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Abstract

Special Lagrangian submanifolds are submanifolds of a Calabi-Yau manifold calibrated by
the real part of the holomorphic volume form. In this thesis we use elliptic theory for edge-
degenerate differential operators on singular manifolds to study general deformations of
special Lagrangian submanifolds with edge singularities. We obtain a general theorem
describing the local structure of the moduli space. When the obstruction space vanishes
the moduli space is a smooth, finite dimensional manifold.

Keywords: singular manifolds, special Lagrangian submanifolds, edge-degenerate
differential operators, boundary value problems, moduli spaces.
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Introduction

The study of moduli spaces of deformations of a special Lagrangian submanifold in a
Calabi-Yau manifold started with the work of McLean [McL98], where he studied the de-
formation of compact special Lagrangian submanifolds (without boundary). He proved
that the moduli space is a finite dimensional, smooth manifold with dimension equal to
the dimension of its space of harmonic 1-forms. The role of special Lagrangian fibra-
tions of Calabi-Yau manifolds in mirror symmetry and especially the presence of singular
fibers, motivated the study of special Lagrangian submanifolds with conical singulari-
ties/ends [Mar, Pac04, Pacl3, Joy04b]. Moreover in the simplest example of a Calabi-
Yau manifold, C", the fact that special Lagrangian submanifolds are minimal implies the
nonexistence of compact special Lagrangian submanifolds. Hence the search for special
Lagrangian submanifolds in C™ must be done in the category of non-compact or singular
spaces.

Broadly speaking, the study of moduli spaces of special Lagrangian deformations is
performed by identifying nearby special Lagrangian submanifolds with elements in the
zero set of a non-linear elliptic partial differential operator that governs the deformations.
By means of the Implicit Function theorem for Banach spaces, this is reduced to the
analysis of the linearised equation. Hence the study of moduli spaces of deformations of
a special Lagrangian submanifold requires a good understanding of elliptic equations on
the base space.

The theory of linear elliptic partial differential equations on smooth, compact man-
ifolds without boundary is well-developed: the construction of parametrices of inverse
order, a complete calculus of elliptic ¥DOs, elliptic regularity, the equivalence between
ellipticity and the existence of an a priori estimate, the equivalence of ellipticity and
Fredholmness and finally the celebrated Atiyah-Singer index formula. All these elements
are already classical tools when studying elliptic equations on compact manifolds.

In contrast, in non-compact or singular spaces there is no canonical approach or
methods to study elliptic equations. Even the concept of ellipticity on a non-compact
or singular manifold is not canonical as it is in the compact case. The basic model of
singularity in the theory of PDEs on singular manifolds is the conical singularity. Near
a vertex, a manifold with conical singularities looks like g;if(, where X is a compact
manifold without boundary. The usual approach in this case is to blow-up the vertices
to obtain a compact manifold with boundary, the stretched manifold, with collar neigh-
borhood R" x A

The most common type of degenerate differential operator studied on the collar neigh-
borhood is the Fuchs type operator




P=r=m5% ajr) (—rd, )
Jj<m
with coefficients a; € C’OO(RJF,Diffm_j (X)), where Diff 7 (X) is the set of classical
differential operators of order m — j on the compact manifold X.

This class of differential operators arises naturally when changing into polar coordi-
nates a differential operator on R™. In particular the Laplace-Beltrami operator defined
by a conical metric r2gy + dr? is a Fuchs type operator. Many authors have studied
this type of equation with different approaches: Lockhart and McOwen [LM85, Loc87],
Melrose [Mel93], Schulze [Sch91, ES97, Sch98], Kozlov, Mazya and Rossmann [KMR97],
among possibly others. The b-calculus of Melrose [Mel93] and the cone algebra of Schulze
[Sch91] are robust and systematic approaches to Fuchs operators with the goal of con-
structing a calculus or an algebra of WDOs that contains parametrices of Fusch type
operators (see [LS01] for a comparison of both approaches).

Higher order singularities arise by means of conification or edgification of a manifold
with conical singularities. The conification of a manifold with conical singularities pro-

duces a manifold with corners, where locally the singularities look like R* x (F&i;ﬁ)
Similarly to the conical singularity case, there is a natural class of degenerate corner
differential operators associated with this type of singularity. An example of such an op-
erator is the Laplace-Beltrami operator associated to a corner metric t?(r?gy +dr?) + dt*.

On the other hand, the edgification of a manifold with conical singularities produces

a manifold with edge singularities, where locally near the singularity it looks like R™ x

=+
(B
example is the Laplace-Beltrami operator associated to an edge metric 72gy + dr? + ge
where g¢ is a Riemannian metric on a smooth manifold £ (the edge) without boundary
(see section 2.2.1).

This thesis is concerned with deformations of special Lagrangian submanifolds with
edge singularity (see section 2.2.1 for the precise definition of a manifold with edge singu-
larity). The motivations to study special Lagrangian submanifolds with edge singularities
are the following: it is a natural next step in the category of singularities where there
is a well-developed elliptic theory [Sch91, ES97, Sch98], hence the analysis of the lin-
earised equation that governs the deformations is accessible. An alternative approach to
study edge-degenerate operators developed by R. Mazzeo and B. Vertman can be found
in [Maz91], [MV14].

On the other hand we are interested in the deformation of calibrated vector bundles,
specially, special Lagrangian submanifolds obtained as a conormal bundle N*(M) C
T*(R™) = C" of an austere submanifold M in R™. In this direction, Karigiannis and
Leung [KL12] obtained special Lagrangian deformations of N*(M) by affinely translating
the fibers, see section 2.4. One of the main examples of austere submanifolds in R" is the
class of austere cones [Bry91]. These cones are of the form RT x X C R™ where X C S"~!
is an austere submanifold of the sphere. If we assume that the conormal bundle is a trivial
bundle near the vertex of the cone (for example if Rt x X is an orientable hypersurface in
R™ then the conormal bundle is trivial) then it is diffeomorphic to Rt x X x R? where ¢ is
the codimension of R* x X’ in R”. This implies that we can consider N*(M) as a manifold
with an edge singularity. Here we have a non-compact edge R?. This will restrict us in

>. Here we also have a class of edge-degenerate differential operators. A typical



the type of deformations that we study. When the edge is a compact manifold £ more
complete results are obtained.

In [Sch91, ES97, Sch98|, B.-W. Schulze and coauthors have developed a comprehen-
sive elliptic theory of edge-degenerate differential operators:

P=r % aja(ry) (~rd,) (rD)®

JHal<sm

with coefficients a;, € COO(RJr x €, ,Diffmf(jHO") (X)).

In this thesis we use Schulze’s approach to study deformation of special Lagrangian
submanifolds with edge singularities. We use Schulze’s approach to analyze the Hodge-
Laplace A and Hodge-deRham d + d* operators acting on sections of differential forms
induced by edge-degenerate vector fields on M.

In previous works of Joyce, McLean, Marshall and Pacini [Joy04b],[McL98], [Mar],
[Pac04],[Pac13], finite dimension of the moduli space follows from the Fredholmness of the
Hodge-Laplace operator acting on (weighted) Sobolev spaces. As was mentioned above,
there is no canonical notion of ellipticity in non-compact or singular manifolds, however
in most approaches, once suitable Banach spaces have been defined, the ellipticity of an
operator is defined in such a way that it implies the Fredholm property of the operator
acting between those Banach spaces. In manifolds with conical singularities with local
model R* x X, the concept of ellipticity is based on the symbolic structure of the Fuchs
operator. This is given by two symbols (07 (P), o7} (P)(2)). The first symbol o}*(P) is the
homogeneous boundary principal symbol and o} (P)(z) is the Mellin conormal symbol.
The symbol o7%(P)(z) is an operator-valued symbol given by a holomorphic family of
continuous operators parametrized by z € C and acting on the base of the cone X,

oh(P)(z) + H¥(X) — H®*™(X). The ellipticity of P on X" := Rt x X implies that
o31(P)(2) is a family of isomorphisms for all z € I'nja_, = {z € C: Re(z) = 2l — 4} for
some weight v € R. In the approaches of Melrose and Lockhart-McOwen similar symbolic
structures are used to define ellipticity. See section 2.3.2 for a complete discussion of the
symbolic structure.

In the analysis of edge-degenerate operators, the symbolic structure for an adequate
notion of ellipticity involves the edge symbol ¢'*(u, n). This is an operator-valued symbol
given by a family of continuous operators acting on cone-Sobolev spaces K*7(X") (see
definition 13) and parametrized by the cotangent bundle of the edge. For (u,n) € T*E\0

we have a continuous operator
oM(u,n) : KEV(XN) — K7 (XN,

Analogous to the conical case, a necessary condition for the ellipticity of P is that o*(u, n)
is an isomorphism for every (u,n) € T*E \ {0}. However, this is rarely the case (for
example, in general, the Laplace-Beltrami operator induced by an edge metric does not
satisfy this condition). It is more natural to expect the family o7'(u,n) to be only
Fredholm for every (u,n) € T*E \ 0.

In this case, in order to have a family of isomorphisms, we need to complete the
edge symbol with boundary and coboundary conditions. This completion is achieved by
adding trace and potential operators and an operator acting on the edge that represent
a reduction of the elliptic problem to the boundary:



on(s.m) k(s,n)
t(s,m) x(s,m) )’
see section 3.2.3 for further details.

The need for completing the symbols means that P is not Fredholm unless we im-
pose complementary edge boundary conditions. Moreover boundary and coboundary
conditions are an essential part of the regularity of solutions of elliptic edge-degenerate
equations (see section 2.3.5). Therefore, if we are interested in studying moduli spaces
of deformations of a special Lagrangian submanifold with edge singularities, we need to
consider deformations with boundary conditions in the edge in order to obtain regular
enough deformations that allow the existence of a smooth, finite dimensional moduli space
of deformations. These boundary conditions are given by the trace pseudo-differential
operator that appears in the completion of the symbol. Moreover solutions of elliptic
equations near singularities have a well-known conormal asymptotic expansion. This oc-
curs even in the simplest case when solving an elliptic equation in R*. Our case is not
an exception and our deformations have conormal asymptotic expansions near the edge,
see section 2.3.3.

Once the symbol is completed (this is possible because, in our case, the topological
obstruction vanishes, see 3.2.3) we obtain a Fredholm operator in the edge algebra with a
parametrix (with asymptotics) of inverse order. At this point we want to use the Implicit
Function theorem for Banach spaces to obtain finite dimensionality and smoothness of
the moduli space of deformations. However the possible non-surjectivity of the linearised
deformation map produces an obstruction space. The presence of an obstruction space
is not unexpected because even in the case of a compact manifold with isolated conical
singularities each of the singular cones contributes to the obstruction space. This was
studied in detail by Joyce [Joy04b].

Given a special Lagrangian submanifold in C* with edge singularity, & : M — C",
our moduli space has as parameters an admissible weight v > dim# and a trace pseudo-
differential operator, 7, such that it belongs to a set of boundary condition for an elliptic
edge boundary value problem for the Hodge-deRham operator on M.

Our main result, theorem 5.2, is a theorem describing the local structure of the moduli
space M(M, P, T ,~) considering the possible obstructions (see chapter 4 for the precise
definition of the moduli space and further details).

Theorem 0.1. Locally near M the moduli space 9M(M, ®, T, ~) is homeomorphic to the
zero set of a smooth map & between smooth manifolds M;, M, given as neighborhoods
of zero in finite dimensional Banach spaces. The map & : M; — M, satisfies &(0) = 0
and M(M, D, T,v) near M is a smooth manifold of finite dimension when & is the zero
map.



Chapter 1

Special Lagrangian submanifolds and
calibrations

1.1 Special Lagrangian submanifolds

In this section we explain the basics of special Lagrangian submanifolds both in C™ and in
general Calabi-Yau manifolds. This section is based in material from [Joy07] and [HL82].

1.1.1 Special Lagrangian submanifolds in C"

Let C" :={(21,--+ ,2n) : 2 € Cfor all 1 < k < n} be the complex n-dimensional space.
We identify C* with R*" = R” @ R} in the following, specific way

(I‘l,"' 7xn7y17"'yn) — ('rl + v _1917"' 7In+ \% _1yn)7 (11>

hence with this identification z, = xp + v/—1yi. Now let’s consider the automorphism
J : C" — C" given by J(z) = v/—12. Then, under the identification C" = R} @ R} we

have
_ 0 _Id]R" . N n n n
J_LW i RIeR: S RIO R, (1.2)

Definition 1. Let £ = & A--- A&, be an oriented, real n-plane in C", where &1, --- , &, is
an oriented, orthonormal basis of £&. We say that ¢ is a Lagrangian n-plane if J(§) = ¢+

where
¢ ={neC":(nv)y,, =0foralvef} (1.3)

Observe that in (1.3) the inner product is taken in R?*" (the standard flat Riemannian
metric) under the identification (1.1).

Remark 1.1. We can also describe Lagrangian planes in terms of the vanishing of the
Kéhler form

=1 <
=1

i.e. ¢ is Lagrangian if and only if w|¢ = 0. This follows immediately from the fact that
(Jus V) gpon = Wy, (u,v) for every u,v € C".



Now, let’s consider the standard volume form in R** = R” & R} given by
AVgen = dxy A - Ndx, Ndy; A - - dy,, (1.5)

then under the identification (1.1) we can rewrite it as

n(n—1) 1 " o
AVin = (—1) 2 <—”2> OAD (1.6)

where

Q=dzn N Ndz,. (1.7)

Definition 2. The complex n-form €2 = dz; A--- Adz, is called the holomorphic volume
form of C".

Definition 3. An oriented n-submanifold ¢ : M — C" is a Lagrangian submanifold
of C™ if each tangent plane ¢, (T,M) C Ty, C* = C" is a Lagrangian n-plane in C" for
every p € M, where 1, denotes the push-forward.

Let M be a Lagrangian submanifold in C" and p € M. Let’s take an oriented,
orthonormal basis {e;(p), -+ ,e,(p)} of T,M. Then Q|p(ei(p),--- ,en(p)) € C and the
fact that T,,M is a Lagrangian plane implies that

Qex(p), - en(p))| =1 (1.8)

because [Q(e1(p), -+, en(p))| =€ A Jﬁ]gcn. See theorem 1.7 in [HL82] for details.

Given any other oriented, orthonormal basis {€;(p)} the matrix that sends {e;(p)}
to {€;(p)} is an element in SO(n,R) hence Q|y(e1(p), -+ ,en(p)) is independent of the
choice of oriented, orthonormal basis and by (1.8) there exists a function

0: M — R/27Z = S! (1.9)
such that Q[y(e1(p), -+, en(p)) = V=@ for all p € M.

Definition 4. The function § : M — S1 in (1.9) is called the Lagrangian angle or phase
function of M.

Now, let’s suppose that M is a Lagrangian submanifold in C™ such that its phase
function is constant i.e. 6(p) = 6, for all p € M. Consequently

eV (e (p), -+ Lenlp)) =1 (1.10)

for every p € M and any oriented, orthonormal basis. Therefore

Re(e V1™Q)| = dVy

1.11
Im(e_meoQ)|M =0 (11D



Definition 5. An oriented Langrangian submanifold M in C" is called a special La-
grangian submanifold with phase 6 if its phase function is constant with value 6,. Equiv-
alently M is special Lagrangian with phase 6, if (1.11) are satisfied.

Observe that Re(e=V=1%Q) | 18 a real-valued n-form on C" and the fact that

Re(e V=1%Q)| = dVy,

s
implies that that M is calibrated by Re(e‘ﬁeDQ)’ 1+ More precisely we have the fol-
lowing definition.

Definition 6. Let (M, gy) be a Riemannian manifold and ¢ € C(M, A" T*M) a closed
k-form. We say that ¢ is a calibration on M if for every oriented k-subspace V' C T),M
we have

i.e. |y = AVoly for some A\ < 1.

Definition 7. Let (M, gar) be a Riemannian manifold with a calibration ¢. An oriented
submanifold N of dimension £ is said to be calibrated by ¢ if

Y = dVN

Remark 1.2. Harvey and Lawson proved in [HL82] that compact calibrated submanifolds
are minimal and volume-minimizing submanifolds in their homology class. In the non-
compact case they proved that calibrated submanifolds are locally volume-minimizing.
These results follows easily from definition 6 as for any submanifold N’ in the same
homology class as N i.e. [N] = [N'] we have

Vol(N) = (el V) = e V1) = [ o< [ aviv = VoIV,

Harvey and Lawson proved in [HL82] that Re(e~V~1%Q) is a calibration on C". Hence
we have that special Lagrangian submanifolds in C" with any phase 6, are calibrated
submanifolds. In fact we have a family of special Lagrangian calibrations parametrized
by S! and given by Re(e‘ﬁeQ) with 0 < 0 < 27. However, observe that given a special
Lagrangian submanifold & : M — C" with phase 0 i.e. a Lagrangian submanifold
calibrated by Re(e~V~1%Q), the submanifold given by

e VIR M —s C"

is a special Lagrangian submanifold with phase § = 0. This can be easily seen as
Q o, = (e_m%q))*(Q) = eV 9*(Q) = eV 1Q|y. Therefore by rotating a
special Lagrangian submanifold with phase 6 we transform it into a special Lagrangian
submanifold with phase zero. Henceforth, when we consider special Lagrangian subman-
ifolds in C", we shall focus and discuss only the case with phase zero.

However we want to remark that in the general case when the ambient manifold is
a Calabi-Yau manifold X different to C”, it is not possible to rotate the submanifold in
order to change the phase as we did in the case C".



1.1.2 Special Lagrangian submanifolds in Calabi-Yau manifolds

Let (¥X,w,J,g,) be a Kéhler manifold of complex dimension n with Kéhler form w,
complex structure J and Kahler metric g,. Recall that X is called a Calabi-Yau manifold
if the holonomy group of g, is a subgroup of SU(n), i.e.

Hol(g,) € SU(n).

This implies that the Ricci curvature vanishes Ric(g) = 0 and the canonical line bundle
A" T*X is trivial. From the set of non-vanishing holomorphic sections of A"’ T*X we
choose one of those sections {25 normalized by the condition

W s (@) 05 A T (1.13)

Definition 8. A non-vanishing, holomorphic section {2y normalized by (1.13) is called a
normalized holomorphic volume form of the Calabi-Yau manifold (¥, w, J, g,).

Observe that given a normalized holomorphic volume form Qy we have that eV=2Qy
is also a normalized holomorphic volume form for every 0 < 6 < 27w. Here we will focus
on the case # = 0.

Note that C™ is a Calabi-Yau manifold with the structure

(C", Gon s Wen », 2)

cno

where g., = |dz1]* + - + |dan|?, wen = @ Y dzi ANdz; and Q = dz; A -+ A dzy.
i=1

Analogously to the case C" we have the following result for general Calabi-Yau manifolds.

Proposition 1.3. The real part of a normalized holomorphic volume form Re({%) is a
calibration on X. Moreover, for any 0 < 6 < 2, Re(e_\/ijgg) is also a calibration.

Harvey and Lawson in [HL82| characterized special Lagrangian submanifolds in a way
that has been extremely useful to study the deformation theory.

Proposition 1.4. Let (X,w, J, g,, Q) be a Calabi-Yau manifold and M a n-dimensional
real submanifold. Then M admits an orientation making it into a special Lagrangian
submanifold if and only if
w|,, =0
{ i o (1.14)

1.2 Deformation of special Lagrangian submanifolds
Given a Calabi-Yau manifold (¥, w, J, g,, Qx) and a special Lagrangian submanifold

¢: M — X,



we are interested in deformations of M, as a submanifold of X, such that the deformed
submanifold is special Lagrangian. More precisely we are looking for submanifolds W :
M — X such that & is isotopic to ¥ and ¥(M) = My is special Lagrangian. If
we are able to find special Lagrangian deformations of M then we want to investigate
the structure of the space containing those special Lagrangian deformations i.e. the
moduli space of special Lagrangian deformations 9t(M, ®). In general the moduli space
will be the space of special Lagrangian embeddings ¥ : M — X (equivalent up to
diffeomorphism) isotopic to our original ®. If we require the isotopy through special
Lagrangian submanifolds then we are considering only the connected component in the
moduli space containing M. If we do not require the intermediate submanifolds to be
special Lagrangian then we are considering all the connected components of the moduli
space.

If we consider nearby enough submanifolds then it is possible to obtained deformations
of M by moving it in a normal direction V' given by a section of the normal bundle
V€ C°(M,N(M)). This is possible thanks to the tubular neighborhood theorem (see
[Lan95] Ch 4, theorem 5.1).

Theorem 1.5. Let (X, g,) be a Riemannian manifold and M an embedded submanifold.
Then there exists an open neighborhood 2 of the zero section in AN (M) and an open
neighborhood U of M in X such that the exponential map exp, : 2 C NM)—UcCX
is a diffeomorphism.

Observe that the submanifold M is not required to be closed, see [Lee03] theorem
10.19.
Therefore any normal section V lying in 2 will produce an embedded submanifold
given by
exp, (V)o@ : M — X

such that (eng3€ (V) o ®)(M) = My, C U. Once we have the deformed submanifold My
we want to investigate if it is special Lagrangian. Equations (1.14) imply that My, is
special Lagrangian if and only if

(exp, (V) 0 B)" (w)
(exp, (V) 0 ) (Im Q2

" 1.15
0 (1.15)

This provides us with two explicit equations that V must satisfy in order to produce
a special Lagrangian deformation of M. Taking advantage of the fact that M is a
Lagrangian submanifold we can use the bundle isomorphisms

9;1 J
T*M = TM = N (M)

so that we obtain that each differential form = € C>(M,T*M) defines a unique section
of the normal bundle

Ve = J(g;'(2)) € C*(M, N (M)).



Therefore, we can express the deformation problem as a non-linear operator P acting
on differential forms on M:

2 n
P:C¥(M,T*M)|, — C*(M, \ T"M) & C>(M, \ T*M) (1.16)

given by
P(E) = ((expg, (V2) 0 @)"(w), (expy, (V=) 0 @) (Im Q) ) | (1.17)

where C* (M, T*M) ‘m is the space of differential forms = such that their image under the
bundle map J o g;l belongs to 2.
The zero set of this operator contains those special Lagrangian deformations of M
lying in U, that is,
P~(0) =

{E € C(M, T"M)|y : eXpy (V=)od: M — X is a special Lagrangian embedding} .

Hence, the local structure of the moduli space (M, ®) near M is given by P~'(0),
the zero set of a non-linear operator. A classical result in non-linear functional analysis
that has been used to describe the zero set of non-linear operators in deformation of
calibrated submanifolds is the Implicit Function Theorem for Banach spaces (see, for
example, [Lan93| chapter 14, theorem 2.1).

Theorem 1.6. Let X and Y be Banach spaces, 2 C X an open neighborhood of zero
and P: A C X — Y a C*map such that

i) P(0) =0
ii) DP[0] : X — Y is surjective
iii) DP[0] splits X i.e. X = Ker DP[0] ©Z for some closed subspace Z

then there exist open subsets W, C Ker DP[0], W5 C Z and a unique C*-map G : W C
Ker DP[0] — W3 C Z such that

l) 0e W, NW,
ll) Wi W, CcU
iii) P71(0) N (W, @ Wy) = {(2,G(z)) : x € Wy}

Ideally, in order to apply theorem 1.6, we expect to define Banach spaces of differential
forms X and Y such that the deformation operator P acts smoothly, adapt the tubular
neighborhood given by theorem 1.5 such that an open neighborhood of zero 2l C X fits
into it. Moreover we would like that with this choice of Banach spaces the linearisation
of the deformation operator at zero DP[0] is a Fredholm operator. Thus its kernel is
a finite dimensional space and it splits X. Moreover if the cokernel of DP[0] vanishes,
then theorem 1.6 applies immediately and gives us that the moduli space IM(M, ®),
locally around M, is a finite dimensional, smooth manifold with dimension equal to
dim Ker DP[0]. Moreover any infinitesimal deformation, i.e. z € W; C Ker DP[0], can
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be lifted to an authentic deformation given by (z, G(z)) with P(x 4+ G(x)) = 0 i.e. there
are no obstructions.

This ideal situation turned out to be true in the compact case. In [McL98], McLean
studied the deformation of a compact special Lagrangian submanifold inside a Calabi-
Yau manifold X. McLean used the classical and well-developed elliptic theory on compact
manifolds to analyze the deformation operation and its linearisation. He obtained the
following very complete result.

Theorem 1.7. If ® : M — X is an immersed compact special Lagrangian submanifold,
the moduli space of special Lagrangian deformations

M(M, @) :={¢p: M — X : 9 is a special Lagrangian immersion isotopic to @}

is a smooth, finite dimensional manifold with tangent space at M isomorphic to H!(M),
the space of harmonic 1-forms, therefore dim 9(M, ®) = b'(M). Acting on C>°(M,T*M),
the linearisation of the deformation operator P at zero is given by the Hodge-deRham
operator i.e.

DP[0] =d+d".

Moreover there are no obstructions to extend infinitesimal deformations to authentic
special Lagrangian deformations.

Now let’s consider the case X = C". As any special Lagrangian submanifold is a
minimal submanifold (see remark 1.2), we have that any non-trivial special Lagrangian
submanifold in C™ must be non-compact (in particular singular) or with boundary. This
is due to the fact that any isometrically immersed submanifold in an Euclidean space
is minimal if and only if their components are harmonic, see [Xin03] corollary 1.3.2 for
details.

Singular special Lagrangian submanifolds attracted a lot of attention due to the SYZ
conjecture in mirror symmetry. We will not get into details here but we only mention
that special Lagrangian fibrations over a 3-manifold B play a fundamental role. Over
the singular locus A C B of this fibration the fibers are singular special Lagrangian
submanifolds. We refer the reader to [Joy03] for a comprehensive review.

In this direction, special Lagrangian submanifolds with conical singularities and con-
ical ends have been studied intensively, see section 2.4 for an introduction to this kind of
submanifold. For the last sixteen years, moduli spaces, obstructions, gluing and desin-
gularization constructions have been studied by several authors, see [Joy04a],[Joy04b],
[Joy04c],[Joy04d],[Mar],[Pac04],[Pac13]. Most of these results rely on the elliptic and
Hodge theory of Lockhart and McOwen [LM85], [Loc87]. An exception is [Pac04] where
Pacini used the b-calculus of R. Melrose [Mel93] to analyze the linearisation of the de-
formation operator.
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Chapter 2

Manifolds with Singularities

2.1 Preliminaries

We are interested in the deformation of special Lagrangian submanifolds with singulari-
ties. In this section we provide the definitions and concepts related to singular manifolds
that we use throughout this thesis. Most of this section and section 2.2 is based on
chapter 1 and 2 of [NSSS06], we refer the reader to that book for further details.

First let’s recall the definition of the algebra of classical differential operators on a
manifold M. For any C-linear map P : C°(M) — C*®°(M) and any f € C®(M) we
can define the C-linear map [P, f] : C°°(M) — C°°(M) given by

[P, fl(g) :=P(fg) — fP(g).

A differential operator of order zero P € Diff’(M) is a C-linear map P : C=(M) —
C>(M) such that [P, f] = 0 for every f € C®(M). Inductively we define Diff'(M) as
the set of C-linear maps P such that [P, f] € Diff'" ' (M) for every f € C*(M). It can
be proven that a C-linear map P : C°(M) — C*°(M) belongs to Diff'(M) if and only
if at any patch of local coordinates (x;) on M we have

where a,(z) is a C-valued smooth function on the patch of coordinates for every multi-
index a. See [Nic07] chapter 10, section 10.1 for the proof and further details.
We denote by
Diff (M) := | | Dift' (M)
1>0

the algebra of classical differential operators on M.

Definition 9. A singular manifold is a pair (M,®) where M is a smooth manifold
possibly non-compact and © C Diff(M) is a subalgebra of differential operators such
that its restriction ’D‘U at every open subset U with compact closure U C M is equal to

the restriction of the algebra of all differential operators Diff (M) |U.
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The most relevant situation in this definition is when M is non-compact. In this case
the subalgebra © will consist of differential operators that degenerate at the limit in the
non-compact part of M. The degeneration of the differential operators in ® will reflect
the geometric singularities of M. Away from the limit i.e. on an open subset U € M, as
in definition 9, the operators in ® have no degeneration and coincide with the classical
operators in Diff(M). In order to visualize the geometric singularities on M reflected by
the degeneration of the operators in ®, a topological space M, called the singular space
associated with the singular manifold M, is defined in such a way that M is an open
dense subset of M. See section 2.2.1 for specific examples of singular manifolds.

2.2 Construction of singular manifolds

We start with a specific way of constructing the algebra © that is general enough to
produce the type of singular manifolds that we are interested in, namely manifolds with
conical or edge singularities.

The algebra ® is generated by a function space F such that C§°(M) C F C C*(M)
and a space of vector fields V on M such that C*(M,TM) CV C C*(M,TM).

We obtain the function space F by embedding M into a compact manifold with
boundary M and defining F as the restriction of the space of smooth functions on M i.e.
F = C*(M) ‘ - I order to define the space V we need a Riemannian metric g,, on M
such that it extends to a smooth symmetric 2-tensor on Ml but possibly degenerate on
M\ M. The space of vector fields V is obtained by means of duality with respect to gy,
and F. More precisely we have the following definition.

Definition 10. A linear space of vector fields V- C C*°(M, T M) is self-dual with respect
to the F-valued pairing defined by g,, if V =V’ where

Vi={ve C®M, TM): g,,(v,u) € F YueV}.
We obtain V by requiring that V is self-dual with respect to the F-pairing and
C*M,T™M) C V C C*(M,TM). (2.1)

The degeneration of g,, on M \ M will define the geometric singularity of M in the
following way.

Definition 11. The singular space M associated with the pair (M,®) is the quotient
space

M =M/ ~
where p ~ ¢ if dy (p,q) = 0 with d, the distance function on M induced by g,,.

2.2.1 Examples

i) Let’s consider a smooth manifold M with smooth boundary OM = X, dim X = m
and define M := M\ OM. Let g,, be a conical metric on M i.e. g,, is a Riemannian
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metric on M such that on a collar neighborhood of OM given by (0,1) x X C M we
have
g, =71°g, +dr’

where g, is a Riemannian metric on X. Then g,, extends to a smooth, symmetric
2-tensor on M that degenerates in each tangent direction to X'. Following the scheme

to construct singular manifolds explained in the previous subsection, we set F to be
the restriction of C*°(M) to M.

Now, let V € C*°(M,TM) be a vector field with length of the order of unity with
respect to g,,, l.e.
V)|, <C
M

for any p € M and C' > 0 independent of p.
On a neighborhood [0,1) x U C [0,1) x X it is easy to see that

N |
V=A0,+) By~ 0k (2.2)

k=1

where 0y are the local coordinate vector fields on Y C X and A, By, € C*([0,1) xU).

Observe that the linear space of vector fields of the form (2.2) is self-dual with respect
to the COO(M)} y-bairing induced by g,,, therefore any such V must belong to V.
Moreover, it is not difficult to prove (see [NSSS06] proposition 1.17) that the space
of vector fields on M with length of the order of unity with respect to g,, is the
unique linear space that is self-dual and satisfies the expression (2.1), hence this is
the choice for V.

From the discussion above we conclude that the algebra of degenerate operators ©
is generated by functions on M smooth up to r = 0 i.e. C°°(M) | y and vector fields
V such that on the collar neighborhood [0, 1) x X are given by

YV =A0,+0

where A € C*([0,1) x &) and r© € C*>([0,1),TX).

This algebra is called the algebra of cone-degenerate operators Diff o, (M). From
the local expressions above we have that every cone-degenerate operator P of order
[ can be written in the collar neighborhood as

pP=r"! Z a;i(r)(=rd,) (2.3)
i<l
where a; € C* ([O, 1), Diffl”'(X)) , with Diff *(X) denoting the space of classical

differential operators of order [ — ¢ on X'. Cone-degenerate operators are also called
Fuchs-type operators.

The singular space M associated to (M, Diffcone(M)) is the quotient space M/ ~
where p ~ ¢ if and only if p = ¢ or p,q € OM. This is a consequence of the
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ii)

degeneration of the cone metric. Hence the singular space M is obtained by col-
lapsing the boundary to a point v, the vertex of the cone. The natural projection
7 : M — M defines a diffeomorphism between M\ M and M \ {v}. The vertex v
has a neighborhood homeomorphic to a cone with base X':

X2 = ([0,1) x X) / ({0} x X) . (2.4)
We say that (M, Diff.one(M)) is a manifold with conical singularity.

Let M be a smooth compact manifold with boundary OM. This time we will assume
that the boundary has a fiber bundle structure in order to produce more elaborate
singularities. More precisely, let X and £ be smooth, compact manifolds without
boundary such that OM is the total space of a smooth X-fibration over &£

m:0M — E.

Observe that any collar neighborhood of the boundary [0, 1) x OM has the structure
of a X-fibration over £ x [0,1). By fixing a collar neighborhood, we use the bundle
coordinates on [0,1) x OM as admissible coordinates i.e. coordinates of the form

(r, ok, w;) where (u;, 1) are coordinates on € x [0, 1) and (o) local coordinates on the
fiber X

Now, we apply the scheme to construct singular manifolds. Let M = M\ OM and
equip M with an edge metric

G =170, +dr* + g,

where g, is a smooth Riemannian metric on &£.

Observe that the edge metric g,, extends to a smooth symmetric 2-tensor on M that
degenerates on each X-fiber over OM. In order to define the algebra of degenerate
differential operators on M we set F = COO(M)‘ - Analogous to the conical case
it can be proven (see [NSSS06] sec. 1.3.1) that V is defined uniquely as the set of
vector fields with length of the order of unity with respect to the edge metric g,,.
In admissible coordinates on the collar neighborhood, [0,1) x U x Q C [0,1) x OM],
these vectors fields are given by

m 1 q
V=A0+> Bi—0k + > co, (2.5)
k=1 =1

where A, By, C; € C*([0,1) x U x Q2), O are local coordinate vector fields on U C X
and 0, are local coordinate vector fields on 2 C £.

The algebra generated by F and V is called the algebra of edge-degenerate operators
Diffegge(M). In admissible coordinates, every edge-degenerate operator of order [ is
given by

=1 aja(r,u)(—rd,) (rD,)" (2.6)

i<l
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where a; € O ([o, 1) % Q, Diﬂfl*"*‘a'(m) and Dy, = —/—10,,.

Similarly we define edge-degenerate differential operators acting on sections of an
admissible vector bundle E over M (see definition 23). In this case the coefficients

ajo belongs to C’O"(@Jr x €, Diff—(itel) (X, Ex)).

The singular space M associated to (M, Diffqqe(M)) is the quotient space M/ ~
where z ~ y if and only if x = y or 2,y € OM and 7(x) = 7(y) i.e. = and y belong to
the same fiber over £. The singular space M is obtained by collapsing each fiber of
OM to a point. Observe that the collar neighborhood [0, 1) x OM under the relation
~ becomes a fiber bundle over £ with fiber the singular conical space X*. We say
that (M, Diffqee(M)) is a manifold with edge singularity.

2.3 Analysis on Manifolds with edges.

In this section we describe the necessary elements to study partial differential equations
on manifolds with conical or edge singularities. In particular we introduce the relevant
concepts and definitions needed for the analysis of deformations of singular special La-
grangian submanifolds carried out in chapter 3. This section is based on [Sch98] chapters
2 and 3. We refer the reader interested in full details and explanations to that book.

2.3.1 Sobolev spaces on singular manifolds

We start by introducing suitable Banach spaces on which cone-degenerate operators act.
In the same way as the algebras of degenerate operators ® coincide with the classical
differential operators away from the singular set, the norm of Sobolev spaces defined
on manifolds with cone or edge singularities will be equivalent to the norm of classical
Sobolev spaces for functions supported away from the singularities. Near the singular
set these Sobolev spaces are defined by means of the Mellin transformation as it plays a
similar role in the symbolic structure of cone-degenerate operators as the Fourier trans-
formation for classical operators.

Recall that the Mellin transformation M is a continuous operator M : Cg°(RT) —
A(C) given by the integral formula

(Mf)(z) = / T 2.7)

where A(C) is the space of holomorphic functions on C. Some of the elementary proper-
ties of the Mellin transformation are the following:

i) M(=rdf) (2) =2 (M) (2);

i) M (1) () = (M) (2 + ) for any 7 € R
i) M (log(r)/) (2) = & (MF) (2]

) M(F67)) ()

F7)) (2) = 7~ (M) (7'2) for any 7 € R.
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Very often we need the restriction of the holomorphic function M f to subsets iso-
morphic to R given by
I's ={z€C: Re(z) =p}. (2.8)
The restricted Mellin transformation, denoted by M.,, maps C§°(R™) into the Schwartz
space S (F%ﬂ). This map extends continuously to an isomorphism of Banach spaces
M, 7 LA(RY) — L*('y_,), where r7L*(R™) is endowed with the weighted L*-norm
ie. f € r'L*(RT) if and only if r=7f € L*(RT). It can be easily computed that the
inverse Mellin transformation M7 : S(T %_7) — r7L*(R7T) is given by

M;lg (r) = 1_ rg(2)dz.
27r\/_1F

-

Nl

The role of the Mellin transformation in cone-degenerate operators is given by the
following basic fact: (—r9,)f = M~z Mf for any f(r,o) € C°(R} x R™). This follows
immediately from the first property numbered above. Therefore any cone-degenerate

operator P = r='3" a;(r)(—rd,)" is given in terms of the Mellin transformation as follows
i<l

P=7r""M"h(r,2) M,
where h(r,z) = > a;(r)z".

i<l

Observe that (0, z) : C — £ (H*(X), H*"/(X)) defines an operator-valued polyno-
mial of degree [ on C where H*(X) denotes the classical Sobolev space of order s on a
closed manifold. It is easy to check that the Fréchet derivative with respect to z satisfies
the usual differentiation rule as in the scalar case. Therefore h(0,z) defines a holomor-
phic family of operators in £ (H*(X), H*7'(X)) for every s € R. The family of operators
h(0, z) is called the Mellin symbol of P. In an analogous way, when trying to invert the
Mellin symbol we obtain a meromorphic family of operators h(0, z)~! whose poles induce
asymptotics to solutions of elliptic cone-degenerate equations, see section 3.5 below.

Definition 12. The local cone-Sobolev space of order s and weight ~, H*7 (Rt x R™),
with s,v € R, is defined as the closure of C§°(R™ x R™) with respect to the norm

2

1 2 2\s 2
HeY (R XR™) = 271_—\/_—1 / /(1 +‘Z| +‘5’ ) M'y—%,r—)zfa—)&f dde )
P, BT

/]

where F,_,¢ denotes the Fourier transformation in the variable o € R™ and the symbol
MA,_%T_W denotes the restricted Mellin transformation acting on the variable r € R*.

The local cone-Sobolev spaces are Hilbert spaces with inner product given by

1 2 PAES 2 2\ S
o A Mg o P f (Lo HE Mg i Fogg)

(2.9)
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The relation between the spaces H*7(R* x R™) and the standard Sobolev spaces
H*(R™1) is given by the following transformation. First consider the transformation

Sy-m : C°(R* x R™) — C5°(Ry x RT') (2.10)

such that S, _m(f)(t,z) == e @=0=%)tf(e~t ). This transformation extends to a Ba-
nach space isomorphism between H*7(R™ xR™) and the standard Sobolev spaces H*(R™*1).
Therefore the norms || f{|;s g+ xgm) and HS _%(f)‘ Jp— are equivalent.

In order to define the global cone-Sobolev space on a manifold with conical singulari-
ties M, we choose a finite open covering {U, , x, } of X’ given by coordinate neighborhoods
such that x, : U, — R™and I xx, : R*xU, — RTxR™ with (Ixx,)(r,p) = (r, x, (p))
are diffeomorphisms for every . Let {¢,} be a partition of unity subordinate to {, }.
The global cone-Sobolev space near the conical singularities is modelled on the space
H*7(X") defined on the open cone X" := R x X as the closure of C§°(X") with respect
to the norm

2
2

/]

(2.11)

Hev (XN T ZH(I X X’;)_l%f‘
A

HeY (R XR™)

where m = dim X. This definition is independent of the open covering and partition of
unity up to norm equivalence. For s € N the space H*7(X") can be characterized as the
space of f € r7~2 L*(X" drdo) such that (r0,)®V - . V* f € v L2(X", drdo) for
any V; € C*°(X,TX) with ag + - - - + o < 5. See [Sch98] proposition 2.1.45.

In order to glue together the space H*7(X") with the classical Sobolev space away
from the edge we use a cut-off function w(r) € C§° (R+) such that w(r) = 1for 0 <r < ¢
and w(r) = 0 for r > &, for some 0 < g1 < €5. Given a Banach space H such that wf € H
for every f € H we denote by [w]|H the closure of the set {wf : f € H} with respect
to the norm in H. Recall that if M is a compact manifold with boundary the double

manifold
oM = (M ][ M)/ ~

denotes the compact manifold without boundary obtained as the quotient of the disjoint
union of 2 copies of Ml with the relation that identifies their boundaries.

Definition 13. Given a compact manifold M with conical singularity, the cone-Sobolev
space of order s and weight v is defined as follows

H2 (M) = [w]H (X)) + [1 — w]|H*(2M).
The cone-Sobolev space on the open cone X” is defined in an analogous manner

KA X) = WX + [1 = W H oo (X7).

Both of these spaces are endowed with the topology of the non-direct sum.

Remark 2.1. Here we provide some explanations about the notation in the previous
definition.
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i) The cone space HS _(X") controls the behavior of the functions away from the
vertex. Roughly speaking, it makes the functions behave like functions on standard
Sobolev space H*(R™!) away from the origin. It is defined in the following way: let
{¢r} be a finite partition of unity of X subordinate to {Uy} and consider the conical

charts ¢, : Rt x U, — Vk C R™*! where Vk are conical subsets. Then
1/2

H(l —w)u’

e ZH 1 —w ¢ku|

Hs Rm+l)

ii) Given two Banach spaces H and #H which are subspaces of a Hausdorff topological
vector space F, the non-direct sum of H and H is defined in the following way:
let’s consider the direct sum H @ H and the space A = {(h,—h) : h € H NH}.
Both of them are Banach spaces and we can consider A as a closed subspace of the
direct sum. The non-direct sum is defined as the quotient space (% @ H)/A with
the quotient Banach space structure. In the first part of the previous definition we
consider [w]H*7(X") and [1 — w|H?*(2M) as subspaces of the Hausdorff topological
vector space Hj (M) and for the second part [w]H>Y(X") and [1 — w]H*(X") as
subspaces of the Hausdorff topological vector space H; (X").

loc

Cone-degenerate differential operators act continuously on cone-Sobolev spaces. The
next proposition can be found in [Sch98| theorem 2.1.14.

Proposition 2.2. Let P € Diff, (M), then

Cone(
P:H¥ (M) — HHHM)
is a continuous operator for every [ and any s, .

Now, let’s define the edge-Sobolev spaces. As a motivation for this definition consider
the so-called anisotropic description of the standard Sobolev space H*(R*™ x R?) with
respect to RY. Let’s take f(w,u) € H*(R™™ x RY) and g(w) € H*(R'*™) with norms

2

/]

e = | [ [ (€ + 1) |Fren) dedy

R9 R1+m

where [n] € C*(R?) is a fixed strictly positive function such that [n] =|n| for || > ¢ for
some ¢ > R and

9lleoemy = | [ (1416F) [Fad(O) de

1+m

Now consider the following R*-action on the spaces H*(R!™™): given A € R" and ¢ €

H*(RY™) we define (rkrg)(w) := A" g(Aw). This defines a continuous one-parameter
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group of invertible operators on H*(R'™™), {ry}rer+ € C(RT,L(H*(R*™)) where
L (H S(]R”m)) is equipped with the strong operator topology. Then the following propo-
sition is the anisotropic description of the standard Sobolev space H*(R'*™ x RY) with
respect to R?. A proof of this proposition can be found in [Sch98] lemma 3.1.12.

Proposition 2.3.

2

/]

Hs(Rl+m XRq) = /[77]23

Ra

gy (Fumsnf) (w,m)

Hs (R1+m)

for every s € R.

The definition of edge-Sobolev spaces is inspired by this anisotropic description. In
the edge case the Sobolev space will be anisotropic with respect to the edge £. The
RT-action on the cone-Sobolev space K*7(X") is given by (kyf)(r,o) = )\mTHf()\r, o).
Again this defines a continuous one-parameter group of invertible operators with the

strong operator topology.
Definition 14. Edge-Sobolev spaces.

i) We define the edge-Sobolev space on the open edge X" x R? as the the completion
of the Schwartz space S(R?, K*7(X")) with respect to the norm

[

ii) Given a compact manifold M with edge singularity £ the edge-Sobolev space W*7 (M)
is defined as the closure of C§°(M) with respect to the norm

2 3
d 2.12
o () 77) (2.12)

5[;,]1 (Fusnf (M)

2
- (2.13)

HfHWS’”(M) - ZHngij)Q/vsw(xAqu) +||(1 - W)f‘
J

where ¢; is a partition of unity associated to a finite open cover {£2;} of £ and w is the
cut-off function supported near the edge.

Similarly we can define W*7(M, E) with F an admissible vector bundle over M (see
definition 23).

The next proposition establishes the continuity of edge-degenerate operators on edge-
Sobolev spaces. A proof of this proposition can be found in [Sch91] section 3.1, proposi-
tion 5.

Proposition 2.4. Let P € Diffidge(M), then

P W (M) — W1 M)

is a continuous operator for every [ and any s, .

20



Before concluding this section we want to make some important remarks on continuous
one-parameter group of operators. In general, if B is a Banach space and {k)}ier+ €
C (R+, L'(%)) is a continuous one-parameter group of invertible operators we have that
there exist positive constants K, ¢ such that

<

||HA||L(%) =

¢ >
{ KX for A > 1 (214

KX *ffor0< A <1

See [Sch98] proposition 1.3.1 for details.

When B = H(X") and (k) f)(r,0) = A" f(\r,0) we can use 2.10 to compute
[FAll3gs 20y = A7 (see [Sch91] section 1.1). By the proof of proposition 1.3.1 in [Sch98]
it is easy to see that the constant ¢ in (2.14) depends only on the weight v. When
B = H>(X") we denote this constant by c,.

As a consequence of (2.14), we have the following continuous embeddings

WS (XN x RY) — H™ (R, K37(X)) (2.15)
H* (R (X)) — W7 (X" x RY) (2.16)

for all s € R where H*(R?, K*7(X")) is the standard vector-valued Sobolev space with
norm given by

2
I1Cs»y (X/\)

e W i =0

Ra

dn

The reader is refer to [Sch98] proposition 1.3.1 and remark 1.3.21 for details.

2.3.2 Symbolic structure
Consider a cone-degenerate differential operator (see (2.3) above)
P=r! Z ai(r)(—rd,)".
i<l
As an element in Diff (M) it has its classical principal homogeneous symbol given by
o' (P)(r,,p,8) =17 Y asa(r,a)(—V/=1rp)¢®
iHal|=l

with smooth coefficients a; o(r, ) up to r = 0. The classical symbol ¢/(P) is a function
acting on the cotangent bundle 7" M, homogeneous of degree [ on the fibers and singular
on the singular set £ (corresponding to = 0). In order to reflect the singular behavior
on the symbolic structure two additional symbols are introduced. First we have the
homogeneous boundary symbol

Ull)(P)(r7$aﬁa g) = Z ai,a(r>$)(_\/__1:5)i€a
iHal=l
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defined on the cotangent bundle of the stretched manifold 7*M and smooth up to r = 0.
Observe that we have the relation

oy (P)(r, @, p,€) = r'a' (P)(r,2,77"p,¢).

The second symbol is the Mellin symbol o4,(P). Recall that any cone-degenerate
operator P = r='Y" a;(r)(—rd,)" is given in terms of the Mellin transformation as follows
i<l

P =7r""M"h(r,2) M,

where h(r,z) = > a;(r)z'. At the singular set i.e. when r = 0 we have a holomorphic
i<l
family of operators

h(0,2) :C — L (HS(X),HS—I(X)) . (2.17)

This holomorphic operator-valued function is the Mellin symbol of P i.e. o},;(P)(z) :=

h(0, z). As we shall see below the ellipticity of P will be given by the invertibility of the
symbolic structure (o} (P), a},(P)), the first one as a bundle map on T*M \ {0} and the
second as a family of invertible continuous operators.

Now consider an edge-degenerate differential operator (see (2.6) above)

P=r"! Z i o(T,u)(—10,)" (rDy,)*.

iHal<I

In the same way as the cone-degenerate case it has a classical homogeneous principal
symbol and a homogeneous boundary symbol

o' (P)(r,z,u,p,&,m) =1~ Z i 5(1, 7, u) (—V/—17p)t (rn)“E?

iHalHB|=!

Ué(P)<T7xvu7ﬁ7§aﬁ) = Z ai,aﬁ@"yﬁ“)(‘ v _1ﬁ)iﬁa§ﬂ (218)
iHalHB|=
satisfying the relation

op(P)(r, 2, u, p,&,m) = o' (P)(r,z,r " p, &, v 7).

In the conical case the Mellin symbol is an operator-valued function such that those
operators act on Sobolev spaces defined on the link X" i.e. one level below in the singular
hierarchy. Analogously, in the edge case we have the edge symbol o (P) that as we
expected is defined as an operator-valued function acting on spaces one level below in the
singular hierarchy, in this case those operators act on the cone-Sobolev spaces K*7(X")
as cone-degenerate operators. More precisely we have

oh(P): T"E\ {0} — £ (0 (%), K (&)
given by '
o (P)(u,m) =171 D 500, u)(—rd,) (rn)". (2.19)

iHal<I
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This is a family of cone-degenerate operators parametrized by the cotangent bun-
dle of the edge £. Then, as in the conical case, the edge symbol has a Mellin symbol

o' (o (P)) associated to it. The ellipticity of P requires the invertibility of the sym-

bolic structure (o (P), o’ (P)). In general, the invertibily of the homogeneous bound-
ary symbol only implies that the edge symbol defines a family of Fredholm operators in
L (K7 (XN), K=t~ (x")) . This imposes the need for including boundary and cobound-
ary conditions to complete the edge symbol. Once the symbol is complete we obtain a 2
by 2 matrix of operators with the original operator P in the upper left corner (see (2.30)

below).

2.3.3 Conormal asymptotics

Given a manifold with conical singularities M and an elliptic cone-degenerate operator
P € Diff.one(M), we are interested in the solutions of the equation P f = 0 on cone-
Sobolev spaces. It was proved by Kondratev in the 60’s that solutions of such equations
always have conormal asymptotic expansions near the singular points, see [Kon67]. Since
then, such asymptotics have been an important part in the formulation of several calculus
of (pseudo) differential operators on manifolds with conical or edge singularities. In this
subsection we recall the basic facts of such asymptotics. For a complete presentation see
[Sch98] section 2.3.

A sequence O = {(pj,m;)}jen in C x ZT is called an asymptotic type for the weight
data v € R if
dimX 41

Rep; <
ep; 5

g

and Rep; — —oo when j — oo.

Definition 15. Let O = {(p;, m;)},en be an asymptotic type for the weight v € R. The
cone-Sobolev space with conormal asymptotics O, denoted by K557 (X"), is defined as the
set of all f € IC®7(X") such that for every [ € N there is N(I) € N such that

N()

f(ryoy) —w(r) Z Zj cjr(o)r P logh(r) € K (&™) (2.20)

=0 k=0
with ¢;,(0) € C®(X).

The asymptotics (2.20) arise naturally from the symbolic structure of the cone-
degenerate operators, more precisely from the Mellin symbol (2.17). Given a cone-
degenerate operator P € Diff, (M), its Mellin symbol o,(P) = h(0, z) defines a holo-
morphic operator-valued function (2.17). Thus, the inverse h=1(0, z) defines a meromor-
phic operator-valued function. The set of poles p; € C with their respective multiplicities
n; € N will define an associated asymptotic type {(p;, m;)};en that will produce the
asymptotic expansion (2.20). See section 2.3.4 for an explicit example.

The space KCg7(X") has the structure of a Fréchet space given as an inductive limit
of spaces with asymptotics of finite type K¢ (X") where Oy, = {(p;, m;) € O : S —
v7—k < Rep; < % — 7}, see [ES97] sec. 8.1.1 for details. By using this inductive
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limit structure we define the edge-Sobolev space with conormal asymptotics O as the
inductive limit of Fréchet spaces

W (R, (X)) = lim W (R KG(A7)
k

In particular, if f € W27(M) then for every | € N there is N(I) € N such that

fr.o,y) — ZZ% vik(y)r ™ logt(r) € WeH(M)

§=0 k=0

with ¢;x(0) € C®(X) and v, (y) € H*(E), see [Sch98| proposition 3.1.33.

2.3.4 Examples

In order to illustrate the role of the conormal asymptotics we consider a simple example.
Here we follow [ES97] section 9.4.2.
Let’s consider the half-axis R™ = {r € R : r > 0} and the Laplace operator Ag+ =

2
<d%> induced by the flat Euclidean metric gg. We can rewrite this operator as an explicit

cone-degenerate operator:

2
Ag+ = % <(_Td%‘> + (—r%) ) )
Thus, it defines a continuous linear operator acting between the following spaces
Ag+ : K (RT) — K572772(RY).
Its Mellin symbol (2.17) is given by
o3 (Ag+) = 2 + 22, (2.21)

hence we can write the Laplacian in terms of the Mellin transformation as

Ag+ = T—lgM—l(z + 22 )M. (2.22)

Let p(r) € S(R™) and let’s consider a solution f(r) of the equation Ag+f = ¢. By (2.22)
and the elementary properties of the Mellin transformation in section 2.3.1 we have
that (2 + 22)(Mf)(2) = M(¢)(z + 2). Now, by using the definition of the Mellin
transformation (2.7) we can prove that

M(e)(z) = / o (r)dr

is meromorphic with simple poles at z € Z~ U {0}. Therefore, M(¢)(z + 2) has simple
poles at z € C such that z = -2, -3, —4,---
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On the other hand the polynomial h(z) = z + z? has simple roots at 2 = 0, —1. Then
h~'(z) is a meromorphic function with simple poles at z = 0,—1. Hence, the Mellin
transformation of the solution of the equation is given by

1

= 2 2.23
(MN(E) = M) +2) (223)
with simple poles at z € Z~ U {0}.

Let’s consider one of these poles, let’s say z = —k. Then there exits an open neigh-
borhood Uj, C C around z = —Fk, a complex number a® € C and a function G)(2)
holomorphic on U, such that

M G 2.24
(MA)(2) = 2 + G2 (224
on U, C C.
Now, by using the fact that the Mellin transformation satisfies
_ : (=1
M(r~"log’(r)) = )it
with p € C and j € N, we obtain that
M (f(r) — oMk logo(r)> (2) (2.25)

is holomorphic on U,. Observe that as the poles have multiplicity 1, the log terms do
not play a role, log’(r) = 1. By subtracting more terms in (2.25) we have that for every
N € N the Mellin transformation

N

Za r*10g(r) | (2)

k=0

defines a holomorphic function on the strip {z € C: N + 1 < Re z}.
Based in the previous discussion, it is possible to prove that near the vertex r = 0 we
have

w(r)f(r) —w(r) Z a®rFlog’(r) € KN (RT) (2.26)

k=0
for every N € N. The reader is referred to [EES97] section 9.4.2 for complete details.

2.3.5 Ellipticity on manifolds with conical and edge singularities

In this subsection we present the definition and principal implications of ellipticity for
cone and edge-degenerate differential operators.

Definition 16. A cone-degenerate differential operator of order I, P € Diff’
called elliptic with respect to the weight ~ if

M), is

cone (
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i) 0}(P)(5. ) # 0 on "M\ {0}

ii) the Mellin symbol o, (P)(z) = h(0, 2) defines a family of Banach space isomorphisms

in £ (H*(X), H!(X)) for some s € R and all z € Daimasr .

As we mentioned before, the concept of ellipticity in the conical case requires the
invertibility of the symbolic structure (o}(P),a%,(P)). Observe that the invertibility of
the Mellin symbol is required along the set I’ amre_ = R (see (2.8)). These sets are
completely determined by v hence the invertibilty of the Mellin symbol imposes conditions
on the weights v and therefore on the spaces K£*7(X") on which the operator P is elliptic.

Definition 17. If v € R such that the Mellin symbol is invertible along I'dim X1, We
say that ~ is an admissible weight.

Now we have some important implications of being elliptic.
Theorem 2.5. Let P be a cone-degenerate operator of order .
i) (Fredholm property) P is elliptic with respect to the weight ~ if and only if
P:HY (M) — HT (M)
is Fredholm for every s € R.

ii) (Parametrix) If P is elliptic then there exists a parametrix of order —[ with asymp-

totics i.e.
P e () LHT (M), 7T (M)
seR

such that

PP I € () LOH(M), 1" (M)) (2.27)
seR
PP — 1€ )LH (M), HE (M) (2.28)
seR

with some asymptotic types O, O’ associated to v and v — [ respectively.

iii) (Elliptic regularity) If P is elliptic with respect to y and P f = g with g € H, "7/ (M)
and f € H™°7(M) for some s € R and some asymptotic type O associated with
v — L then f € Hg' (M) with an asymptotic type @ associated with .

Remark 2.6. Theorem 2.5 also holds for spaces on the open cone space K*7(X"), see
[Sch98] thm. 2.4.40. Here we need an extra condition on the non-compact end of the
open cone X", see [Sch98] definition 2.4.35. Moreover, elliptic regularity is also valid for
spaces with asymptotics 57 (X"), [Sch98] thm. 2.4.42.

Remark 2.7. The resulting asymptotic type ) in the elliptic regularity statement in
theorem 2.5 is related to the initial asymptotic type O by means of the poles of the
Mellin symbol a,(P)(2) = h(0, z). See [ES97], section 8.1 theorem 3 for details.
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Remark 2.8. Consider a cone-degenerate operator P and f € H*Y(M) such that P f = 0.
The parametrix with asymptotics, and specifically (2.27) implies that (P —1)(f) = f €
H5 ' (M). Therefore solutions of cone-degenerate equations are smooth on the regular
part of M and have conormal asymptotics expansions near the vertex of the cone.

In order to introduce the notion of ellipticity in the edge singular setting we need to
make some assumptions. Assume that there exist vector bundles J* and J~ over £ and
operator families parametrized by T*€ \ {0} acting as follows

op(T)(u, 1) « K3I(X") — T,

o (C)(u,m) = I, — K701,
o\ (B)(u,m) : Jy — JF;

such that
1 l ]Cs,*y(_)(/\) ,Cs—l,fy—l(X/\)
oA (P)(uym) oL (C)(u,m)]
AMwn) B wn)| L T e (2.29)

is a family of continuous operators for every (u,n) € T*E \ {0}.

The existence of the vector bundles J* and operators acting between the fibers and
cone-Sobolev spaces will be discussed in section 3.2.3. Here we only mention that there is
a topological obstruction (see theorem 3.12) that must be satisfied in order to guarantee
the existence of J* and the operators.

Definition 18. An edge-degenerate differential operator P € Diffledge(M ) of order [ for

which (2.29) exists, is called elliptic with respect to the weight v if
i) ol(P)#£0on T*M\ {0}

ii) the operator matrix (2.29) defines an invertible operator for some s € R and each
(u,n) € T"E\ {0}
Theorem 2.9. Let P be an edge-degenerate operator of order [.

i) (Fredholm property) P is elliptic with respect to the weight v if and only if the
operator

o7 (C)(usm
l ( (u’ n ]:u’—m (2-3())

On

_ P C|_
A, = [7- B]_Fﬁ%u

acting on the spaces

Ws,’y(M) stl,'yfl(M)
.AP : D — D
H(E,J7) H(E, J*)

is Fredholm for every s € R.
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ii) (Parametrix) If P is elliptic then there exists a parametrix of order —I with asymp-
totics for Ap i.e.

Ws,w—l(M) Ws-i—l,v(M)

B e ﬂﬁ 2 , o)
seR Hs(E,JT)  HYYE,JT)

such that
W (M) W5 (M)
PAr— T €L & , o
seR H*(&,J7) H™E&,J)
and

WS’"Y*I(M) WS?W_Z(M)
ApP-Te (L e @
seR HS(E,J+> HOO(E,J+>

with some asymptotic type O, O’ associated to v and vy — [ respectively.

iii) (Elliptic regularity) If P is elliptic with respect to v and Ap f = ¢ with

We T (M) W= (M)
g E D and f € D
HNE, JT) H=®(&,J7)

for some s € R and some asymptotic type O associated with v — [ then

Wy (M)
fe D
Hs(E,J)

with an asymptotic type ) associated with ~.

Remark 2.10. Analogously to remark 2.8 we have that solutions to the edge-degenerate
equation Apf = 0 belong to W7 (M), hence they are smooth and have conormal
asymptotics near the edge &.

2.3.6 Examples

In this subsection we illustrate the concept of ellipticity discussed in the previous section.
This example is based on [NSSS06] section 6.1.1.

Consider the upper half-space RT x R™ = {(xzg, -+ ,2,) : o > 0}. This space can be
considered as a manifold with edge singularities where the link of the cone is a point i.e.
X = {+} and £ = R". Let Ag+«g» be the Laplacian induced by the restriction of the
flat metric g_, ., to R* x R". Then

n
E 2
AR+XR” = Da:k,7
k=0
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where D,, = \/%718“. We can rewrite Ag+yre as an explicit edge-degenerate differential
operator (2.6) in the following way:

1

g = = (=(=10,) = (=18,) + (rDay)” + -+ + (D, )?)

where r = x.
Let’s analyze the symbolic structure and ellipticity of the edge-degenerate operator
AR+ xR™ -

i) The homogeneous boundary symbol (2.18):
O3 (Dpescrn ) (ry 0, f,71) = 7 1]
Hence o2 (Ag+xrn ) (1, u, p,7) # 0 for every (p,7) # (0,0).
ii) The edge symbol (2.19):
0% (Agswgn) : TR™\ {0} — £ (K*7(RT),K7>77*(RT))

is given by
1
0/2\(AR+XR”)(U7 77) = ﬁ (_<_Tar>2 - (—7"87«) + (7"771)2 et (Tnn)2)
=n|* — 9.

This is a family of cone-degenerate differential operators parametrized by (u,n) €
T*R™\ {0}.

iii) The Mellin symbol (2.17):
3 (07 (At xgn) (1, 1)) : € — C
is given by
oar(Tn(Art i) (w0, 1) (2) = —(2% + 2).

The Mellin symbol is not invertible when z = 0, —1, hence, by definition 16, we have
that the exceptional weights are v = %, % Therefore by theorem 2.5 we have that the
edge symbol

7 (Dt xzn)(u,n) =[nf* — 02 - LI(RY) — K272(RY),

is a Fredholm operator for every (u,n) € T*R™\ {0} and v # 1, 3. Now, let’s compute

Ker (ai(AR+XRn)(u, 77))
We can easily check that a basis for the space of solutions of the ordinary differential
equation

(nf* = 22) sty =0

is given by {d"" e} The solution €é”" is not bounded and grows very fast when
r — +00. We can easily check that é”" does not belong to X*?(R*). On the other hand
we can check that e "™ € IC37(R*) only if v < % Let’s consider all the possible cases.
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i) Case v < 1.
In this case e " € IC7(R*), therefore dim Ker (02 (Ag+xgrn)(u, 7)) = 1. In order to
find dim Coker (02 (Ag+xrn)(u,n)) let’s consider the formal adjoint operator. The
operator \77]2 — 02 is formally self-adjoint, thus the dual operator is given by

In|? — 82 : K2 H(RY) — K57 (RT). (2.31)

Observe that v < 3 implies —y + 2 > 3. Thus, Coker (07 (Ag+xgn)(u,n)) = {0}
and o2 (Ag+xgrn)(u,n) is surjective. On the cosphere bundle S*(R"), the kernel
Ker (02 (Ag+xgn)(u,n)) defines the fiber J(uy of a complex line bundle J~ over
(u,m) € S*(R™). Moreover, as 02 (Ag+xrn)(u,n) = 1 — 92 for (u,n) € S*R™, we have
that the operators defined by 02 (Ag+xgn)(u,n) do not depend on (u,n). Therefore
the bundle J~ is a trivial line bundle over S*R".

Let

12

t(u, ) : K¥(RT) — Ker (04 (A xrn ) (u,m)) = J, C

u,m)

be the projection onto the subspace generated by {e“”'r}. Then
tan)(1) = [ otun)(r)s(r)dr
0

where ¢(u,n)(r) is an unitary function in the subspace spanned by {e=""}.

Therefore, it follows immediately that the family of operators

9 82 ICSfQ,'ny(]RJr)
\77| - Ur . ICS,’Y(R+) — D

is a family of isomorphisms of Banach spaces for every (u,n) € T*R™ \ {0}. Now,
observe that

Foou (|77|2 - 33) Fursy = Apt xrn

and the trace pseudo-differential operator

T o= F Lty ) Fursy : W(RT X R") — H*?(R")

n—u

is given explicitly by

T(C)(ru) = / / &/ (u, 1) (1) Fosn (G (r, )y,

R

Hence by theorem 2.9 the edge boundary value problem

A W27-2(RT x R")
Rjer”] :WST(RY x R™) — <
HS_Z(RH)

is elliptic and therefore it is a Fredholm operator.
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ii)

iii)

Case % <y < %

In this case e " ¢ K*7(RT), therefore dim Ker (07 (Ag+xgn)(u,n)) = 0. Moreover,
the fact that v < %, implies —y + 2 > % Thus the kernel of the formal adjoint
operator (2.31) is trivial and dim Coker (07 (Ag+xgn)(u,n)) = 0. Hence the edge
symbol 2 (Ag+xgn ) (1, ) defines a family of isomorphism of Banach spaces for every

(u,n) € T*R™\ {0}. By theorem 2.9 we have that
Agt g : W (RT x R™") — W27 2(RT x R")
is elliptic and therefore a Fredholm operator.

Case % <.

In this case e 1" ¢ K*7(RT), therefore dim Ker (02 (Ag+xgn)(u,n)) = 0. However,

the fact that v > %, implies —y + 2 < % Thus the kernel of the formal adjoint

operator (2.31) is spanned by {e7""} and dim Coker (02 (Ag+xrn)(u,n)) = 1 for
every (u,n) € T*R™\ {0}. At each point in the cosphere bundle (u,n) € S*R" we
can fix an isomorphism c(u,n) : C — Coker(02 (Ag+xr»)(u,n)) = C such that

Ks,'yGR-i-)
[Adrea)un) )]s & — KR
C

is a family of isomorphisms of Banach spaces.

Therefore, by considering the co-boundary pseudo-differential operator

C:=F L c(u,n)Fusy: HS(R") — W272(RT x R")

n—u

given explicitly by

C(6)(ru) = / /T cfuty 1) Foon () (m)el,

theorem 2.9 implies that the edge co-boundary value problem

W (RT x R"™)
[A]mean C] : d — W27 2(RT x R™)
H*(R™)

is elliptic and therefore a Fredholm operator.

2.3.7 Green operators in the edge algebra

In this subsection we collect some basic facts about Green operators and their relation
with edge-degenerate differential operators. We will use these concepts in section 4.2.
Consider an elliptic edge-degenerate differential operator P € Diff. (M) with associated
elliptic edge boundary value problem given by

edge
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“’ Z) Frsm (2.32)

acting on the spaces

P C Ws,w(M) Ws—l,w—l(M)
Ap = [T B] : @ — ®
H:(E,J7) Hs7HE, TT)

with v an admissible weight.
Definition 19. Let 2 C R? be an open set and v € R. An operator function
glu.m) € (O (Q x R, L (ICS”(XA), ICOOW‘l(XA)>) (2.33)
seR

is called a Green symbol of order p € R with asymptotics if there are asymptotic types
O and O’ associated with v — [ and —~ respectively such that

g(un) € ()54 (Q xR, [ (ICS”(XA),SZ)’(XA)D , (2.34)
g*(u,n) € () S4 (Q x RY, L (ICS"W(XA),SJ(XA))) (2.35)

where

SHHAN) = W AN + 1 —w]S(RT x X)
and S4 (Q x RY, L <ICS’7(/'\? M, Sy X A))) denotes the space of operator-valued classical
symbols (see [Sch98] section 3.3.1 for details).

When P is elliptic we are able to complete the edge symbol o (P) by means of
boundary and coboundary conditions given by

0 i (C)(u, n)
op(T)(u,n) o (B)(u, n)] ' (2.36)

As we explain in section 3.2.3, for each (u,n) € T*E\ {0} these operators are basically
projections onto the kernel of Fredholm cone-degenerate operators acting on the fibers
of the X*-fibration over £. By elliptic regularity properties of cone-degenerate operators
(see remark 2.8) these operators project onto cone-Sobolev spaces with asymptotics.
Furthermore it is easy to prove that

0 o (C)(u,n)
B ] (2.37)



is a Green symbol of order [ with asymptotics as in definition 19.

Therefore
0 on (C)(u,m) o ¢
o) (T)(u, n) UZA(B)(u,n)] Furm = [T B] (2.38)

is a Green operator and it acts on edge-Sobolev spaces as follows

f*l

n—u

Lol owEen oyt
T B] : - — ® : (2.39)
Hs(&E,J7) HsYE, JT)

A proof of this fact can be found in [Sch98] theorem 3.4.3.

2.4 Special Lagrangian submanifolds with singularities

In this section we summarize definitions and main results about singular special La-
grangian submanifolds. In particular we recall the results obtained by various authors
about deformations of conical singular and asymptotically conical special Lagrangian
submanifolds in C". Moreover we explain the construction of special Lagrangian sub-
manifolds given as conormal bundles, some results about deformations by twisting the
fibers, [KLL12], and their interpretation as manifolds with edge singularity.

2.4.1 Asymptotically conical special Lagrangian submanifolds

Let ® : M — C" be a non-compact embedded submanifold in C", My C M a compact
subset such that there exists a diffecomorphism Y : M\ My — R* x X with X’ a compact
submanifold of $?"~! without boundary. Let ¢ : R x X — C" be given by (r,0) = rf
such that ¢ defines a diffeormorphism with the cone C ¢ C* with link C N §?*~1 = X.
Observe that 1*(gr2n) = Geone = 7°gx + dr.

Definition 20. We say M is an asymptotically conical submanifold with rate v < 2 if
there is a constant R > 0 such that for every £ > 0

\vk (@Y (r,0) —v(r.0)|  =00""F) V(r.0) € (Roo)x X.  (2.40)

Jcone

Definition 20 implies that the induced metric ®*(gcn) converges to the conical metric
Jeone a8 7 — 00. In [Mar|, [Pac04] and [Pac13] Marshall and Pacini studied moduli spaces
of asymptotically conical special Lagrangian submanifolds in C". Here we recall theorem
8.5 in the extended version of [Pacl3] that can be found in [Pacl2].

Theorem 2.11. Let M be an asymptotically conical special Lagrangian submanifold
with rate v < 2 Then

i) If v € (0,2) is an admissible weight for the Laplace operator Ay, on M with the
induced asymptotically conical metric g,, = ®*(gc») and acting on weighted Sobolev
spaces, then the moduli space of asymptotically conical special Lagrangian deforma-
tions of M is a smooth manifold of dimension equal to b'(M) + dim Ker(Aj;) — 1.

33



ii) If v € (2 —n,0) then the moduli space is a smooth manifold of dimension b} (M) i.e.
the dimension of the first cohomology group with compact support of M.

2.4.2 Conically singular special Lagrangian submanifolds

These submanifolds are defined in a similar way to our previous example. For simplicity
we consider only the case with one singular point i.e. X is connected. Let M be a
manifold with conical singularity (see section 2.2.1) with an open neighborhood of the
vertex v given by M \ My and a diffecomorphism T : M \ My — R* x X as in the
previous example.

Definition 21. We say M is a conically singular submanifold with rate v > 2 if there is
a constant € > 0 such that for every £ > 0

=0 ") Y(r,0) € (0,e) x X. (2.41)

Ycone

‘v’f (@0 Y (r,0) — ¥(r.0))

In [Joy04b] Joyce studied the moduli space of conically singular special Lagrangian
submanifolds. Here we recall one of the main results of [Joy04b] as is presented in [Pac12]
theorem 8.7.

Theorem 2.12. Let M be a conically singular special Lagrangian submanifold with rate
v > 2. Then if v is an admissible weight for the Laplace operator A, on M with the
induced asymptotically conical metric g,, = ®*(gcn) and acting on weighted Sobolev
spaces, then the moduli space is locally homeomorphic to the zero set of a smooth map
U between finite dimensional spaces ¥ : M; — My, When My = {0}, the moduli
space is a smooth manifold of dimension equal to dim M; = bl(M).

2.4.3 Conormal bundles as special Lagrangian submanifolds with
edge singularities

In [HL82| Harvey and Lawson constructed special Lagrangian submanifolds in C™ by
considering C" = R} ® R} as the cotangent bundle T*R,. The construction is as follows.
Given an immersed submanifold M C R,, the conormal bundle N*(M) is a subbundle
of T*R,|n. Moreover N*(M) is a real n-dimensional Lagrangian submanifold of the
Calabi-Yau manifold T*R, = C". Hence it is natural to look for conditions on M such
that N*(M) is special Lagrangian.

Definition 22. Let (X, ¢g) be a Riemannian manifold and M be an immersed submanifold
in X. Let’s denote by A : TM @ N(M) — TM the second fundamental form of M
given by A(X,V) := (V%V)". Then we say that M is an austere submanifold if for every
V € N, (M) the odd symmetric polynomial in the eigenvalues of A(-,V) : T,M — T,M
vanish.

A direct computation shows that at each p € M the operator A(-,V) is symmetric,
hence diagonalizable and their eigenvalues are real.
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Theorem 2.13. Let M be an immersed submanifold in R} with codimension g. The
conormal bundle N*(M) is a special Lagrangian submanifold of C" = T*R” with respect
to the calibration Re((v/—1)"%z; A--- Adz,) if and only if M is an austere submanifold.

Karigiannis and Leung [KL12] obtained special Lagrangian deformations of N**(M)
by affinely translating each fiber Ny (M) by a cotangent vector {(p) € T,/(M), i.e. passing
from N (M) to N (M) + &(p). They obtained conditions on { € C°°(T*M) such that
N*(M)+¢ is a special Lagrangian submanifold of T*R” 2 C". This generalizes previous
results of Borisenko [Bor93]. These twisted spaces are no longer vector bundles therefore
the moduli space of these calibrated submanifolds includes deformations through non-
vector bundles.

One of the main examples of austere submanifolds in R™ is the class of austere cones.
Austere cones in R™ are in one to one relation with austere submanifolds in S" ! i.e. a
cone C C R™ is austere if and only if its link C N S™"! = X is an austere submanifold of
Sl see [Xin03] theorem 5.2.22. Further investigations on austere cones were done by
Bryant in [Bry91].

Consider an austere cone C C R™. Then by theorem 2.13 the conormal bundle N*C is a
special Lagrangian submanifold of C"* = T*R” with respect to the calibration Re(i~%dz; A
-++ A dz,) where ¢ is the codimension of the cone. Now let’s suppose that the conormal
bundle is a trivial bundle over C. Then N*C is diffeomorphic to RT x X x R? and can
be consider as a manifold with edge singularity (see section 2.2.1). Observe that the
stretched manifold is obtained by stretching (blowing-up) the tip of the cone to obtain
M = R x X x R? such that OM = {0} x & x R? is a trivial X-bundle over the edge
RY. Moreover the singular space associated to N*C is given by collapsing the fibers of
OM to points and this space is homeomorphic to C x R? where C is the closure of the
cone i.e. [(f{’g;)XXXX. Thus to get the singular space associated to N*C basically we attached
the fictitious fiber over the tip of the cone and the resulting space is singular along that
fiber. In particular observe that if X C S™! is an orientable hypersurface in S"~! then
the normal bundle N'(C) is a trivial bundle (and therefore the conormal bundle too).

More generally, we can consider special Lagrangian submanifolds M with edge sin-
gularity £ in a Calabi-Yau manifold X. For example if X is a Calabi-Yau manifold, £ a
compact special Lagrangian submanifold in X and M a special Lagrangian submanifold
with conical singularity in C™ then M x & is a special Lagrangian submanifold in C" x X
singular along &.

In order to study the deformation theory we need to use the elliptic theory on mani-
folds with edge singularities summarized in the previous section. Observe that we have
assumed that the edge £ is compact in order to have the Fredholm property. In case
of non-compact edge, like R?, it is necessary to impose certain regularity conditions at
infinity and a different elliptic theory would be needed. However, in the case of non-
compact edge, if we restrict to deformations compactly supported in the fiber direction
the elliptic theory of the previous section applies as we have compact embeddings of
edge-Sobolev spaces for functions compactly supported in the fiber direction (see [Sch98]
theorem 3.1.23).
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Chapter 3

Deformation theory

3.1 Preliminaries

In order to have a deformation operator on a singular manifold M compatible with
the edge singularity we shall use edge-degenerate differential forms. These forms are
dual to the edge-degenerate vector fields (2.5) with respect to the edge metric g,, =
1?9, + dr* + g,. More precisely, consider the following space of differential forms v on
the stretched manifold M such that they vanish on all tangent directions to the fibers on
OM:

C%(T:M) = {y € C®(T*M) : y|rx, = 0 Vy € £}.

The space C*(TM) is a locally free C*°(M)-module. By the Swan theorem [Swa62],
this is the space of sections of a vector bundle TYM over M. The vector bundle TYM is
called the stretched cotangent bundle of the manifold with edges M (see [NSSS06] section
1.3.1). In local coordinates (r, oy, u;) we have

Y= .Ad?“ + ZBM‘dO’k + Cldul
k=1

with A, Bg,C; in C°(M). Observe that these are differential forms that degenerate at
each direction tangent to X. We will denote by TXM the restriction of the stretched
cotangent bundle to M.

At this point we have to make an assumption on the vector bundles we consider on a
manifold with edge (or conical) singularity.

Definition 23. Let M be a manifold with edge singularity. We say that a vector bundle
E over M is admissible if on a collar neighborhood (0, €) x X' x £ the restriction E|(o¢)xxxe
is the pull-back of a vector bundle Ey over X.

Now let’s consider the stretched cotangent bundle 7% M as an admissible vector bun-
dle. In order to do that let’s define

Ex =NXOT' XN XN XD .. X

g-times
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where ¢ = dim .
We shall assume that on the collar neighborhood

[0,6) x X x &

the stretched cotangent bundle T M is isomorphic to the pull-back vector bundle g - Ex
where g, o is the projection

Tpiye it XX E— X, (3.1)

where X = RT x X. We shall also define the bundle Eyr := T+ Py as the pull-back of
the bundle Ey by the projection

WR+ . X/\ H X. (3.2)

In particular if the edge £ is a parallelizable manifold then the stretched cotangent bundle
TxM is an admissible bundle.
Throughout this section we consider C" with its standard Calabi-Yau structure

(Cn7 g(cn ) wcn ) Q)

where g, = |dz1]* 4+ - + |dzn|?, wen = g dodzi Ndz; and Q = dzy A+ Ndz,. We
i=1
consider C" with a fictitious edge structure as follows:

R x sn1

R =y x e X

R".

Associated with this edge structure we have the stretched space

n = (]R+ X S”‘1> x R"™

such that
s \ 0C, = (R"\{0}) x R" = C"\ ({0} x R").

3.1.1 Submanifolds with edge singularities in C”

Let M be a compact manifold with edge singularity £ (see section 2.2.1). Then the
boundary of the stretched manifold M has a X-fibration structure over £, 7 : OM — &,
where X and £ are compact smooth manifolds with ¢ = dim€& and m = dim&X. We
assume that X is diffeomorphic to an embedded submanifold of the sphere S"~! with
diffeomorphism given by 6 : X — S"~! C R". Consider the cone X" with cross section
X ie. X" = X x R and let’s define a diffeomorphism of X with a cone C C R™ by
W XN — C C R™ where 9(r, p) := (r01(p), ..., r0,(p)) € R™ We shall also assume that
£ is embedded in R™ by 7: & — R™.

Definition 24. Let M be a compact manifold with edge singularity £.
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i) A smooth embedding ® : M — C" is called an edge embedding if on a collar neigh-
borhood (0, ¢) x OM, which has the structure of a X”*-bundle over £, the embedding
® splits as ®(r, p,v) = (¥(r,p), 7(v)) with respect to the identification C* = R} GRY.

i) If & : M — C" is an edge embedding such that ®(M) is a special Lagrangian
submanifold of C", we say that (M, ®) is a special Lagrangian submanifold with
edge singularity:.

Observe that the definition 24 implies that the X”-bundle structure of the collar
neighborhood is trivial and the embedding ® extends to a bundle map between the X Al
bundle over the singular space M, see (2.4), and the fiber bundle over R} with conical

fibers given by % X RY.

3.2 The Deformation Operator

Let & : M — C" be a compact special Lagrangian submanifold with edge singular-
ity. In order to study the moduli space of special Lagrangian deformations of M as a
manifold with edge singularities, we have to study small deformations of M inside C".
These deformations are produced by sections of the normal bundle ¢ € N (M) via the
exponential map eXPy_, - The equations

wlry =0
“er (3.3)
ImQ‘M =0

define a first order non-linear partial differential operator P such that ¢ must satisfy the
equation P(¢) = 0 in order to produce a special Lagrangian deformation (see (1.17)).
Because we are interested in small deformations we can use the Implicit Function Theorem
for Banach spaces (if applicable) to describe small solutions of the equation P(p) = 0 in
terms of solutions of the linearised equation at zero i.e. DP[0](¢) = 0. In particular, on
a collar neighborhood (0, &) x OM, equipped with the edge metric g,, = r?g, + dr* + g.,
we want to solve the equation DP[0](¢) = 0. This is a problem of analysis of PDEs on
singular spaces and this observation suggests the approach to follow. First, we expect
the operators P and DP|[0] to be edge-degenerate on (0,¢) x OM. This is achieved by
using sections of the stretched cotangent bundle TXM to produce small deformations.
This is natural as differential forms in 7% M have a degenerate behavior compatible with
the edge singularity of M in the sense that their degenerations are induced by the pairing
of the edge metric ¢g,, with edge-degenerate vector fields. Then, in order to invoke the
Implicit Function Theorem for Banach spaces we need that DP|[0] is an elliptic operator
in the edge calculus (hence a Fredholm operator). This is achieved by completing the
edge symbol ¢} (DP[0]) with boundary and coboundary conditions as the Atiyah-Bott
obstruction vanishes, see section 3.2.2 below.

3.2.1 The non-linear deformation operator

Given a compact special Lagrangian submanifold with edge singularity ® : M — C",
let N'(M) C T(C") be the normal bundle. By using the identification C" = R} © R} we
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have T*(C") = T*(R} © R}). Now, the complex structure J induces and isomorphism of
vector bundles J : T (M) — N (M), hence we have a bundle isomorphism J o ®, o g*
(M) — N (M) C T(R} ®R})[5 where g7, is the dual metric on the cotangent bundle
T*M inducing a bundle map g7, : T*"M — T'M.

Lemma 3.1. Let £ € C°(M,T*M) with local expression in an edge neighborhood
(0,e) x U x Q C X" x &, in local coordinates (r,o,u), be given by

m q
2(r,0,u) = A(r, o, u)dr + Z By (r,o,u)doy, + Z Ci(r, o, u)duy,
—1 =1

then, its image under the map J o ®, o g}, is given by the following expression in the

restriction of the tangent bundle T'(R} & RZ)| (0.2)xUUXE)

Ve i= J(@,(g3(2)) = D0 ~Culr,0,u)0%, + (Alr, o) + “Bi(r,0,0),

where B; and C; are the components of the corresponding pushforwards

0. | 9% ZBk(r,a,u)dak ,

k=1

q
chraudul

I=1
and (05,...00) =0(01,...0m).

Proof. It follows from the expression of the dual edge metric g7, = r%gj( + 0, ® 0 + g

that .
1 & 5
g]\/j( _22 k+ZClaul
k=1 =1

q

where Z B0, = g% (Z Bydoy) and ZC; = 95 (D>_ Ciduy). Let p € (0,e) x U x Q and
i=1

take a curve J : I C R —> M given by J(t) = (r(t),o(t),u(t)), such that J(0) = p and

J'(0) = g;,(E(p)). Then
PoJ:ICR—C"=R;®RY
defines a curve given by

(®oJ)(t) = (r(t),o(t), u(t))



therefore

(©oJ)(0) =
(r'(0)01(c(0)) + r(0)01(c(0)), ..., r'(0)0,(c(0)) + 7(0)6;,(c(0)), 71 (u(0)), ..., 7, (u(0))) =
(A6 + %Bl, AR+ %Bn,él, ..,C) ERIBRI = T,(R! & RY).

By applying the standard complex structure J on C™ under the identification (1.2) we
obtain the result. |

Proposition 3.2. If = € W*7(M,T:M) then Vz belongs to W*7(M,N(M)) where
N (M) is endowed with the restriction of the standard flat metric g., = g,,, .

Proof. We have to prove that || Vzllyys apran) < 00- By (2.13) we have to estimate near
the edge with the edge-Sobolev norm

|wV= HWsw(M,N(M))

and away from the edge with the classical Sobolev norm

H(l — w)VE

Hs(2MN (M) *

Let {Q;, 8;} and {U,, x, } be finite coverings of £ and X respectively, given by coor-
dinate neighborhoods such that
BJ . Q] — Rq

and
I'xx, :RT xUy — RT xR™

are diffeomorphism and let {¢;} and {¢,} be corresponding subordinate partitions of
unity. Let w(r) be the cut-off function defining the edge-Sobolev space (see definition 13).
In an edge neighborhood R* x U, x Q; we have

m q
=(r,o,u) = A(r,o,u)dr + Z By (r,o,u)rdoy, + Z Ci(r,o,u)duy,

k=1 =1

and the fact that = € W*7 (M, T M) implies that we;prA, wo,;prBi, and we;p,C; belong
to W7 (M). This follows from (2.11) and (2.13).
By lemma 3.1 we have

VE (T, g, u) = Z _éi(r> g, u)aﬂcz + (-’4(73 g, u)Qf + Bi(r> g, u))ayz (3'4>
=1

By 2.12, near the edge we want to estimate the terms

~ 112
[0
Hw%% e e s 7]

Ry

i d
7_[5,7(‘)(‘/\) T]

"f[:ﬂlfu—m (W¢j¢ABk) ‘
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and
2
dn.

chbj%él B ()

) Fusm(w02Cr) ‘

2
_ 2s
War (XA xRT) /[77]

Rj
First, we observe that

~ 2
H/’i[:?]lfu%n<w¢j(p)\6k)

2 ~
~ =1 .—1 ‘
HEY(XN) - ;H«[ <)) Ry )%\w}-u%n(‘ﬁjlgk)(ﬁ)

Hs (R xR™)

(3.5)
by (2.11). By lemma 3.1 B, is obtained by applying 0.g,. This pull-back and push-
forward acts locally on the components B;, by multiplying by g% and partial derivatives
of the component functions of § : X — S"! c R"®. We claim that both of these
operations preserve membership in W*Y(M). Indeed, in local coordinates U, we have
gt = > ¢70,® 9; and

t,j=1

m m

95O Bu(r,o,u)doy) =Y () g4 B(r, 0,1))0;.

k=1 j=1 k=1

The norm ‘
(% x0)) or T (0395 B) )|

Hev(R+ xR™)

is equivalent to

02098, (1% X)) i Fun(éB1) (1)

1

by (2.10). The functions gf{j are bounded on the support of ), hence they are bounded
functions on R™*! under the coordinate map I x y,. By the general theory of multi-
pliers on Sobolev spaces H*(R™"1), ([Agrl5] theorem 1.9.1 and 1.9.2), multiplication by
any bounded function defines a bounded operator, therefore there exists a constant Cj;

Hs (Rm+1)

depending only on gljg such that

H((I x XA)*)71K[;z}190*wjr“”"<¢jg§(jgk)(m‘ Hs (R xR™)

< Cig|[((1 % x0) ") ™ ki awF sy (05 84) (n)

Hs(R+xR™)

By hypothesis

[

R

2
dn < oo
Hs (R+ xR™)

(1% X)) il o3 Fuan(6382) ()

then, by (3.5), g* preserves W*7(M) near the edge.
The push-forward 6, is induced by a diffeomorphism 6 : X — S ! c R*. Lo-
cally this push-forward acts on the components of vector fields by multiplications by the
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derivatives of the component functions 6, hence the same argument as above applies
and we conclude that we; By, € W7 (M).

Now, the components C; are obtained by applying 7. gz to the components C;. Given
9: =2 9”( )0u, @ Oy, it acts on the components C; by multlphcatlon by g¥(u). In the
same Way the push- forvvard T, acts through multiplication by derivatives of its compo-
nents . When composed with the coordinate function [, the maps

(Prg?) o By RY — R
and

(

belong to S(R?) as they have compact support. By [Sch98] theorem 1.3.34, multiplication
by an element in S(R?) defines a continuous operator on W7 (X" x R?). Hence, by the
same argument as in the first part of the proof, 7.g¥ preserves W*7(M) near the edge
and werpC; € WY (M).

Away from the edge on the compact manifold M \ ((O, £) X 8M) take a finite covering
of coordinate neighborhoods {W;} with a subordinate partition of unity {x;}. Then

g;)oﬁkl R — R

1 = ) Vel apnias ZHW- 728" ) - (3.6)
As on each of those patches of local coordinates the support of u; V= is compact, clearly
(1 He@MN (M) < OO u

Proposition 3.3. Let Z € Cg°(TxM) and V= = J(P.(93,(2))) € C°(N(M)). Then the
pull-back of the standard Kéhler form w,, by the map exp(Vz)o® is given in terms of edge-
degenerate differential operators of order 1 by the following expression in a neighborhood
(0,€) x Uy x §2; near the edge:

(exp(V:) 0 ®)" (wen) =

; (ZP )+ Qua(By) + (Sa(A) + Ty i(B) Ry i(C)
+ (L i (A) + M, ,(B))) Oy, (Cs )) rdr A doy,

+ Z (Z Pri(A) + Qui(Bi) + (S (A) + Tp,(B) Ry (Ci)
+ (L (A) + M, (B))) OM((Z)) dr A du,

m q n
+ Z (Z Pp1i(A) +Qp i (Bi) + Upi(Ci) + (Sp14(A) + Ty 5(Bi)) Ry :(Ci)

(Bi
+ (Ly i (A) + Mklz([;)l)) Ok,l,z(é )) rdoy A duy

42



+ (Ls,j,i(A) + Msgz(Bz)) Os,j,i( z)) dug N duy

where A, B;,C;, i = 1,...,n are the components of V= in a neighborhood of the edge as
in (3.4) and the operators L,, M,, O,, P,,Q,,R., S., Ts, U, belong to Diff.,  (M).

edge

m q
Proof. Let = = Adr + Y Bgrdoy + > Cidu, in local coordinates near the edge, then
k=1 =1

V= = J(I)*(g}h(E)) = Z _éi(rv 0, u)aﬂﬁz + ('A<T? g, u>9;) + Bi(rv g, u))ayz
1=1

and
(exp(Vz) o @) (r,0,u) = (rbh) — Cioo...rl, —Cp, 71+ Ab + By, ..., T + Ab, + Bn)

The standard Kéahler form in C” is given by

Wen = i dx; N\ dy;,
i=1

then a direct computation shows that

n

(exp(V=) 0 @)*(wen) = Z(exp(Vg) o ®)*(dx; N dy;)

=1

_ Z d (r@i(g) —Ci(r, o, u)) Nd (TZ(U) + Ab;(o) + Bz)

R

n

3 % (0:00(6,) + 0,0, + 0:0,(6.)(~rd,)) (A) + % (6.0 + 26(6)(—+0,)(B)

=1 =1
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||M

<Z A) + 0:04,(B;) — 0, (1:)0,(C:) — 0,(C) (9 O, (A) + 0., (B ))
(@) (00

—l—aB))dr/\dul

+ i (: - (2u(608,0,)) (A) + T (24(6)(0,) (B) = 101, (m)k(C)

- %&( %) (0:0 (A) + %(&)) +0,(C) ((04(6) + 0.00)(A) + 04(B) ) )mk A dug+
+Z§§; <1n1 % (0:0;(0,) 0% — 0:0x(6:)9;) (A) + ~ ! ~ (0300, — 01(6.);) (B)
~20,C) (% (O0(6:) + 0:0) (A) + iak B) )

#200@) (3 @060+ 80) () + 10,8 ) do, A doy

3 (Z 0w (7D + 01y (7)D) (€)= 00, (C) (8,0, (A) + 0 (B)

Each of these terms are edge-degenerate differential operators acting on the compo-
nents of = and products of these as it is claimed in the proposition. Note that we have
used the fact that

(exp(Vo) 0 ®)” (wen) = 0

to remove products in each term that do not contain any of the component functions A,
Bi and Cz [ |

Corollary 3.4. The map
o0 * [ee} 2 *
Puen : CO(TIM) — Co(M, \" T M)
defined by P,,_, (2) := (exp(V=) o ®)" (w,n ), extends to a continuous non-linear operator
C WY (ML, TEM) — WY (M /\2 T:M
w(cn ) A

dim X+dim £43
for s > B

dim X+1
and y > TR

Proof. Let’s consider a sequence {Z;}ieny C C§°(Tx M) such that it is a Cauchy sequence
in the edge-Sobolev space W*7(M, T¥M). Then, in a neighborhood near the edge, the
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components of the elements of the sequence {Z; };cn define Cauchy sequences in W7 (M)
le.

de)jw/\" — woipr A

<e,
WY (M, T M)

Hw%%éi — woprB]

<egforall k=1,2,...,m
Ws: (M, T M)

and

HW%'SO,\C? — W¢j90,\C~ZjHWM(MT*M) <eforalll=1,2,...,q
’ LA

for all 7,5 > N(g). Away from the edge we have

(1 —w)(E — )|

oM M) < €

We want to estimate

Hchn(Ei) - ch"(Ej)”Ws—lw—l(M,T;M) ‘
Observe that the conditions on s and ~ imply that the edge-Sobolev spaces are Banach
algebras (A.42), hence multiplication is well-defined and we have the estimate || fg|, , <
Csqllflls 4 llgll, , with a constant C; , depending only on s and ~. To simplify the notation
we will use [|-||,  to denote |[-[[yyeqarrsar) -

Now, near the edge, the components of the operator P, are given by expressions of
the form P+ Q +(S+T)-R where P,Q,R, S, T € Diff,,(M). By estimating one of these
expressions we can apply the same argument to all components. Given P,Q,R,S, T in
Diffédge(M) and A, B,C, A, B',C’ in W*7(M) by the continuity these operators (propo-
sition 2.4) and the elementary identity ab—a't/ = J(a+a')(b— V) + 2 (a —a')(b+ ') we
have

|P(4) +QB) + (3(4) + T(B) R(C) = (PA) + QB + (S(A) + T(B)) R(C))
<IPlfl4 - A1, +IQiB -8,

+[|(S(4) + T(B) RC) ~ (S(A) + TBNRE),_, ,_,

<IPlIfA = A, +lQls - 5], ,

s—1,y—1

1
+ 2 (IRpIsHA - A1, +IRITHB - 8], )lle +c,.

1
+ 5 (IRIISIIA+ A, +IRIITI|B+ B, )lc =],
Therefore, if {Z;} is a Cauchy sequence in WY (M, T M) then

{P(A) + Q(Bi) + (S5(Ai) + T(B:)) R(Ci) }ien

is a Cauchy sequence in W~ 17~1(M) which implies that {w(r) P, (Z:)}; is Cauchy too.

Away from the edge we are in the setting of standard Sobolev spaces H*(2M, T M)
and the operator P, is given by products of two differential operators of order 1. By
using their continuity on H*(2M, T* M), the fact that standard Sobolev spaces are Banach
algebras for s > 92M and a similar argument give us that {(1 —w) P, (Z;)}; is Cauchy

in H*(2M, T*M). Therefore the corollary follows immediately. |
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Proposition 3.5. Let Z € Cg°(Ti M) and V= = JO.(g3,(2)) € C°(N(M)). Then, on a
neighborhood (0,¢) x Uy x §2; near the edge, the pull-back of the imaginary part of the
holomorphic volume form in C"

ImQ =Im(dzy A -+ ANdzy),
by the map exp(V=) o ® is given as a sum of n products of the form
P, (Fi,) Piy(Fiy) - -+ - Py, (F3,)

where P;; € Diff}, (M) and F;, € W*7(M).

edge

Proof. The holomorphic volume form in C" is given by

ImQ =TIm(dzy A+ ANdz,) = Imd(zy +yr) A+ Ad(x, + iy,)

= Z c[dyf/\dxl/\---/\g.;:\[/\...dxn
|I|=odd

where the sum is taken over all increasingly ordered multi-indexes I = (i1, ..., 1) of odd
length k, the hat means that we omit the corresponding terms and ¢; = +1. Then

(exp(V=) o @)* (Im Q) = Z cr(exp(Vz) o @) (dyf Adzy A Adap A .da:n)
|T|=0dd

= Z C[d(Til +./4911 +Bi1)/\' : '/\d(ﬂ'k+A9ik+1§ik)/\d<7"(91—c~1)/\' . -/\d(rGl — é])/\' . -Ad(an—én).

|I|=odd

Each of the terms in the sum is a n-form on (0,) x Uy x Q;, hence
cr(exp(Vz)od)* (dy; ANdxy A--- A gf}:\[ AL .dxn) = Fi(r,o,u)r™drAdoy\- - -Adop Adug A- - -Nduy,

where F(r,0,u) is the determinant of the following matrix

—

aT(T¢1+A9i1+Bi1) 8,«(7"017@1) 8T(r017C~1) (97(7’19”7(?71)

—

L0 (ri) + A0 +Bi)) ... 28;(r01—C1) ... 28;(r0;—Cy) ... 28;(r0,—Cn)

—

| Ouq (Tiy +A0iy +Biy) o Bug(r01—C1) o Oug(rf1—Cr) .. dug(r0n—Cn) |

Therefore Fy(r,o,u) is the sum of products of the form

Pl(Th + Aen + Bn) Ce Pn(’l"en — én)

with all the operators Py, k =1,...,n,in Diffidge

observing that the sum of all terms of the form

(M). By expanding these products and

Pl(Til) .. .Pn(Tgn),

46



i.e. all those products not containing any of the functions A, B, or C,, is equal to zero as
(exp(Vy) 0 @) (Im Q) = 0;
we obtain that F(r,o,u) is the sum of products of the form
Po(F) Piy(Fy) o Py (F) (3.7)

where P;, € Diff, (M) and F;, € W*7(M) as claimed. [

edge

Corollary 3.6. The map
Prua : O (T7M) — C*(M, \ T; M)
given by Pryo(E) := (exp(V=) o q))* (Im(€2)) extends to a continuous non-linear operator
Ping : W (M, T M) — W= (M, \ T M)

dim X+dim £43
for s > SIS

dim X+1
and y > TS

Proof. Given = and Z' in C§°(T¥M), near the edge, we have

Pma(E) — Pmma(Z) =

> Py (Fy) Py (F) = P (B e P, (F.) | r™drAdoy - - -Adom Adug A - -Aduy.
I

By applying the elementary identity ab — 'V = 3(a + a')(b — V) + 3(a — a')(b + V')
we can decompose each term of the sum in factors, each of them containing one of the
subtractions

PLnfk(Enfk) - Pinfk(Fin—k) (38)

for k=0,...,n.

Now, if {E;}ien C CP(TXM) is a Cauchy sequence in W*7(M,TM) as in corol-
lary 3.4, the sequences Pi].(Fiik)) are Cauchy in W*=17~1(M) (by the continuity of edge-
degenerate operators on edge-Sobolev spaces 2.4) and

for all k, k" > N(e). Therefore, by the Banach algebra property (A.42) and (3.8), we
have that {w(r) PImQ<Ek)}k€N is a Cauchy sequence in W'=Y (M, \N"TiM). Away
from the edge a completely similar argument using the spaces H*(2M, T* M) implies that
{(1 = w)PrmaEs) }k:eN is Cauchy in H*(2M, 7% M) and the corollary follows immediately.

[

infk infk

<€
s—1,y—1
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Corollary 3.4 and 3.6 tell us that we have a continuous non-linear deformation oper-
ator:

WL (M N\ TEM)

wC7L
Pi= @& W (MT:M) — o
Prno Wb (M, N T M)
fOI‘ s> dimX+§im€+3 and v > dim2X+1‘

In fact, this operator is smooth as the following corollary shows.

Corollary 3.7. The non-linear deformation operator

WM N TEM)

Wen
© WM, T:M) — @
Prna W=t (M N TEM).

is smooth.

Proof. Recall that from proposition 3.3 the components of the operator chn are given by

expressions of the form P+ Q+(S+T) - R where P,Q,R,S, T € Diffédge(M). Therefore,
given f,v € W*7(M) we have

P+Q+(S+T)-R)(f+v)— (P+Q+(S+T)-R)(f)
=Pv) + Q) + R(f)(S(¥) + T(v)) + S(f) R(v) + T(f) R(v) + S(v) R(v) + T(v) R(v).

Observe that by the continuity of S

S(v)R(v)
H <81, RO,
”V” s—1,y—1 '
hence by the continuity of R we have limy,| o % = 0 and the same holds for

T(v)R(v). This implies that the Fréchet derivative of P4+ Q+(S+T) - R at f is given
by
D(P+Q+(S+T)-R)[f]=P+Q+R(f)(S+T)+S(/)R+T(f)R

and from this expression is clear that
D(P+Q+(S+T)-R)[e] : W (M) — L (W (M), W71(M))

is a continuous operator. Moreover, observe that the second derivative is constant. More
precisely, the second derivative of P4+ Q+(S+T) - R at f € W*7(M) is the linear,
continuous map

D’ (P+Q+(S+T)-R)[f] € £ (WM(M), £ (W=(M), WS*W*(M)))

such that

D(P+Q+(S+T)-R)[f+v]-D(P+Q+(S+T)-R)[f]-D*(P+Q+(S+T) -R) [f](v)
vl
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goes to zero in £ (W*7(M), W 17"1(M)) when |lv|| — 0.
A direct computation shows that

D(P+Q+(S+T)-R) [f+v]-D(P+Q+(S+T)-R) [f] = R(»)(S+T)+S(v)R+T(v)R
hence by uniqueness of derivatives we have
D*(P+Q+(S+T) R) [f]l(») =R(¥)(S+T)+S(v)R+T(v)R
for any v € W*7(M) and all f € W*7(M). Thus the second derivative
D*(P+Q+(S+T) R)[o] : W*I(M) — L (WS”(M% L (W (M), Ws’”*W)))
is constant and given by
D* (P+Q+(S+T)-R) [fl(g.h) = R(9)(S+T)(h) + (S+T)(g) R(h)

for any f € WY (M). We conclude that P, is smooth.
Now, the operator Pry,q is given as a sum of products Py(Fy)Po(F3) - -+ - Pp(F))

where P; € Diffidge(M ) and F; € W*7(M). Then we have that the expression

Py (F + 1) Po(Fy+ 1) - -+ Po(Fy + v) — Py(F)) Po(B) - - - Po(F)

is a sum of products of the operators P; evaluated at F; or at v with at least one v in
each product. Those products containing 2 or more terms with  does not contribute to
the Fréchet derivative as in the first part of the proof. Hence the Fréchet derivative is
computed only with products having one term with v which produce continuous linear

operators of the form P;, (F},) Py, (Fi,)-----P; _ (F;, ) P;, . Furthermore, it is easily seen
that the nth derivative of each of the products Py(F}) Po(Fy) - -+ - P, (F,) is constant
and equal to

Z P, P P;

where the sum is taken over the group of permutations with n elements. From this it
follows that P, q is smooth. [ |

Observe that any a € WS Y71 (M \"TFM) is given as a = fVoly, where f €
W=t =L(M) and f;, Volpr — fVoly in W71 (M, A" T M) if and only if f, — f
in W71 (M). Hence we can consider the operator Pr, ¢ as an operator acting between
the following spaces:

Prug : W (M, T M) — W 1(M).

3.2.2 The linear operator DP|0]

In this subsection we consider the operator DP[0], the linearisation at zero of the defor-
mation operator P = chn @ Pima. A careful analysis of this operator is necessary as we
want to apply the Implicit Function Theorem for Banach spaces to this linear operator in
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order to describe solutions (nearby zero) of the non-linear equation P(f) = 0 in term of
Ker DP[0]. McLean’s results in [McL98| implies that the linearisation of the deformation
operator at zero acting on C{°(M, T M) is given by the Hodge-deRham operator i.e.

DP[0] =d+d".
Cg° (M.T7 M)

In this section we analyse the extension of this operator to edge-Sobolev spaces, its
ellipticity and the Fredholm property.

Observe that on a collar neighborhood any = € C*° </\k TXM) can be written as

k—2 k—1
E=dr A" 'Oy +dr AOg +dr AN 1Ay e+ 1IN, o+ 1708 + O (3.9)

i=1 j=1
where:

i) O is a smooth section of the bundle 7%, (A" T*X);
ii) O is a smooth section of the bundle 7%, (A" T*E);

iii) A’y ¢ is the wedge product of a smooth section of the bundle 7%, (A’ T*X) with a
smooth section of the bundle WiJrXx(/\k*l*Z T*E);

iv) AZ\?,E is the wedge product of a smooth section of the bundle 7%, (A’ T*X) with a
smooth section of the bundle WiJrXx(/\k_J T*E);

v) Oy is a smooth section of the bundle ﬂﬂ*{Jng(/\k T*X);

vi) Og is a smooth section of the bundle ﬂi+xx(/\k T*E).

Recall that mp,  , and 7, . are the corresponding projections
7TR+XX:XA><S—>5
Tpiye i X" X E— X.

More generally, the bundle A* 7% M can be decomposed in the following way:
. m k .
N TiM =dr A rirg e (/\ T*X) dr A,y (/\ T*S)
k=0
n k °
Sdr A e (/\ T*X) N (N T°€)
k=1
m k °
&Y i e (/\ m) Nz (N T°€)
k=1

® Zrkﬂﬂ’§+xg(/\k T°X) @ 7T]1*{+><X(/\. T*E).
k=1

With respect to this splitting we can compute an explicit expression for d 4+ d* acting on
Cs (M, \* T M) to prove the following proposition.
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Proposition 3.8. The operator DP[0] = d+d* extends to a continuous linear

CG6° (M, T} M)
operator acting between edge-Sobolev spaces
DP[0] : WY (M, A\ TiM) — WYY M N\ TiM) .

Proof. By using the splitting (3.9) and arranging in a vector the components of = €
Co (M, N* T M) in the following way

1 k—2
O, Op, Mg, ..., A2
Al Ak—1 & e
AX,S? N ’AX78’6X7®€

a direct computation shows that the Hodge-deRham operator acting on = is given by

. | A|B
d”-%m’

where the operator matrices are given by

L(dx+dy) 0 0 0 —d}
0 —Lldg+dy) —1dy 0 0
0 —Ldy  —(det+idy) 0 0
0 —(di+1idy) —(dg+21d%) 0 0
A =
0 0
0 —(di+1idy) —(de+2dy) 0
: : : 0 —Lldy  —de
—dg 0 0 0 0 —%dx
_ N - [0 0 1-a. 0 0
0 0 k40,0 "
0 0 0 o —
1 . . .
=+0r 0 0 0 : : 0 - 0
B = C= : : k=2 _
0 0 0 : : 0 E=2-9p,
. 0 0 0
: 0 0 . 0 0 0
0 E=lis, 000 =0 0 0
B - L 0 -8 0 0
[de+d; Ly 0 0 iy |
iy de+ds Lds, 0 0
0 0
D
Ldy de+dy Ld% 0
0 Lldr de 0
: 0 ldy o de :
0 0 di L(dx+dy) O
i Lax, 0 0 0 dg+d |

o1




Observe that each of the elements in these matrices is an element of Diffédge(M SN TEM).

From this, it follows that d 4+ d* € Diffédge (A" T;M) which implies that DP[0] extends
to a continuous linear operator between the corresponding edge-Sobolev spaces. [

In order to verify some properties of the symbolic structure of d + d* it will be useful
to have similar explicit expressions for the Hodge-Laplacian associated with the edge
metric g,, acting on A\*TFM.

extends to a continuous

Proposition 3.9. The Hodge-Laplace operator AgM ( :
Ceo (M, T M

linear operator acting between edge-Sobolev spaces

A WY (M N TIM) — W27 2(M, \* T M).

Inm

Proof. By arranging the components of = € C2°(M, A" T M) in the same way as in the
previous proposition, a direct computation shows that the Hodge-Laplacian acting on
k-forms

k k
. o0 * o0 *
Ay, CE(M, N\ TiM) — C°(M, )\ T;M)
is given by
A A'| B
I C/ D/ )
where the operator matrices are given by
T%Aﬁdgdraﬂw 0 0 0 - L(dtdy+dydt)
0 Apthdidy—02 L(dydg+dedy) 0 - 0
0 Fdpdytdyds) SAx+Ae—=07 0 -
/
A = 0 0
0
L(dydgo+dedy,)
2
L(dyde+dedy) 0 w0 L(dpdytdayds) T%Aﬁagfaﬁﬁi(k—?);(k—?)
— B -2 7
0 0 =ldy =2dy 0 0 TZdx 0 - 0
_ : 0 . S
=Fdy 0 0 0 ‘ o '
B = C = : o o
0 ) ) ,
) . : 0 Hdx
—2
0 0 =245 0 0 Tzdx O 0
- " - L 0 0 e e 0
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Hax+as-07 L(dydetdedy) 0 - 0 L(dtdx+drdt)
L(dgdx+dxdy) : 0

0

D’ =
0
0 L(dyde+deds,)

0 w0 L(dpdx+dydy) %ZAX-kd;:dg—Bz—k%ﬂ 0

L(dy de+dedy,) 0 0 Agtdydydy—07

Again each of the operators in the matrices is an element of Diffzdge(M ,N\" T M), hence

the result follows. [

3.2.3 The symbolic structure of DP[0]

Recall from section 2.3.2 that the symbolic structure of the edge-degenerate operator
DP[0] is given by the pair

(‘3 (DPIO]) (.0, u, .,70), o} (DP[O]) (1) )

where o} (DP[0]) is a bundle map on 7*, (A" T;M). The edge symbol o) (DP[0]) is a
family of continuous linear operators acting on cone-Sobolev spaces and parametrized by
the cosphere bundle over &:

ok (DP[O]) : 5°€ — £ (Ko (2, \" T, 74 (@, AT
The ellipticity of the operator DP|[0] requires the invertibility of its symbolic structure.
From proposition 3.8 and 3.9 we obtain the first part of the desired result.

Proposition 3.10.

O-; (DP[OD(Ta g, u, ﬁu 57 ﬁ) : /\ T/f,(r,a,u)M — /\ T;\k,(r,a,u)M

is a bundle isomorphism for every non-zero (r, o, u, p,&, 1) € T*M up to r = 0.

Proof. To prove this result we shall use the symbolic structure of the Hodge-Laplace
operator

(0220, )00, 5.6,77), (A, )(u,m) )
From [Sch98] theorem 3.4.56 we have the natural expected symbolic relation

04 (Ay,,) = 0, (DP[0]) o o3, (DP[0]) (3.10)

o2 (A, ) = o (DP[0]) o o (DP[0]) (3.11)

Inm
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as DP[0] = d+ d* and A,,, = (d+ d*) o (d + d*). Now, from the matrices representing

am
A, in proposition 3.9 we have that the elements in B’ and C’ are operators of order

1 hence they do not intervene in the computation of oZ(4,,,). Hence let’s focus on the
operators in A’ and D',
Observe that for any a € \* T M

oy (didy + dadz)(r,0,u,p,8,7) (@) = 7" 2(E A o) + EA (777 20)
= (7" a8) Na = EA (" aa) + EA (11" 0a)
=0

as " € TE and & € T*X. Moreover

03 (dzde)(7)(Ox) = 77 (7] A Ox)
- @X + 77 /\ (ﬁ*J@X)

and in the same way
03 (dydx)(€)(O¢) = O¢.

Therefore af(AgM)(r, o,u, p,&, M) is a diagonal matrix with entries given by

o} (Dx + dide = 87)(r,00u, p,6,7) = €[+ 1+

03 (A + dydy — 0F)(ro0,u, 5, 6,77) =il +1+[pf

and
o (Ax + Ae — 2)(r,o,u, p,€,7) = !f\f,X +\ﬁ\§£ +pl .

Hence . .
U§<A9M )(T, g, U, :57 57 77) : /\ T;,(r,a,u)M — /\ T;\k,(r,a,u)M

is an isomorphism for every non-zero (r,o,u,p,&,n) € T*M up to r = 0. By (3.10) we
have that

Ul} (DP[O])(T7 g, U, ﬁa 67 77) : /\ T;\k,(r,mu)M — /\ T/\*,(na,u)M
has the same property. [ |
In order to obtain information about the invertibility of the edge symbol o} (DP|[0])
we will use proposition 3.10 together with theorem 2.4.18 and theorem 3.5.1 in [Sch98].
These theorems state the existence of admissible weights v € R such that o} (DP[0]) is

a Fredholm operator on the corresponding cone-Sobolev spaces of any order. We adapt

those theorems to our setting in the following result. Its proof follows immediately from
theorem 2.4.18 and theorem 3.5.1 in [Sch98].

Theorem 3.11. The condition that

O-; (DP[O])(T7 o,u, ﬁa f, ﬁ) : /\ T:,(r,a,u)M — /\ ]v/\*,(r,a,u)l\/JI
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is an isomorphism for every non-zero (r,o,u,p,&,n) € TXM up to r = 0, implies that
there exists a countable set A C C, where A N K is finite for every K CC C, such that

ok (oL (DPO)) (u,m)) (=) « H¥(X, \ T;M) — HH (X, \ TiM)

is an isomorphism (invertible, linear, continuous operator) for every z € C\ A and all
s € R. This implies that there is a countable subset D C R given by D = AN R, with
the property that D N {z:a < Rez < b} is finite for every a < b, such that

oA (DP{0])(u, ) = (7 \TTiM) — K107 e, N D)
is a family of Fredholm operators for each v € R\ D and (u,n) € S*€ with n # 0.

Theorem 3.11 tell us that for an admissible weight ~, the wedge symbol o} (DP[0])(u, )
defines a Fredholm operator for each (u,n) € S*E. However, if we require the elliptic-
ity of DP[0] we need to have a family of invertible operators. In some cases this can
be achieved by adding boundary and coboundary operators that defines an elliptic edge
boundary value problem. This can be done in the following way.

For each (u,n) € S*€ we have that o) (DP[0])(u,n) is a Fredholm operator, then

Ker (o} (DP[0])(u, 7)) € K*7(X" \ 15 M)

is a finite dimensional subspace. Moreover Coker (o (DP[0])(u, 7)) is finite dimensional
too.
Let N(u,n) = dim Coker (o (DP[0])(u,7)) and choose an isomorphism

k(u,n) : CNwm __y Coker (cri(DP[O])(u,n)) ,

then

15 (XN, \° T M)
(20P0) W) @: @ A AT
CN(wn)

is a surjective operator. Now, because the set of surjective operators is an open set and
the space S*& is compact, there exists N € Nand c € £ ((CN+, K1 A\°® T,\*M)>
such that
Ko (X", \*TM) .
(7A(OPO]) <) () ® — e @ N (3.12)
cN*

is Fredholm and surjective for each (y,n) € S*E (see [Sch98| theorem 1.2.30 for further
details). Because <ak(DP[O]) c> (y,m) is Fredholm and surjective we have that the

kernel of (U}\(DP[OD c) (y,m) has constant dimension equal to its index for every (y,n) €
S*E:

dim Ker <a;<DP[0]) c) (y,n) = Ind (a;(DP[oD c> (y,1) == N~ Y(u,n) € S*€.
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The finite dimensional spaces Ker <U}\(DP[0]) c) (y,m) define a smooth vector bundle

over S*E (see section 1.2.4 in [Sch98]).
Now consider the trivial bundle of dimension N over S*£. Here we denote it simply

as CN". The formal difference of these vector bundles defines an element in the K-theory
of S*&

{Ker <ai(DP[O]) c)} . [@N*] € K(S*€).

This element in the K-group represents a topological obstruction to the existence of an
elliptic edge boundary value problem for the operator DP[0]. More precisely we have the
following theorem. For its proof and more details about the obstruction of ellipticity in
the edge calculus see [NSSS06] section 6.2.

Theorem 3.12. A necessary and sufficient condition for the existence of an elliptic edge
problem for DP[0] is given by

{Ker <o—;(DP[0]) c>] - [CW] e, K(€) (3.13)

where 7, : S*E€ — £ is the natural projection and 77, K (€) is the subgroup of K(S*&)
generated by vector bundles lifted from & by means of 7, _.

Now, assume for the moment that the condition in theorem 3.12 is satisfied. Then
the bundle defined by Ker <ak(DP[0]) c) (y,m) is stably equivalent to a vector bundle
J~ lifted from &. Then, by adding zeros to c if needed, we can assume that the bundle

Ker (U}\(DP[O]) C) (y,m) is isomorphic to J~. By extending this isomorphism by zero
on the orthogonal complement of Ker (0*(DP[O]) c) (y,m) we obtain a map

Ko (xh, N" T M)

(t(u,n) b(u,n)) : ® — T (3.14)
cN*
such that
JCs X/\, *T*M ’Csfl,'yfl X/\, *T*M
AMOPO ) ol LN XA
t(u,n b(u,n + -
cr J(um)

is an invertible, linear operator for every n # 0.
Then, the operator

_ DP[O] C _ 1 UA(DP[OD(UW) C(Uﬂ?
ADP[O] - T B Fn—>u t(u, n) b(u,n) Fursy
acting on the spaces
s,y & s—1,y-1 ® ik
pep] ¢] W (M’@/\ TM) B W (ng/\ T:M)
T B Hs(E,CNT) HY(E,J7)
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is an elliptic edge operator ( see definition 18) for all s € R and « the admissible weight
chosen at the beginning.

In order to prove the claim that condition (3.13) is satisfied we have the following
theorem which is contained in [NSSS06] theorem 6.30.

Theorem 3.13. If the Atiyah-Bott obstruction vanishes for an edge-degenerate operator
A on the stretched manifold M, then there exists an elliptic edge problem for A.

Recall that given a compact manifold with boundary M, the principal symbol an
elliptic differential operator A € Diff'(M) defines an bundle map

o(A) : myT*"M — 7y T*M

where my 1 T*M — M is the natural projection. Note that ¢(A) is an isomorphism
outside the compact set diffeomorphic to M given by the zero section of T*M. Thus
the triple (7 T*M, 7, T*M, o(A)) defines an element [o] in K.(T*M), the K-group with
compact support of T*M. See [NSSS06] section 3.6.1 for further details.
The Atiyah-Bott obstruction of A is an element in the K-theory with compact support
of OT*M. It is given by
[0(A)|or-m] € K (OT*M).

This is the topological obstruction for the existence of boundary conditions given by
continuous linear operators

B, : H*(M) —s H* 2 75(0M) i=1,....k

where r; is the order of B;, such that the boundary value problem

A
Bl F 1

| HA(M) — B @B H i (0M) (3.15)
B,

is elliptic for s > 3 + max{r;} and therefore (3.15) is a Fredholm operator. The reader is
referred to [AB64] for details and [BB85] part III chapters 6 and 7 for a comprehensive
review of this obstruction; in particular for how it is derived from the classical Shapiro-
Lopatinsky condition for boundary value problems.

In our case DP[0] is the Hodge-deRham operator, the vanishing of the Atiyah-Bott
obstruction for this operator was proved by Atiyah-Patodi-Singer in [APS75], hence the
topological condition (3.13) is satisfied.
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Chapter 4

Conormal deformations and regularity

4.1 Preliminaries

Given a special Lagrangian submanifold of C" with edge singularity, (M, ®) (see 2.2.1),
in this section we define the moduli space of special Lagrangian deformations of (M, ®).
Broadly speaking, we want to have in the moduli space all nearby special Lagrangian sub-
manifolds with edge singularity. This rough idea has two aspects that must be considered
for the moduli space. First, as the manifold M is non-compact, the important aspect to
consider when defining the concept of nearby submanifold is the behavior on the collar
neighborhood (0,¢) x X x £. Here we shall define the concept of nearby submanifold
by means of its asymptotic behavior with respect to the conormal variable r and weight
v. Second, the property of being special Lagrangian is completely determined by the
equations (1.14). As we mentioned in remark 2.8 and 2.10, solutions of the linearised
deformation equation have conormal asymptotics (section 2.3.3). This asymptotic behav-
ior is transferred to the induced metric of the deformed submanifold making the induced
metric asymptotic to the original edge metric ¢g,, in a very special way that reflects the
fact it comes from the solution of an edge-degenerate PDE on a singular space. All of
these considerations are formalized in the following definition.

Definition 25. Given an embedding T : M — C™ we say that T is conormal asymptotic
to (M, ®) with rate ~ if :

i) For every multi-index a we have

o) (T(r, o,u) — ®(r, o, u))‘ = O(W"O“) Y(r,o,u) € (0,e) x X x &;

i) T*g.. = r?g, + dr* + g, + 8 where (8 is a symmetric 2-tensor on Y(M) = My
such that their components 3;; have conormal asymptotic expansions on the collar
neighborhood (0,¢e) x X x £ with respect to some asymptotic type associated to .

Because we want to describe a small neighborhood of (M, ®) in the moduli space
by means of the Implicit Function Theorem 1.6 applied to a neighborhood of zero in
edge-Sobolev spaces, we want to make sure that smooth elements in edge-Sobolev spaces
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with small norm will produce submanifolds. In order to show this, we will define a
neighborhood of deformations i.e. we will define a small neighborhood of M in C" such
that small deformations will be inside this neighborhood. Because of the geometric
singularities of the manifold M and the behavior of the elements in edge-Sobolev spaces,
this neighborhood will be constructed as an edge neighborhood to guarantee that small
submanifolds induced by edge-degenerate forms will fit inside it.

Proposition 4.1. There exists an open edge neighborhood of the zero section in the
normal bundle A ((0,¢) x X x &) such that it is given by V' x W where V C N((0,¢) x
X) C TR} is an open conical set and W C N'(£) C TR} is an open set both of them being
neighborhoods of the zero section in the corresponding normal bundles and diffeomorphic

to an open edge set VxW C Ry ®R} = C" with diffeomorphism given by the exponential

m+3
2

constant defined in (2.14), there exists ¥ > 0 depending on s and 7 such that

map exp, . Moreover, for every v > and s > ‘”LQH + ¢, where ¢, is the positive

(V2] oyne * E € WM, TIM) and 2], < 9} V x W.

Proof. First let’s define the conical open neighborhood V' C N((0,e) x X) C TR™
The tubular neighborhood theorem 1.5 applied to & as a compact submanifold in R"
gives us an open neighborhood of the zero section in AV(X). Take Iy > 0 to be the
maximum [ such that the uniform neighborhood {X € N(X) : | X]| gen < [} is inside the
tubular neighborhood. By applying the RT-action defined on the cone X" to this uniform
neighborhood we can obtain the desired open conical neighborhood V' of the zero section
in the normal bundle NV ((0,e) x X) C TR”. Now, for any section V of the normal bundle
N (X) lying in V we have [V(r, o, u)|g < Cy-rforall (r,o,u) € (0,e) x X x &, where
the constant (' is independent of V. %he constant C] can be taken to be the maximum
[ > 0 chosen above. Now choose a uniform tubular neighborhood of the zero section in
the normal bundle N (€) given by {Y € N (€) : |Y|an < ¥} for some ¥ > 0. Clearly this is
possible because £ is compact. If necessary we can choose a smaller € such that v > Cie.
Define W as this uniform neighborhood of the zero section W = {Y € N (€) : |Y|9Rn <V}

Then V x W is our open edge neighborhood of the zero section in N ((0, g) x X X 5).
To prove the second part of the proposition let = € WY (M, T M) with s > q+++1+c7
and consider its local expression in a neighborhood (0,¢) xU x Q C (0,¢) x X x & given
by
m q
E(r,o,u) = A(r,o,u)dr + Z By (r, o, u)rdoy, + Z Ci(r, o, u)du,
k=1 1=1

where wo;o A, wo;prB and we;p C; belong to W*7(M) as in lemma 3.1. Then by
proposition A.5 there exists a constant C' > 0 depending only on s and v such that

m+1

|A(T’, o, u)’ < C’HEH&7 T (4.1)
|B(r,0,u)| < C|IZ|,,, "% (4.2)
ctro.u)| < CIEI,, 7" (4.3)
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for all (r,0,u) € (0,6) x X x €. Hence by lemma 3.1 there exists a constant C’ depending
only on s and 7 such that

‘é(r, ’, u)( < ||, (4.4)
A(r,0, 00+ Bi(r, 0,u)| < C'IE), (4.5)
Then, by (4.4) and because 0 < ¢ < 1, we have that
‘é(r, o, u)‘ < Chr (4.6)
for all (r,o,u) € (0,e) x X x & if
C 1 m+ 3
Vs (cfuzlns) T 4D

Note that if ||Z[[, , is small enough, then (4.7) is satisfied and this implies (4.6). More
precisely, if % > [|Z]],,, then (4.7) is satisfied as log(r) < 0 for r < e. Therefore
% > ||E||M implies

’é(r, o, u)‘ < (.

Analogously, & > [|Z]|, ., implies that

’A(r, o,u)0; + 5’1-(7”, o, u)‘ < Cyr

m—+3

for any v > ™=. Then it follows from our chose of ¥ that

‘A(r, o,u)0; + B;(r, o, u)‘ <9
for all (r,o,u) € (0,¢) x X x &. |

Observe that the manifold M \ ((0,e) x M) is compact hence we can extend our
edge neighborhood V' x W to this compact space to get a open neighborhood of the
zero section in N (M) such that near the edge this neighborhood corresponds to the edge
open neighborhood constructed above. We denote this neighborhood as 2l. Moreover this
proposition implies that any smooth form = € W*Y(M, T M) as above with [[Z||, <
produces a smooth embedded submanifold inside the neighborhood of deformations 2I.
This submanifold is defined by the embedding expy, (V=)o .

4.2 Regularity of Deformations

Let’s consider an elliptic edge problem (see section 3.2.3) for the operator DP[0] acting

on edge-Sobolev spaces with admissible weigh ~ > mT“,
s,y & s—1,y-1 ® ik
pp ] WOOLATIM) W (ML A T M)
Appjg) = T B = — o
Hs(E,CNT) HY(E,J7)
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Then, by augmenting the deformation operator P = P, & P o with the trace operator
T W (M, \ TiM) — HHE, T,

we obtain a non-linear boundary value problem for P:

Ws=Lr=L(M, N\ T M)

P,  ®Pum AN

[ cN;'? A W (M, TEM) — ®
HY(&,J7)

whose linearisation at zero is given by

WY (M, N\ TM)
Dl;[o] WS (M, TEM) — ®
HL(E, )

In this section we consider some properties of solutions of the equation

Py, o ®Pma| —
[ e ](~)—0 (4.8)

where = € WY (M, TxM). We are mainly interested in those solutions given by the
Implicit Function Theorem for Banach spaces (when applicable) i.e. we assume that
= = =1 + =5 where =Z; is solution of the linear boundary value problem

DP[0]

2 E) =0 (4.9)

and =y belongs to the Banach space complement in W*7 (M, T M) defined by a splitting
(not unique) induced by the finite dimensional space Ker Appp. First we have some
straightforward observations. The ellipticity of the operator Appjy (theorem 3.13) and

the fact that
Appo] [:()1] =0

implies that =, € W>7(M,TfM) by elliptic regularity (theorem 2.9). Moreover, be-
cause WY (M, TxM) C H} .(M,TM) for all s € R ([ES97], section 9.3, proposition 5),

standard Sobolev embeddings (theorem A.1) imply that =; is smooth. The ellipticity of
Appg implies the existence of a parametrix Bppp; with asymptotics O (theorem 2.9) i.e.

W (M, \* TxM) Wo (M, \* T M)
Bppjo) Appjg — I : &) — D
Hs(E,CN7) H>(&E,J7)

Consequently, any element in the kernel of the operator Appo) belongs to W' (M, \* T M)
for some asymptotic type O associated to 7. In particular

21 € WP (M, T:M). (4.10)
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Now let’s consider the regularity properties of =s.
Let = € WY (M, TxM) such that

(e, ®Pima)(E) = 0. (4.11)

Hence eXPy ., (V=) o® : M — C™ is a special Lagrangian submanifold. Harvey and

Lawson pointed out in [HL82] theorem 2.7 that C? special Lagrangian submanifolds
in C™ are real analytic, in particular they are smooth. Therefore, by choosing s large
enough, (4.11) implies that = € C*(M,TM) which, together with (4.10), allow us to
conclude that =, is smooth.

Even though =; + =5 is solution of the non-linear edge boundary value problem (4.8)
we cannot conclude immediately that = has a conormal asymptotic expansion near the
singular set £. The edge calculus tells us that solutions of the linearised equation (4.9),
here denoted by =;, have such asymptotics. It turns out that it is possible to prove that
=5 also has a conormal expansion i.e. the whole solution of the non-linear edge boundary
value problem has conormal expansion. In order to prove this we follow and adapt to
our very specific setting in the next two propositions the general argument in [CMR15]
theorem 5.1. The author thanks Frédéric Rochon for pointing out and explaining his

[P%N & Prmo

work.
— — 0
(21 +5p) = [0]

Observe that
implies that 7(Z2) = 0 because T (Z1) = 0 due to the fact that = is solution of the lin-
earised equation (4.9). By writing the non-linear equation as chN ® P = DP[0]+Q

(see proposition 3.3 and (3.7)) where Q is a non-linear operator locally defined by the

sum of products of 2 or more operators in Diffédge(M ) acting on Z; or =y we have

(DP0]+Q)(E2) = = Q(E1) — Z Qi (Be) -+ Q;(Ze). (4.12)

In order to avoid cumbersome notation to keep track of the specific asymptotic types,
we say that an element belongs to Wi (M, T M) if it belongs to the edge-Sobolev space
with some asymptotic type associated to 7.

Proposition 4.2. Let & € Wi (M, \° T M) and Z, € W (M, T; M) such that
(DP[0]+Q)(Z2) = &1 (4.13)

Assume that « is an admissible weight for DP[0] and there exists § > 0 such that
Q(Zg) € W tB(M, \° T M) and v+ 3+ 1 is an admissible weight. Then =y = E; + F,
with Ey € Wit (M, Ty M) and Ey € WM T M).

Proof. Let’s consider the Fredholm operator defined by DP[0] acting on edge-Sobolev
spaces with weight v+ 8 + 1

W (M A TIM) WA (M, A" T M)
ADP(o] y4+4+1 ° ©® — S5
Hs(E,CNT) Hs(E,J7)
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Because Coker Appigj,+g+1 is finite dimensional and C§°(M, A\* T M) is a dense subset
of the edge-Sobolev spaces we have

Ey S

v

[_ QO(:2>] = App(0],y+5+1

with
W5+1’7+6+1(M, /\° TXM)
S s>
H*1(€,CN7)

E,
€1

and § € C(M,\"T: M), f € C3*(€,CN"). Observe that this implies

WeertB (M, \* T M)
€ @
H>(E,CN")

En

ADP[OL"H‘ﬁ-i'l el

as Q(Z2) € WP (M, T M).
Hence by elliptic regularity (theorem 2.9)

Woo,'erﬁJrl(M, /\° T;\kM)
€ @
H>(E,CNT)

Ey
€1

1
€1

Now define [E2] = [:2] —
€9 0

Appio)

& ] , then by (4.13)

E,
€2

En

€1

0

_ [51 - Q(Eg)] Ao

Observe that as Appp,, and Apppj,4+s4+1 are 2 x 2 operator matrices with DP[0] in
the upper left corner they differ by Green operators with asymptotics acting on the
corresponding spaces (see section 2.3.7). Hence we can write Apppj, = Abp[o]y+8+1 —
Gpp(o)y+8+1 + Gpplo),y; Where Gppjo)++1 is the Green operator matrix with the elliptic
boundary conditions for DP[0] acting on spaces with weight v + 8 + 1 and analogously
for Gpp],y. This implies

Ey
€2

§
f

&1 Ey

0

= 5] +

ADP[O]q — (_GDP[O],7+ﬁ+1 + GDP[O],V)

therefore, by the mapping properties of Green operators (2.39),

Es

o0o,y—1 p—
o | EWAS (M, \ T;M).

Abpo].y
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By elliptic regularity we conclude

W (M, N\ T M)
Ey
. € @
2 H>(E,CNT)
and = = F] + 5 as claimed. [ |

Proposition 4.3. Let =, € W7 (M, T M) and =5 € W*Y(M, T M) with an admissi-
ble weight v > ™5 such that

(DP0]+Q)(E1 +E2) =0 (4.14)
and DP[0](Z1) = 0. Then Z5 € W7 (M, T: M).

Proof. Equation (4.14) can be written as

(DP[0] + Q)(Z2) = — Q(E1) = > Q;,(Ea) - Q. (Zs), (4.15)

j>2

(see (4.12)). The right hand side of (4.15) consists of products where at least one of the
operators in each of these products is acting on =, let’s say Q,(Z1). Now, the term Q, (=)
has asymptotics (associated to v — 1) and the other elements Q; (Z,) in the products
satisfy the estimate (A.7) near the edge. Hence by [Sch98] theorem 2.3. 13, multiplication
by elements in C§°(M) induces a continuous operator on Sobolev spaces with asymptotics
(with possibly different asymptotic type but associated to the same weight). Therefore
we conclude that the right hand side in (4.15) belongs to W2~ (M, T M).

Now, the fact that v > ™2 together with (A.43) implies that Q(Z2) € W4 (M, T M)
for some 5 > 0. If necessary we can choose  small enough such that v + 5 + 1
is an admissible weight for DP[0]. Then, proposition 4.2 implies Z, = FE; + E, with
E, € W 7+5+1(M TiM) and Ey € W7 (M, TFM).

Define S := Z5 — Fy = E; and observe that (4.15) and a similar argument as above
implies

(DP[0] + Q)(Sy) := & € WX N (M, T M).

Moreover, (A.43) and v > ™ imply that Q(S;) belongs to the space W 148 (A T M)
for some ﬁ’ > (. Then by followmg the same argument as in proposition 4.2 we have

51:E3+E4

with Bz € WrB+8+2(\ T M) and Ey = W27 (M,T;M). Hence we have found an
element Ey + Ey € Wi (M, TXM) such that

=y — (By + Ey) = By € WYTBHH2(\f e ).
We continue this recursion argument by setting Sy = S; — Ey = =9 — Fs — Ey = E5 and

(DP[0] +Q)(S2) = &s.
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Therefore by means of this iterative process we conclude that for every [ > 0 there exists
E e W7 (M, Ti M) such that =, — E € W H(M, T M). Note that if

N() m;
E(r,oy) —w(r) Y > cjrlo)vuly)r i logh(r) € W7 (M, Ti M)
=0 k=0
N() m;
then, by adding and subtracting w(r) 3° 3 ¢;x(0)vjx(y)r? log"(r) € W (M, T M)
J=0 k=0
to = — F, we obtain
N() m;
Za(r,0.) — () D Y ua(0)uuuly)r 7 logh(r) € W (M, T3 M),
J=0 k=0
Therefore =y € W' (M, TXM). |
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Chapter 5

The Moduli space

In this section we define the moduli space we are interested in and prove the main result
of this thesis. Let (M, ®) be a special Lagrangian submanifold with edge singularity i.e.
M is a manifold with edge singularity (section 2.2.1) and ® : M — C" is an edge special
Lagrangian embedding (see definition 24).

Definition 26. Given an admissible weight v > mT*E’, we define the moduli space

IM(M, P, T,~) of conormal asymptotic special Lagrangian deformations of (M, ®) with
rate v and elliptic boundary trace condition 7 as the space of smooth embeddings
T : M — C", conormal asymptotic to (M,®P) with rate 7, such that they satisfy
the boundary condition 7(Y) = 0 where 7 is a trace pseudo-differential operator:

T W (M, TiM) — H¥ &, J7) (5.1)

with s > max {m+21+q + ¢y, m+23+q

for an elliptic edge boundary value problem for the operator DP[0] on the edge-Sobolev
space WY (M, TxM).

} such that 7 belongs to a set of boundary conditions

Given a special Lagrangian submanifold with edge singularity (M, ®), the moduli
space of conormal asymptotic special Lagrangian deformations depends on the parame-
ters v and 7. The role of the weight v is explained in the definition of conormal asymp-
totic embedding (see definition 25). The existence of a trace operator 7 and its role in
the elliptic theory of edge degenerate equations was discussed in section 3.2.3. Here we
want to include further details about 7. The edge symbol defining 7 was defined in
(3.14) as a family of continuous linear maps t(u,n) : £'(X") — Sy continuously
parametrized by 7% \ {0}. Note that as J~ is a finite rank vector bundle, the operators
t(u,n) are finite rank operators (in particular compact operators). The trace operator T
was locally defined by

Now recall from section 3.2.3 that the fibers of the vector bundle J~ consist mainly
of isomorphic images of finite dimensional kernels of Fredholm operators acting on the
extension of cone-Sobolev spaces defined by (3.12). The operator-valued symbols t(u,n)
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correspond to the projection of the cone-Sobolev space K*7(X”) onto the finite dimen-
sional kernel of (3.12). By considering a local trivialization of J~ over an open subset
) C € and using the fact that t(u,n) are projections, it is possible to prove the following
proposition.

Proposition 5.1. Locally on © C &, the trace operator 7 in (5.1) acts on each of the
components of the stretched cotangent bundle 7Y M as an integral operator with kernel
in C®°(Qx X" x Q)@ CN".

This proposition and its proof is contained in the more general result presented in
[Sch98] proposition 3.4.6. The reader is referred to that book for details.

Given a operator-valued trace symbol t(u,n), the trace operator 7 is unique module
negligible operators from the point of view of ellipticity and smoothness. See [NSSS06]
section 6.1 for details.

Theorem 5.2. Locally near M the moduli space 9M(M, @, T, ) is homeomorphic to the
zero set of a smooth map & between smooth manifolds My, My given as neighborhoods
of zero in finite dimensional Banach spaces. The map & : M; — M, satisfies &(0) = 0
and 9M(M, P, T ,~) near M is a smooth manifold of finite dimension when & is the zero
map.

Proof. As v is an admissible weight we have that

W (M, \* T M) W= (M, AT TEM)
Appjo] = ppio] C© S — &) (5.2)
7B Hs(E,CNT) HY(E,J7)

is a Fredholm operator. Thus the cokernel is a finite dimensional space and it can
be identified with a finite dimensional subspace in the codomain of Appjg (denoted as
Coker Appjg) such that it splits the codomain in the following way

stl"yfl(M, /\. T;M)
) =1Im ADP[O] @ Coker ADP[O]- (5.3)
HL(E, )

Now consider the Banach space

W (M, \* T+ M)
P @ Coker ADP[O] .
H*(€,CY7)

Consider the following extension P of the deformation operator to this space

[ WM NTTEM) W= (M, A\ T M)
P © @ Coker ADP[O] — D
H*(E,CN7) HY(E,J7)
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given by

g w g w
) ) P C
where we are using the notation Ap for the operator T .
Hence
- Z| |v| ) _|DP[0] C]||E v
DP{0) g] ’ [w] T B] g *lw
and

Ker DP[0] = Ker Appj x {0}.

Observe that DP[0] is surjective and Ker DP[0] is finite dimensional. Then

W= (M, \" T M) .
® @ Coker Apppo] = (Ker DP|0] @N) @ Coker App(g)
H*(E,CN7)

for some closed subspace N.
By the Implicit Function Theorem 1.6 there exists Uy C Ker Appjg, Us = Uy x Uy C
N @ Coker Appp) and a smooth map &; x &, : Uy — Uy x Uy such that

(1

PTH0) N W X Us) =

Z]

This give us a description of the elements in the null set of the non-linear operator P in
a neighborhood of zero in terms of elements in Ker Df’[O] . In order to pass to solutions
of the deformation operator P in terms of Ker DP[0] we have the following.

Observe that

a

b

a

b

a

761 b

, By eU; p C Ker DP[O] @®N @ Coker ADP[O]-

“ ,61 “ ,62 ¢ € 15 1(0)ﬂ(L{1 XUQ),
b b b
implies
~ a a a a a a




Hence the term &

Z] (that belongs to Coker Appjg) represents an obstruction to

a

lifting the infinitesimal solution [b

] to an authentic solution

Z]

of the non-linear operator Ap. Therefore if all obstructions vanish i.e. if

anl

&, : Uy C Ker Appg) — Uy C Coker Appy (5.4)

21

and the set Ap"(0) N (U x Up) is diffeomorphic to Uy C Ker App(-
Consequently, if the obstructions vanish, small solutions of the non-linear boundary
value problem (4.8) are given by

is the zero map we have

a

b

a

At (0) N (U x Up) = ;

a®l EZ/{l

WY (M, TYM) p
, —_ —_ w ®P m —_ —_
A (0)N(2h xUs)N =14 (E1,641(21)) [ o TR (E 4 81(21) =0

S¥
{0}
This is a non-empty open neighborhood of zero in W*7 (M, TxM) diffeomorphic to an
open set of the finite dimensional space

DP[0]

Ker T

(5.5)

Thus we can conclude that when &, is the zero map the moduli space is a smooth
manifold of finite dimension less or equal to the dimension of the kernel of the linear
boundary value problem

Wb = (M, AT TEM)
WS (M, TM) —> D
Hs=1(E,J7)

DP[0]
T
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Chapter 6

Conclusions and final remarks

The theorem 5.2 says that when the map (5.4)
&y : U, C Ker ADP[O] — Z/{él C Coker ADP[()]

is the zero map, the moduli space M(M, ®, T ,~) is a smooth manifold of finite dimension.
For every small solution =; of the linearised boundary value problem App, the map &,

gives us an obstruction
@2(52) < Z/{él C Coker ADP[()],

to lift the linearised solution to a solution of the non-linear deformation operator with
boundary condition. When the obstruction space U5 vanishes it follows immediately that
there are no obstructions, as the map &, is trivially the zero map, and the moduli space
is smooth and finite dimensional.

A careful analysis of the obstruction space is needed to determine under which condi-
tions it vanishes. In [Joy04b], Joyce analyzed the obstruction space of the moduli space
of deformations of special Lagrangian submanifolds with conical singularities. He found
that the obstruction space depends only on the cones that model the singularities. In the
edge singular case we expect a similar result i.e. the obstruction space depends only on
the geometric structures that model the singularity, namely, the cone X" and the edge
E.

If the obstruction space vanishes (therefore Coker Apppy = {0}) the moduli space
is a smooth manifold of finite dimension. The next step is to determine its expected
dimension. From theorem 5.2 we only know that dim (M, ®, T, v) < dim Ker Appjg) =
Ind Appjg). In order to compute the dimension we need to consider the index of edge-
degenerate operators and Hodge theory in the edge singular context. In this direction we
consider the material related to index theory in [NSSS06] chapter 5 quite relevant for this
purpose. Moreover, some elements of Hodge theory on manifolds with edge singularities
have been studied in [HMO05] and [ST99]. These references might be helpful to compute
the expected dimension of our moduli space M(M, D, T, ).
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Appendix A

In chapter 3 and 4 we used results from this appendix. Most of the results here are based
on vector-valued Sobolev embeddings. In the first section of this appendix we recall the
basics of vector-valued Sobolev embeddings and derive some consequences related to cone
and edge-Sobolev spaces. In the second part we prove the estimate (A.12) following a
similar result of Witt and Dreher [DWO02]. This estimate implies the Banach Algebra
property of our edge-Sobolev spaces on M, (A.42), and the regularity of the product of
elements in W*7(M), (A.43). In order to simplify the notation we will denote a ~ b and
a < bif a = kb or a < kb respectively with a positive constant x depending only on s
and 7.

A.1 Vector-valued Sobolev embeddings

Let’s consider the classical Sobolev spaces W P(RY) (see [Brell] for a detailed introduc-
tion). A classical tool in the analysis of partial differential equations on R? is the set of
Sobolev embeddings, see [Brell] section 9.3.

Theorem A.1. Let m € Z, m > 1 and p € [1,400).

11

f L>m then W™ (RY) < LF(RY) where — = - — . (A1)
p ko p q

If ]% —m then W™P(RY) < LF(RY) forall k€ [p,+00). (A.2)

If L<m then W™ (RY) < L(RY) and W™P(R?) < C"(R) (A.3)
p

where 7 = [s — Z] i.e. r is the integer part of s — .

In this appendix we are interested in the vector-valued version of this theorem i.e.
given a Banach space 8B we want a version for the B-valued Sobolev spaces W™? (R, B).
There are many books and monographs dealing with vector-valued spaces of all kinds
like LP(R?,B), Ck(R?,B) and S(RY, B), see [Tré67], [Jar81], [Ama95]. In many cases they
work in the more general context where 8B is a Fréchet or locally convex Hausdorff space.
For our specific purposes we follow closely [Kre|. Here Kreuter analyzes carefully the
validity of theorem A.1 for the spaces W"™?(R?, B) where 9B is a Banach space.

Recall that the vector-valued space of distributions is defined as the space of contin-
uous operators from C§°(R?) to B i.e. D'(RY,B) := L(CF(R?),B). The vector-valued
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LP-spaces, LP(R?,%B), are defined by means of the Bochner integral. The Bochner inte-
gral is constructed by means of ®B-valued step functions in a similar way to the standard
Lebesgue integral. See [Abel2] appendix A.4 for details. The vector-valued C*-spaces,
CF(RY,%B), are defined with respect to the Fréchet derivative. The vector-valued Sobolev
space is defined by

W™P(RY,B) = {f € LP(R?,B): 0°f € L*(R,B) V |a| <m} (A.4)

where the derivatives of f are taken in the distribution sense i.e. weak derivatives.

Here we recall the definition of the Radon-Nikodym property and some results related
to it. It turns out that the key property that 28 must satisfy in order to have vector-valued
Sobolev embeddings for W™P(RY,%8) is the Radon-Nikodym property. For extended
details the reader is referred to [Kre] chapter 2.

Definition 27. A Banach space B has the Radon-Nikodym property if every Lipschitz
continuous function f : I — B is differentiable almost everywhere, where I C R is an
arbitrary interval.

Proposition A.2. Every reflexive space has the Radon-Nikodym property. In particular
the spaces LP(R?) with 1 < p < oo and Hilbert spaces have the Radon-Nikodym property.

Corollary A.3. The Sobolev embeddings in theorem A.1 are valid for the vector-valued
Sobolev spaces W™P(RY, LP(R?)) with 1 < p < oo and W™P(RY, §)) where §) is a Hilbert
space.

As a consequence of these vector-valued results we have the following applications to
cone and edge-Sobolev spaces.

Proposition A.4. If f € H*7(X") (see (2.11)) and s > ™ then there exists C' > 0
depending only on s and «y such that we have the following estimate on (0,1) x X

m+1

020" £(r,0)| < Cfllygonaony =5 1 (A.5)

for all (r,0) € (0,1) x X and |o/| +]a”] < [s — ).

Proof. We can work locally on R x U, where {U,} is a finite open covering of X', {¢\}
is a subbordinate partition of unity and we consider wy, f. For simplicity we write just
f instead of wip, f. At the end we take the smallest constant among those obtained for
each element in the finite covering.

Take f € H*7(X") then by (2.10) we have S, = f € H*(R'*™). Therefore if s > Mt
by (A.3) we have S, m f € L>*(R'*"™) and

sup |0 (8,2 )(t,0)] 5| ey (A6)

(t,o0)€R1+m

S%%f‘

<
T

for all|a| < [s—"52]. Now by definition (see (2.10)) (S,—= f)(t,z) = e~ G=O=5Ntflet 1)
with = e™*. Thus (A.5) follows immediately. |
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Proposition A.5. If g € W*7(M) (see (2.13)) and s > ™4 4 ¢ where ¢, is the
constant defined in (2.14), then there exists ¢’ > 0 depending only on s and « such that
we have the following estimate on (0,1) x X x &

m-+1 ’
'Y_T_|O‘ |

a?/a(cfrlju)gO‘? o,u)| < C/HQHWM(M) r (A7)

for all (r,0,u) € (0,1) X X x € and |o/[ +]a”] < [s — ).

Proof. We work locally on (0,1) x Uy x §2; as in proposition 3.2. Take g € W*7(M).
Again by (A.3) and s > ™ we have that for each u € R?

(S,-29)(u) € H*(R'™)

2

and

(A.8)

Hsv(XN)

|(8,-59)) Zlow)]

Now (2.15) implies g € H*~“(R?,H*7(X")) and s > £ + ¢, together with (A.3) and
corollary A.3 implies that we have a continuous embedding

H* (R, H (X)) — LR, HY (X))

[, (Rm+1

as H*7(X") is a Hilbert space, see definition 12.
Consequently

ooy = 50 {1900 e } (A.9)

5 ||g| H3~ v (Ra,HsV (X)) (AlO)
SNl aenscray - (A.11)

Hence (A.8), (A.11) and the change of variable r = e~* implies (A.7) as in proposition A 4.
[

A.2 Banach Algebra property of edge-Sobolev spaces

In [DWO02] Witt and Dreher used a variant of the edge-Sobolev spaces we use in this thesis.
In that paper they are interested in applications to weakly hyperbolic equations. Their
spaces are defined on (0, 7") x R™. In this context they proved (proposition 4.1 in [DW02])
that their edge-Sobolev spaces have the structure of a Banach algebra. With some
modifications and by using vector-valued Sobolev embeddings it is possible to extend
their result to our edge-Sobolev spaces on M. This extension follows closely the proof
of Witt and Dreher. For completeness we include the details of this extension in our
context as we used the estimates (A.43) and (A.42) in Chapter 3 and 4.

Proposition A.6. Let f,g € W*'(M) with s € N and s > W. Then fg €

W21="5% (M) and we have the following estimate

with a constant C' > 0 depending only on s and 7.
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Proof. By means of finite open covers and partitions of unity on X and £ we need to
estimate in terms of wp,¢; f and wy,¢;g as in proposition 3.3. To avoid unnecessary long
expressions we will denote them simply by f and g. To save space in long expressions
we use the notation f to denote the Fourier transformation with respect to the conormal
variable 7 i.e. f = Fusyf. We will estimate on an open set (0,¢) x Uy x €. Then the
global estimate is obtained by adding these terms. Take f, g € C3°(M). By definition of
our edge-Sobolev (2.12) norm and by (2.10) we have

2

dn (A.13)

F0I gty / 0 | Fl F) )

£

|0“<3Rq R, R™

2152 PF (R xRm)

2

Do (U IR (o) (In) T e o) )| dodtdy  (A.14)

Here we will estimate the term with o = 0. The estimates on the other terms « # 0 are
similar. For each term in (A.14) we have

2

/// 25 (m+1 ( th'u_m(fg) _ (A15)
Rq R ]Rm

B 11 S dodt Al
/ / 0 Ff) (A16)

Now, the hypothesis s > % allows us to use lemma 4.6 in [DW02]. Basically, this
lemma implies that for fixed (¢,0) we have the following estimate

HA )g(t, o)( )HL2(R$,)

o = Hf(t7‘7>(u)HLw(Rq

HA(TI)fQ/(Iﬁ?\U)(n)‘ L2(RY)

Hlgt, )W) e agy - [ A 0 )

L2(R})
Gl @/in| A0 )02
with CO > (0 and A(T}) = [n]s_qu .
Applying this estimate to (A.16) we have
%
m 2
//6_(“_ t [77]5— ;rl]:u_m(fg)H[ﬂ(Rq) dodt (A‘17)

R, RZ

(//( CE D £(1,0) ()| o g, IAOIE DD oy + (A1)
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(m+1

+e V)QtHg t,o) (A.19)

)HLoo(R:i) 'HAW)f(t’ U)(n)’ L2(RY)

=

+e”

[ A () )(n)HLz(R%)> dadt> . (A.20)

By the Minkowski inequality we have that (A.17) is less or equal to the following terms

(// —(m+1—74t||f(t,a)(U)Hioo(R%).“A(n)g(t,a)(n)“iz(R%)dadt) (A.21)
(// (Lﬂ—v4t||g(t,0)(U)Hioo(Rg).HA(n)f(t,g)(n)‘

(%—V)Qt(}o”/&(n)ﬂtv o)(u)/[n] ‘

L2(RY)

[T

[N

2
dadt) (A.22)
L2(R}

m+l_ r 2 ~ 2 ’
+< [ [ 74tCoHA(77)f(t,0)(u)/[77]‘Lz(Rq)'HA(U)Q(t,U)(ﬁ)HLz(R%)dadt) ,
R, RZ* !
(A.23)
hence, by the inequality in (A.17), we have
>
_(m+tl g—mdl
/ / R Ffo)| L do (A.24)
R, R
V(L) H DA )3t 0) () A.25
LT 3D A2
(=L -t H H —(mFL o)t ;
+He 900 ADFEOD| s g, (A20)
"t Ao (3t -t ‘
+ 0oV A) (1, 0)(w)/ Hmwmm» OS] E—
(A.27)
The edge-Sobolev norm of f and g written as in (A.16) implies that
A )L ) ()| < A28
e IO R I N (A.28)
and
7)) . A
e O] I F) STy (A.29)

hence we only need to deal with the L> terms.
q

To analyze the L* terms recall that by hypothesis s > § so we have the standard

continuous Sobolev embedding H*(RY?) «— L*>°(RY). Consequently for fixed (¢, o) we have

2 2

("Nt (4 ("Nt (4 A.30
e 2 ig(t,o)(n) ey ‘g(t,0)(n) ) (A.30)
=||@ye g m)| (A31)

12(RY)
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therefore

gt o)) <[ e a0, o)) (A32)
Loo(Rm+1xRY) ™ Loo (Rm+1,L2(RY))
2
< [[me - A33
S [ IO NN CE

2

)00, (e (8 0)(n))

|1B|<s L2(Rm+1,L2(R3))
(A.34)

2
< Hg“Wsw(M) : (A.35)

In (A.33) we have used the vector-valued version of the standard Sobolev embedding (see
section A.1). In the same way we obtain

2

et e o)) (A.36)

Loo(RM+1xRY)

S Byoary - (A.37)

Then (A.35) and (A.37) implies that (A.25) and (A.26) are bounded by

C(Sa’Y)Hf”?/vsw(M)HQH)Q/\/S,W(M) : (A.38)

Thus the only term remaining is (A.27). Again using the vector-valued Sobolev embed-
ding we have

2

_(mtl_ ;
He 4 ”)t/\(n)f(t,0)(U)/[77]HLOO(RM+I s (A.39)
L‘H_ t o
AW f(t,0) () HW . (A.40)
2
m 1
N ) gy (A1)
\ﬁ|<s L2(Rm+1 L2(RY))
2
as %‘ = [p)?=m*+D . [n]72 < [n)*~m+Y. Thus (A.41) and (A.28) implies that (A.27)
is bounded by (A.38). |

Corollary A.7. If s € N with s > W and v > mT“ then the edge Sobolev space
W#7(M) is a Banach algebra under point-wise multiplication i.e. given f, g € W*7(M)
we have

1 9llyerary < CUF e an N9 lweoan (A.42)

with a constant C’ depending only on s and 7.

Proof. By (A.12) we have fg € W* 27" Note that v > m+1 if and only if 2v— m— >~
from which the corollary follows immediately. [
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s, : m+3 m
g}?rollary A.8. Let f,g € W*(M) such that s € N with s > &0 and v > =H.
en

fg € WHTB(M) (A.43)
for 5> 0 given by 3 =~ — 2t
Proof. By (A. 12) we have fg € W="2" Moreover 7 > 2L implies 2y — 2 =4+ 3
with g =~ — =2 > 0. n
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