ifllwz, < CallAgfllwr_, , .-

kB —

Let Cy denote an analogous constant for A; on L.

Choose constants a, b satisfying 0 < b < a < 7 and a smooth decreasing
function n : R — [0, 1] such that n(s) =1 for s < b and 7(s) =0 for s > a.
Then the function n(r) := n(logr/logt) : (0,00) — [0,1] has the following
properties:

(1) n; is smooth increasing, n;(r) = 0 for r < ¢, n,(r) = 1 for r > t°.
(2) For all k£ > 1 there exists C > 0 such that

—0 ast—0.

oFn C
k t < k
" (”' < Tlog

Q

We set n)(r) := %(T), ny (r) = f;rfgg (r).
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Using the diffeomorphisms d}t,i aAnd ¢; we now gxtend 7 to a smooth function
on L¢ by setting s = 0 on (L \ S*) U (X* x [tR,t?]) and n: = 1 on (L \ S*) U

(2% x [t €]).
For any f € Wlfﬂt’

1w, < Ineflwe,, + 110 =me) fllwy

Note that 7, f has support in (X* x [t%, €]) U (L \ S*), where, up to identifi-
cations via the diffeomorphisms ¢;, (g¢, pt) = (g, p), B¢ = B. Thus

||77tfHW,§jﬁt(gt = ||77tf||W,fB (9)
< C HA (Utf)”Wk 2,8— 2(9)
= Cyll Ag. (e N)llwz_, . (00)

Cy (Imgef lwy ., + 19 Fllw

k—2,8¢—2
+ [l Fllwe, . *2),

where we drop unnecessary constants. Applying the Leibniz rule to expres-
sions of the form V7 (n;Ay, f) we find (again up to constants)

kol

—2

J
HntAgtfHW]f 25, Z/’p vin A ’p2 Beti—lxgi— ZAgtf\ "volg,
=0

<(1 A pp
—<+ r) DLl

<.
Il

o

o~

We conclude that

180 I s < V8 FI o+ o
Analogously,
k=2 J
CAZI PSS 95 S At ARl S T
§=0 1=0

P
< P
< <uogt\> 11wz,

Similar calculations apply to ||n} f||, ultimately showing that

1fllwy

kB

109 11 < ootV e T < o
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The function (1 — ;) f has support in (L \ $*) U (3* x [tR,t’]). On this
space Definition 11.6 shows that 3, = B Furthermore, on the ith com-
ponent X; X [tf%, t] and up to identifications via the diffeomorphisms q@t,i,
Lemma 11.9 shows that g; is scaled-equivalent to t2§ and pg = tp.

Using Corollary 6.11 we thus find

1A =n0) fllwy ,, (9o = (1= nt)fHW)f‘é(ﬁg,tﬁ)
= @ =m0 fllwr 6.0
<t G2 (L =) Hllwr @0
= 27705 )| Mg (L =) Hllwy .0
= Call Az (M=) Nllwz_ | w2a0)
~ CyllAg, (L =m) Nllwy_, 5, _2(ge00)

where ~ replaces multiplicative constants. We now continue as above. Com-
bining the above results leads to an inequality of the form

C
1flhwe,, < (Cy+Cy) (nAgtfrw,fW + |1Ogﬂanw,fﬁ) .

For t sufficiently small we can absorb the second term on the right-hand side
into the left-hand side, proving the claim. O

Smooth compact manifolds. Assume the set S* U §** s empty, so that
I:#L is smooth and compact. In this case the Laplace operator, acting on
functions, always has kernel: the space of constants R. We can thus achieve
injectivity only by restricting ourselves to a subspace transverse to constants.
Furthermore, if we want the invertibility constant to be independent of ¢ we
must allow the subspace to depend on ¢, as follows.

Theorem 12.3. Let (L,g,p,S*), (ﬁ,g,ﬁ, S’*) be marked compatible coni-
folds such that the parametric connect sums (Lt, g¢, pt) are smooth and com-
pact. Choose constant weights 3 = 3 € (2 —m,0) and define B, as usual.

(1) Assume L has only one connected component. Then there exists a
constant C' > 0 and, for each t sufficiently small, a subspace Ey C
WY (L¢) such that

(12.1) WP, (Le) = By ® R
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and, for all f € Ey,

1fllwe,, < ClAg fllws o, o

Furthermore, the image of the restricted operator Ay, g, coincides with
the image of the full operator A, .

(2) Assume L has k > 1 connected components. Then there exists a con-
stant C' > 0 and, for each t sufficiently small, a codimension k subspace
By C W,ft(Lt) transverse to constants such that, for all f € Ey,

1fllwe,, < ClAg fllws o, o

Proof. Assume L has one connected component. Choose any closed subspace
EcC W,fﬁ(L) such that

WP4(L) =E®R.

Define 7 as in the proof of Theorem 12.2. Extending it to zero on the CS
ends of L, we can think of it as an element of W} g(L). One can check that
7n¢ — 1 in the Wlfﬂ norm as t — 0 so, for small ¢, n; ¢ E. The multiplication
map

Pt : W]gﬁt(-[/t) - W]f’ﬁ(L% f = ntfa

is linear and uniformly continuous with respect to the parameter t, so Fy :=
Pt_l(E) is linear and closed. Since 1y does not belong to E, constants do
not belong to E. To confirm that F; has codimension 1, choose any linear
function @ : Wy 5(L) — R such that E = Ker(Q). Then E; = Ker(Q o P),
so it is defined by one linear condition. This proves Decomposition 12.1.

Consider Ay, restricted to Ey. It is clearly injective. One can check that
it is uniformly injective exactly as in Theorem 12.2.

Now assume L has multiple components L1, ..., L;. For each L;, choose
a closed subspace E; C W,ﬁ B(LZ-) as above. The multiplication map

Wlfﬂt(Lt) - @ Wlf,,Bt (Li), [ nef,

is again linear and uniformly continuous, so we can define E; as the inverse
of BE1® ...,®E;. One can again check that it has codimension k and that,
restricted to this space, Ay, is uniformly injective. O

Remark 12.4. Note that, even though L; is smooth and compact, the
proof of Theorem 12.3 requires the use of radius functions and weights on
the necks.
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13. Further Sobolev-type inequalities on conifold connect
sums

Given a conifold (L, g), we can also apply the theory of Section 9 to the
elliptic operator

(13.1) Dy =d&dj: WE g(A™™) — WP 5 (A,

defined from the bundle of all even-dimensional forms on L to the bundle
of all odd-dimensional forms. As for the Laplacian, it is possible to define
and study the exceptional weights for this operator. For any non-exceptional
weight B, the operator D, of Equation (13.1) is Fredholm. This implies that

Dy : Wi 5(AV") [Ker(Dg) — Wi, 5 1 (A%
is a topological isomorphism onto its image. Note that W} s(L)/Ker(Dy) is
closed in W 5(A°¥*") /Ker(Dy). It follows that d(W}, 5(L)) = Dg(Wy 5(L)) =

Dy(W} 5(L)/Ker(Dy)) is closed in Im(Dj), thus in W _; 5, (A°4). We can
conclude that the restricted operator

(13.2) d: Wi (L) — Wi 5 (A

has closed image. Note that Ker(d) can only contain constants. If the choice
of weights is such that constants do not belong to the space WIZ:D,,B(L)v the
operator d of Equation (13.2) is a topological isomorphism onto its image
and can be inverted. In particular there exists C' > 0 such that, for any

fewgs(L),
Ifllwe, < Clldfllwe_, ,_,-

We now want to show that, on conifolds obtained as parametric connect
sums, such C' can chosen independently of t. For brevity, we restrict our
attention to the non-compact case.

Theorem 13.1. Let (ﬁ,g,ﬁ,ﬁ,ﬁ*) be a weighted AC-marked conifold.
Assume that 3 is non-exceptional for the operator

Dy : WP (A®) — WP

k_lﬁ_l(AOdd)

defined on the manifold L and that 3; < 0 for all ends S; € S*.
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Let (L, g, p,3,S*) be a weighted CS-marked conifold. Assume 3 is non-
exceptional for the operator

Dg . WIgB(Aeven) _ Igfl,ﬁfl(AOdd)

defined on the manifold L and that each connected component of L has at
least one end, e.g., S’, satisfying the condition

B <0, if § is AC
B3>0, if §' is CS.

Now assume that L, L are compatible. Then, for all ends S; € S*, 5; = ﬂAZ <
0. This implies that S’ € S** so each connect sum Ly has at least one end.
There exists C > 0 such that, for all f € W,fﬁ (L¢),

(13.3) 1w, < Clldfllwy_, ,,

Proof. As seen above, the assumptions prove that the operator d is a topolog-
ical isomorphism (onto its image) between Sobolev spaces on both manifolds
L, L. This means that there exist constants Cy, Uy satistying the analogue
of Equation (13.3) on both manifolds separately. We can use Cy, Cj to build
C satisfying Equation (13.3) on L; using the same ideas introduced in the
proof of Theorem 12.2. There is only one difference, as follows. In the proof
of Theorem 12.2 we use the equality

Gl A (L= m) Pllwe gy =17

k—2,8-2

g((l—m) Miwe (4,0)

k—2,8-2

The factor t2~7 is then cancelled by rescaling. In particular, the above
equality uses the fact that the Laplacian depends on the metric and rescales
in a specific way.

In the case at hand the operator d does not depend on the metric.
However, note that it takes functions into 1-forms: it is this property that
allows us to conclude. Specifically, setting a; = d((1 — 1) f) and assuming
B is constant to simplify the notation, we find:

Z / ’ Al— B+JVJ
- tpﬂz /L ()P Vg (1) VOl

_ B P
_t Hat||W:_1B_1(t2§],tﬁ)'

A—

2P "volg

P
”atHW:4

m>
b>

The proof can now continue as for Theorem 12.2. O
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Combining Theorems 11.7 and 13.1, we obtain the following improve-
ment of the weighted Sobolev Embedding Theorems, Part 1, for parametric
connect sums.

Corollary 13.2. Let (L,g,p,3,5%), (ﬁ,g,ﬁ,ﬁ,é*) be marked compatible
conifolds as in Theorem 13.1. Define Ly as in Definition 11.6. Then there
exists C > 0 such that, for all1 <p <m, t and f € Wf)gt(Lt) ,

1l < Clldf Iy, .-

Remark 13.3. Following standard terminology in the literature we can
refer to Equation (13.3) as a “uniform weighted Poincaré inequality” and to
Corollary 13.2 as a “uniform weighted Gagliardo—Nirenberg—Sobolev
inequality”. Alternatively, following [4] Chapter 8, the latter is a “uniform
weighted Euclidean-type Sobolev inequality”.
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