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Connected Sums of Special Lagrangian
Submanifolds

DaAN A. LEE

Let My and M be special Lagrangian submanifolds of a compact
Calabi-Yau manifold X that intersect transversely at a single point.
We can then think of M; U M, as a singular special Lagrangian
submanifold of X with a single isolated singularity. We investigate
when we can regularize M;UMs5 in the following sense: There exists
a family of Calabi-Yau structures X, on X and a family of special
Lagrangian submanifolds M, of X, such that M, converges to
M7 UM,; and X, converges to the original Calabi-Yau structure on
X. We prove that a regularization exists in two important cases:
(1) when dim¢ X = 3, Hol(X) = SU(3), and [M] is not a multiple
of [Ms] in H3(X), and (2) when X is a torus with dim¢ X > 3,
M, is flat, and the intersection of M; and My satisfies a certain
angle criterion. One can easily construct examples of the second
case, and thus as a corollary we construct new examples of non-flat
special Lagrangian submanifolds of Calabi-Yau tori.

1. Introduction.

One of the fundamental problems in special Lagrangian geometry is to un-
derstand moduli spaces of special Lagrangian submanifolds (SLags). Much
interest in this problem arises from the study of mirror symmetry since it
is related to the SYZ Conjecture [15]. McLean’s deformation theorem [12]
together with some work by Hitchin [6] provide some understanding of these
moduli spaces locally near nonsingular SLags, but in order to understand
these moduli spaces globally, we need to understand singular SLags. Re-
cently, some research has focused on the more modest goal of understanding
SLags with isolated conical singularities. For example, see [8]. In order to
study SLags with isolated conical singularities, we need to know something
about the SLag cones in C" on which these singularities are modelled. See
the work of Haskins [5] for more on SLag cones.

In this paper we restrict our attention to isolated conical singularities
modelled on a very simple type of SLag cone, namely, the union of two
transversely intersecting SLag planes in C". By the work of Lawlor [10], we

953



554 Dan A. Lee

know that such a SLag cone can be deformed through a family of nonsingular
SLags in C™ if the two planes meet a certain angle criterion to be described
later. (This criterion is always satisfied when n < 3.) This local regulariza-
tion holds out hope that if we have a singular SLag with this simple type of
singularity, then it can be globally regularized, that is, it can be deformed
through a family of nonsingular SLags. This simple type of singularity arises
when a connected, immersed SLag intersects itself, and when two embedded
SLags intersect. The first case has already been treated by Yng-Ing Lee [11]
who answered the question in the affirmative: A compact, connected, im-
mersed SLag with an isolated point of transverse self-intersection satisfying
the angle criterion can be regularized. The second case is more difficult,
and that is the case which we consider in this paper. Simply put, our prob-
lem is to try to regularize the union of two compact embedded SLags with
an isolated point of transverse intersection satisfying the angle criterion. A
problem related to ours has been solved by Butscher [1]: The union of two
embedded SLags with boundary in C" with n > 3 with an isolated point
of transverse intersection satisfying the angle criterion can be regularized.
In Butscher’s paper, the regularization takes advantage of the freedom to
deform the boundary of the singular SLag. In our problem, we have no
boundaries, and therefore we cannot use the added degrees of freedom. In
fact, using McLean’s deformation theorem [12], one can conclude that our
problem, as stated, cannot be solved using Lawlor necks as the local model.
We must introduce another degree of freedom, and we do this by deforming
the Calabi-Yau structure of the ambient manifold.
Before we state our results, we recall some basic definitions and facts.

Definition. A Calabi-Yau structure (or CY structure) on a compact
2n-fold X is a 3-tuple (J,w, ) such that J is a complex structure on X, w
is a Kéhler form with respect to J, and 2 is a holomorphic (n,0) form with
respect to J such that

W gy dne) <%>Q AT (1)

It is a fact that Re (2 is a calibration with respect to the Kéhler metric. We
say that a submanifold M of X is special Lagrangian iff M is calibrated
by Re (2.

The special Lagrangian condition on M is equivalent to the vanishing
of both w and ImQ on M. If (X, J) admits a Calabi-Yau structure at all,
then in each Kéhler class there is a unique Kéhler form w such that (X, J, w)
admits a Calabi-Yau structure. (In this case, the Kahler metric correspond-
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ing to w is Ricci-flat.) Also, if (X, J) admits a Calabi-Yau structure, then

Q) is uniquely determined up to a complex constant. If we also choose w,

then the normalization (1) uniquely determines 2 up to a phase. Because of

these facts, a choice of Calabi-Yau structure amounts to a choice of complex

structure, a Kéahler class, and a phase. For more general background on

Calabi-Yau manifolds and special Lagrangian geometry, see [14, 7, 9, 4].
We now describe the angle criterion.

Definition. Given any two n-dimensional oriented linear subspaces 1 and
¢ of R?", there exist characterizing angles 0, ...,0,, together with an
orthonormal basis ey, ..., eg, of R?", such that

oselsmsenflsgandenflseng—enfl

while
n=eN...Ney

and
&€ =(cosb)e; + (sinby)ept1] A ... A[(cosby)e, + (sinb,)eay].

We say that n and & satisfy the angle criterion iff the characterizing angles
between 7 and —¢ satisfy Y ", 6; = .

The Lawlor-Nance Angle Theorem states that a pair of oriented planes
(n,€) is minimizing iff the characterizing angles between n and —¢ satisfy
Y-, 6; > m. Therefore the angle criterion may be thought of as describing
the “borderline case” of minimizing pairs of planes. See [4] for more on
characterizing angles and the Angle Theorem.

We are now ready to state our main theorem.

Theorem 1 (Main Theorem). Let M; and My be two embedded special
Lagrangian submanifolds of a Calabi-Yau manifold (X, J,w,) such that
n = dimc X > 3 and the holonomy of the Kdhler metric is exactly SU(n).
Assume that My and My intersect transversely at a single point p such that
the tangent cone of My U My at p satisfies the angle criterion. Further
assume that Re[H" 11(X) @ HY"~1(X)] is not contained in the kernel of
V(E%f/;l) - VO[?(/I]\Q/}Q), thought of as a functional on H"(X). Then there exists
a family of Calabi-Yau structures (Ju,wq,Qa) on X converging to (J,w, )
and a family of embedded submanifolds M, C X converging to M; U My

such that M, is special Lagrangian in (X, Jy,wa, Qa).

When n = 3, the theorem reduces to the following nice result.
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Corollary 2. Let My and Ms be two embedded special Lagrangian sub-
manifolds of a Calabi-Yau manifold (X, J,w,) such that dim¢ X = 3 and
the holonomy of the Kéhler metric is exactly SU(3). Assume that M; and
M, intersect transversely at a single point and that [M;] is not a multi-
ple of [Ms] in H,(X). Then there exists a family of Calabi-Yau structures
(Jos War, o) on X converging to (J,w, ) and a family of embedded subman-
ifolds M, C X converging to M; U Ms such that M, is special Lagrangian
in (X, Jo,wa, Q).

Proof. As mentioned earlier, the angle criterion is automatically satisfied
when n = 3. It suffices to show that the homology condition in the Corollary
implies the one in the Main Theorem. Let v be v()[f\é\l/}l) — Vg\(/[]f/}ﬂ, thought

of as a functional on H3(X), and suppose that Re[H*!(X) & H'2(X)] is
contained in ker . Since M; and M are special Lagrangian, we know that
7([Re€]) = v([ImQ]) = 0, and since [Q] spans H3%(X), it follows that ~
annihilates Re[H>?(X)® HY3(X)]. But this means that v = 0, and therefore
v()[f‘(/lj\l/}l) = chf\(/[i/}g) as homology classes, contradicting the assumption of the
Corollary. O

Since a CY torus has trivial holonomy, our Main Theorem does not apply
to this important case. However, we can still prove a version of the theorem

in this setting.

Theorem 3 (Torus Version). Let M; and Ms be two embedded spe-
cial Lagrangian submanifolds of a Calabi-Yau torus (T,J,w,$) such that
dimc T > 3 and M; is flat. Assume that M, and M, intersect transversely
at a single point p such that the tangent cone of My UM, at p satisfies the an-
gle criterion. Then there exists a family of Calabi-Yau structures (Jqu,w, q)
on T converging to (J,w, ) and a family of embedded submanifolds M, C T
converging to My U My such that M, is special Lagrangian in (T, Jy,w,Qq).

The Main Theorem and the Torus Version share the hypothesis that M; and
M> must intersect at a single point, but this condition is somewhat artificial.
In light of the proof to follow, as long as there exists an isolated transverse
intersection point p, we can still regularize the singularity at p, but the M,’s
will only be immersed rather than embedded. However, if M7 N M, is a finite
set of isolated transverse intersection points, all of which satisfy the angle
criterion, then we can recover the embeddedness as follows: We first apply
our result to one of these intersection points,! and then we apply Yng-Ing
Lee’s result on immersed SLags to each of the other intersection points. This

'If either M; or M, is not connected, then we apply our result multiple times.
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procedure is possible because the property of being a transverse intersection
point satisfying the angle criterion is an open condition. See Lemma 5.

It is a simple matter to construct infinitely many distinct pairs of flat
SLag tori satisfying the angle criterion in the standard CY torus, C*/Z?".
Applying the discussion in the previous paragraph, we immediately obtain
the following result.

Corollary 4. There exist non-flat embedded special Lagrangian submani-
folds of Calabi-Yau tori.

With some extra work, the methods of this paper can probably be used
to prove that our results hold in dimension two also.

Concurrent with the writing of this paper, Joyce has produced some
results on the general problem of desingularizing special Lagrangians with
isolated conical singularities in almost Calabi-Yau manifolds [8]. In partic-
ular, Theorem 7.11 of [8] combined with Lemma 17 of this paper and an
understanding of the Lawlor necks can be used to prove the results of this
paper. Note that Lemma 17 is the main ingredient of the Key Lemma of this
paper. The methods used by Joyce are different from those presented here,
and because of the added generality, the proofs are also more complicated.

ACKNOWLEDGEMENTS: [ would like to thank Rick Schoen for suggesting
the problem, listening to my ideas, and offering many helpful suggestions. I
also thank the referee for helping me to improve the quality of my presen-
tation. This research was partially supported by a NSF Graduate Research
Fellowship.

2. Preliminaries.

The Main Theorem and the Torus Version share certain assumptions: We
have two embedded special Lagrangian submanifolds M; and Ms of a Calabi-
Yau manifold (X, J,w, ) with dim¢ X > 3. We also assume that M; and
Ms intersect transversely at a single point p such that the tangent cone of
My U M at p satisfies the angle criterion. This is the situation we assume
from now until the proofs of the Key Lemma, which will depend on the
additional assumptions in the two cases. We also assume without loss of
generality that My and Ms are connected.

We now explain the idea behind these results. We wish to construct a
family of approximate solutions M, such that M, converges to M; U Mo,
M, is exactly Lagrangian, and M, is very close to being special Lagrangian.
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Once we have these M, ’s, we can construct small Hamiltonian deformations
of them and hope that at least one of them is exactly special Lagrangian.
This is actually too much to hope for, but we can add another degree of
freedom to this deformation by simultaneously deforming the Calabi-Yau
structure (Jg,wy, ;) and M, itself so that the deformations of M, remain
Lagrangian with respect to w;. Using these deformations we define a de-
formation operator whose solutions correspond to special Lagrangians in
(X, Ji,wi, ). Using the Inverse Function Theorem together with some es-
timates, we obtain the desired solutions. The work lies in obtaining the
appropriate estimates.

First we construct our family of approximate solutions M,. This is
where the angle criterion is relevant. Given 64,...,0, € R, we define
P(6y,...,0,) to be the oriented plane [(cos 91)% + (sin@l)aiyl] AR
[(cos HH)% + (sin Hn)%]. By the work of Lawlor [10], we know that for
any 61,...,0, € (0,7) satisfying Z?:l 0; = m, there exists a special La-
grangian submanifold N of C” that is asymptotic in an oriented sense to
the two planes P(0,...,0) and —P(—6y,...,—60,). This submanifold N is a
topological cylinder, S"! x R, and has the property that e N converges to
[P(0,...,0)]U[—=P(—b1,...,—0,)] in an appropriate sense as € — 0. These
N’s, as well as their images under SU(n)x(dilations) are called Lawlor
necks.

Lemma 5. Ifn and & are two special Lagrangian planes in C™, then there
exists a Lawlor neck asymptotic in an oriented sense to n and & if and only
if n and £ are transverse planes satisfying the angle criterion. Moreover,
both of these equivalent conditions are open conditions in the space of pairs
of special Lagrangian planes. Finally, when n < 3, every pair of transverse
special Lagrangian planes satisfies the angle criterion.

Proof. The proof is straightforward, and the only facts about Lawlor necks
necessary for the proof are those stated above. O

Now we must use the existence of the local regularization to produce
an approximate global regularization. The details of this construction are
described in [1, 2, 11]. Here we only give a broad overview. Near the singular
point p, we can choose a Darboux and normal coordinate system in a ball B
around p such that p = 0 and Q2 approaches dz appropriately as we approach
0. We know M = M; U My becomes close to the tangent cone at p as we
approach 0. The tangent cone must be a union of two planes calibrated by
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Redz. As long as this pair of planes satisfies the angle criterion, there exists
a Lawlor neck N asymptotic to those two planes. For sufficiently small o > 0
and certain constants Cs and C., choose

1+1/n
o= C% and € = aC'E

See [1, 2, 11] for the definitions of Cs and C..2 These constants are chosen
so that the following construction works and has the stated properties.

We can cut out a small ball Bs(0) from M, glue a rescaled Lawlor neck
eN into Bj;(0), and then interpolate in the annular region.> This gives
2

us M, which we can think of as M{ U Ty U N’ U T, U My, where M| =
M; — Bs(0), N’ is the rescaled Lawlor neck, and the T}’s are the interpolated
regions connecting M/ to N'. It is evident that M, converges to M by
construction, and since each Lawlor neck has the topology of a cylinder,
Sl x R, M, is topologically the connected sum of M; and M,. We can
choose the interpolation so that M, is exactly Lagrangian. Since M, is
Lagrangian, it is a fact that that at each point of M, Q|y, = €?Voly,
for some 6. We call the multi-valued function 6 the Lagrangian angle
function. This “function” has the property that JV6 is the mean curvature
field H. On a special Lagrangian submanifold, e’ = 1 and H = 0. We know
that M, — By is exactly special Lagrangian, and one can show that M, N By
is approximately special Lagrangian in following sense [1, 2, 11].

Lemma 6. For any 0 < 3 < 1, there is a C independent of o such that*

|sinflo + o’[sin )5 + a|Vsinbly < Ca
11— cos Bl + aPlcosb)g + a|Veos by < Ca?
|Hlo + o’[H]g + a|VH]|o <C.

2Throughout this paper « will be the parameter upon which most of our con-
structions depend. Because of this, we will explicitly write out the o dependence
of all of our constants, with the only exceptions being § and e. We will use the
letter C' without subscript as a generic constant independent of o whose value may
change even in a single chain of inequalities. For consistency we always use C' as an
upper bound.

3From now on we will write Bs for Bs(0) where there is no chance of confusion.

“Here, and throughout this paper, |- |o is the sup norm, and [-]g is the -Holder
seminorm.
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3. The Deformation Operator.

Now that we have our approximate solutions M,, we can define the rele-
vant deformation operator. Suppose that we have a smooth deformation
(Jy,wt, ) of the CY structure (J,w, Q) = (Jp,wo, o) such that w; is always
cohomologous to w and ([M;] + [Ma], [Im §;]) = 0. We will choose the ap-
propriate deformation of CY structure later in this paper; for now assume
that we have already chosen it. By Moser’s Theorem, there exists a smooth
path of diffeomorphisms ¥; of X such that

\I/fwt = W. (2)

By the Lagrangian Neighborhood Theorem, let U be a tubular neighborhood
of M, symplectomorphic to T*M, so that we have a projection map = :
U — M,. Let 7 be a smooth cutoff function supported in U such that
7=1o0n %U , Where %U is defined using the structure of T*M. Observe that
we can choose U to have width greater than % over M,NB.,, for some ¢, and
width greater than & over M{ U M}, with an inverse linear interpolation in
between. Now extend any function h € C?#(M,) to a function h € C?#(X)
by defining h(q) = 7(q)h(r(q)) on U and h = 0 outside U. Now define

to be the symplectomorphism generated by the Hamiltonian function h.

Definition. The deformation operator F, : C>%(M,) x R — C%P(M,)
is defined by
Fo(h,t) = (U 0 @p)" (Im ), Volas, ) ar,

where the metric on M, is the one induced by the Kéhler metric on (X, J,w),
independent of ¢.

Since M, is a Lagrangian submanifold of (X,w) and ®, is a symplec-
tomorphism it follows that ®,(M,) is a Lagrangian submanifold of (X,w).
Then by (2), it follows that (U, o ®,)(M,) is a Lagrangian submanifold of
(X,w). Clearly, Fy(h,t) = 0 iff Im € restricted to (¥; o ®p,)(M,) is iden-
tically zero. Therefore a solution of the equation F,(h,t) = 0 corresponds
to a special Lagrangian submanifold of (X, J;,wy, ), and a small solution
corresponds to a nearby special Lagrangian. So our goal is to show that for
sufficiently small «, F, has a small solution. Our method of constructing
such solutions is the following version of the Inverse Function Theorem.

Theorem 7 (Inverse Function Theorem). Let F : B — B’ be a C*
map between Banach spaces and suppose that the linearization DF(0) is an
isomorphism. Moreover, assume that for some constants C7, Cy, and r1, we
have
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1. |IDF(0)z||p > C%HCUHB for all x € B, and
2. [DF(0)— DF(y)alls < Cillelsllylls for all z,y € B with
1yl <.

Then there exist neighborhoods U of 0 and V' of F(0) such that F' : U —
V is a Cl-diffeomorphism. Moreover, if r < min(ry, (2C;Cy)™1), then
B, j2¢,(F(0)) CV and B, 3¢, (F(0)) C F(B,(0)).

In particular, when the hypotheses of the theorem are satisfied and addi-
tionally, [[F(0)[|s < 57, we can solve the equation F(y) = 0 for some
lylls < r-

In order to invoke the Inverse Function Theorem in our situation, we
need to choose our Banach spaces carefully. We define a smooth weight
function p on M, with the key property that the ball of radius p(x) in M,
centered at x has uniformly bounded geometry. That is, in geodesic normal
coordinates at x, we have |g;; — 5ij‘>{,ﬂ,BP(z)(:t) < 1 where the norm here is

the local scale-invariant Schauder norm on B, (z). We also require that
7 =1 on the ball B, (x, X). We can construct such a p with the following
additional properties. See [1, 2, 11].

e For some rg and R independent of «,

eR fOI‘CCEN/:MamBero
p(x) = interpolation  for z € M, N (B — Bey,)
R forx ¢ M, — B

e p(r) < Clz| for x € My N (B — Bs)a).
* [Vplo=C.
e o7 M2, < C.

Definition. For any 0 < § < 1, the p-weighted (k,3)-Schauder norm
on C*B(M,) is given by

[ul g8 gy = [elot, + PV ulons, + -+ 1PV ulo s, + 107V u]g 0, -

Let S be the first eigenfunction of the Laplacian on M, normalized so that
151 L2 (ara) = 1.5 Then we define the Banach spaces B o, Ba, and B, as

5In contrast to our use of constants, many geometric objects such as functions
and operators will depend on «, but we will suppress this dependence in the notation
for the purpose of readability. The loss of clarity should be minimal since these
objects are all defined on M,.
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vector spaces

Bl,a = {’U, € C2"B(Ma) / u = / uS = 0}

Ba = Bl,a x R

B, = {uecoﬁ(Ma) /au_o}

with the norms

lulr. = lulgzs,,
I @), = lulgze ) + lal
. 2
1flls, = 10*Floosas,

(The integrations above are taken with respect to the ¢-independent Kéhler
metric on M,.)

Since W¥; and &, are isotopies, ([(¥; o Dp)(My)],[ImQy)) =
([My], Im Q]) = ([M1] + [Ma],[ImQ]) = 0, and therefore F,(B,) C BL.
From now on we think of the deformation operator F, as an operator
from B, to B.,.

The choice of 3 is not particularly important; it is simply a small constant
independent of a. The purpose of the weighted norm is to achieve estimates
that scale nicely with respect to a. The reason why we take the orthogonal
complement of the functions 1 and S is that 1 lies in the kernel of the
linearization of Fy, and S lies in the approximate kernel of the linearization.

Let us summarize what we need to prove in order to invoke the Inverse
Function Theorem argument:

e We need an injectivity estimate on DF,(0,0); we must es-
tablish the existence of a constant C7(«) as in condition 1
of the Inverse Function Theorem and find its dependence
on .

e We need to show that DF,(0,0) is surjective.

e We need a nonlinear estimate; we must establish the exis-
tence of a constant Cn(«) as in condition 2 of the Inverse
Function Theorem and find its dependence on «.

e We need to bound F,(0,0) in terms of a.

We first compute DF,(0,0).
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Proposition 8.
DF,(0,0)(u,a) = Au+ Pu+ a) (3)
where P : By o — B, is given by
Pu = (cos@ — 1)Au — (sin0)(H, JVu)
and 1 € B., is given by
Y = (Ly(Im Q) + Im Q, Volyz,)

where V' is the vector field generating the flow ¥, at time t = 0, and
Q=L —0.

The calculation of 1 is self-evident. The rest of the calculation is straight-
forward and can be found in [1] and [11]. The reason we write A and P
separately in equation (3) is that the P term turns out to be negligible,
and therefore it suffices to understand A and . The unimportance of P is
expressed in the following lemma.

Lemma 9. For sufficiently small o, for any u € By q,

1Pulls, < Ca'~|luls,-

Proof. The proof essentially follows directly from the bounds given in
Lemma 6.
|p%(1 — cos 0)Aulg

< |1 —cosf|o-|p*Aulg
<

C’a2|u|cz,g.
P

P**P(1 = cosO)Auly < [1—cosb]5-[p* P Aulo + |1 — cos b [*+7 Aul

(Ca®>PRP + CO‘2)|“|C§’5'

|p?(sin 0) (H, JVu)]|o |p(sin 0)H |o-| pJ Vulo

<
< RCalul 2.
P
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For the final inequality, we use the fact that [v]g < |v|o + |V]o.

[0 (sin 0) (H, JVu)] < [sin0]5-|H]o-|0** 3TV ulo+ | sin 0]+ [H] 5|0+ TV ulo
+[sinb|o-|H o [p*TP T Vulg
< (Ca'=A)CRYP|pVulg + (Ca)(Ca=P) )R8 pVulg
+(Ca)C(|p* PV ulo + [(Vp*7) (V) o + [ p* TV ?ulo)
< Ca'Plul2p + Ca(RM™F + CR + RO)\ul 2.5

where the last line uses the bound on |Vp|p. Now combine the previous four
inequalities to deduce the desired result. O

4. Analysis of the Laplacian on M.

The first step in establishing an injectivity estimate for the linearized defor-
mation operator is finding a lower bound for the second eigenvalue of the
Laplacian. The second step is to combine this lower bound with an elliptic
estimate to obtain an injectivity estimate for A : By o, — BY,.

It is a fact that on any Riemannian manifold M, for any f € L?(M)
with one derivative in L*(M) such that [,, f = 0, we have [, |[Vf[* >
M (M) [y, [?, where A\j(M) is the first eigenvalue of the Laplacian. From
this it follows easily that if we drop the condition | v/ =0, then we have

SR Y1\
= T 72— o Ut £

We define a smooth cutoff function ¢ on M, with the following proper-
ties: ¢ = 0in Bs, ¢ = 1 outside Baygs, and |Vp| < % for some C. Recall that
M, — By = (M1 U Ms) — By, and therefore we may think of ¢ as a function
on either M, or on My II My. Observe that we have the following bounds
which we will use repeatedly:

A1L(M)

(4)

VOI(MZ' — 325

IN

Y
O O~ Q

)
Vol(M; — Bas)
Vol(M; N Bys)
Vol(M, N Bys) =

(6")
(6")
The first two bounds are obvious. The third is true because M; has zero

mean curvature. The last bound follows from the third bound together with
some estimates from Butscher [1, 2].
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Lemma 10. For small enough «,

)\1(Ma) < con2.

Proof. Let
_ Xn,-B; Xn,—B;
f=9 -
VOl(Ml — 325) VOl(MQ — 325)

where X4 denotes the characteristic function of A. Clearly, [ a, [ =10(").
Using inequality (4), we see that

g S IV P
B fMa f? = Vol(lj\/[a)(fMa f)?
CfMaﬂBg(g 6_2

VOI(Mi*BQJ) + Vol(MifB%) —0(0*")

A1(My)

IN

by the properties of ¢

< (6" 2 since the denominator is bounded below.

O

We would like to have some idea of what S looks like. By the previous Lemma
together with Lemma 5 of Yng-Ing Lee’s paper [11], we know that |S|o is
bounded independently of .6 This fact allows us to use our knowledge
of the kernel of the Laplacian on M;j II Ms to construct a function that
approximates S in the L? sense.

Lemma 11. Define

S = alXMl + CLQXM2

where

ay

o Vol(M)VoI(My) 1 Vol(M, ) Vol (Ms)
= Vol(My) \| Vol(My) +Vol(My) *™ "2~ Vol(My) \| Vol(My) + Vol(Ms)”

Then for small enough «,
IS5 = 0S|l 12(ar,y < COD/2

and B B
IS — @S|l 2 (ary1iasy) < C5™2.

6This Lemma depends on the Michael-Simon Inequality and uses the fact that
the mean curvature of M, is bounded independently of «.
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Proof. First, the bound on S implies that

1S = @512 (a1 < 151172 (ararimag) = OE™)- (5)
Since ¢S is defined on M; II Ms, we have

2 _ 2
/Mlm V(eS)P = / I9(eS)

<2f vepstezf GHvsp
MoNBsas My

< 00" + 2/ |VS|? arguing as in Lemma 10

a

= 0(6" %) by Lemma 10 and the normalization of S.

Note that the Laplacian on M II M> has a two-dimensional kernel spanned
by Xa, and Xy, and its first non-zero eigenvalue is obviously a constant
independent of . Therefore the estimate above shows that if a} Xas, +a5 Xy,
is the orthogonal projection of S onto the kernel, then

HQOS - (all/YMl + a/2XM2)||%2(M1HM2)
< C|IV[pS — (a) X, + GIQXMQ)]H%Q(MlHMg)

= C|IV(eS)I72(an110m)
= O(6"?) by the previous calculation. (6)

The bounds (5) and (6) show that
(a1)?Vol(My) + (a5)*Vol(Mz) = ||a} Xar, + a5 Xns |72 (g, 1asy) = 1+ O(8" )
and

a} Vol(My) + a4 Vol(Ms) = / a, Xar, + ab X, = O(52/2),
M, 1IM>

Solving these equations, we find that
ah = ay + 0" D/2) and al, = ay + O(52/?)
where a1 and ay were defined above.” It now follows that

I(ay Xar, + a5Xns,) = Sl72 0 11as,) = O(0"72). (7)

TOf course, the solution is only determined up to a sign, but there was a sign
ambiguity in our original definition of S, so we can simply define .S to have the sign
consistent with these equations.
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Finally, similar to the bound (5), we see that

1S = SI1Z2 (ary 1100,y = O(0™)- (8)

Putting together the bounds (5), (6), (7), and(8), we obtain the desired
result. O

We can now use our knowledge of S to help us show that the second eigen-

value of the Laplacian on M, is bounded below.

Proposition 12 (Second Eigenvalue Estimate). For small enough «,
the second eigenvalue of the Laplacian of My, \o(M,), is bounded below.
In particular, for each u € B 4,

1
|Aul[z2(ar,) = EHUHLQ(MQ)

Proof. Let f be an eigenfunction for the second eigenvalue of the Laplacian,
normalized so that [|f[|z2(ar,) = 1. Using the min-max characterization of
A2(M,,) one can show that \y(M,) is bounded above independently of a.
This fact allows us to apply Lemma 5 of Yng-Ing Lee’s paper [11] to show
that |f|o is bounded independently of a. We compute

(M) = /M VP
- /M V) + V(1 - ) )P
/Ml V(eI + /M2 V(ef)P 2 /MQOB% V(1 - )2
_ ERY 2
> /Mau PRIV )
/Ml V(of) + /M2 V(pf) — O@"2) 2 /Ma VIR

Y

AV
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Therefore,

3ho(Mo)> / V(ehI? + / V(ef)P - 0("2)

M1 M2

S R —y |
+A1(Ma) [/J\Z?ﬁ_m(/ﬂzpf)z
>C . fr-0oE") - % </M1 (pf>2
iy (f, o) 0w

(L) + (L)

Now we must bound the terms in brackets in the previous line.

Lot s () 20
— 1/ (@9)1 /Ma wf‘

a1 — a9
1 _

Sf +/ @S—S)f—as [ F+0(™
al — ag Mg, M, Mq
mwg—ﬂpww+06ﬂﬁme/)8f: F=0

M, M,

= 0(6"=2/2) £ O(8™) by Lemma 11.

—0O(6"?%) by inequality (4)

>C-C —0(5"2).

by the definition of S from Lemma 11

IN

The estimate for Ms is similar. O

Recall that the weight function p was chosen so that M, has uniformly
bounded geometry in p(x) neighborhoods of z in M,,. This allows us to use
the local scale-invariant elliptic Schauder estimate to deduce a global elliptic
Schauder estimate independent of a. We omit the proof which is standard
and straightforward.

Proposition 13 (Global Elliptic Schauder Estimate). For sufficiently
small «, for any u € C*P(M,),

Jul 2.0 < C(|p* Aul o + |ulo).
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The following lemma, proved in [11], translates the second eigenvalue es-
timate from the L? setting to the Schauder setting.® Choose any v > 0
independent of a.

Lemma 14. For sufficiently small «,
lulo < Ce™|p* Auf 0.5

for all u € By 4.

Combining this Lemma with Global Elliptic Estimate immediately leads us
to an injectivity estimate for A : By , — BL.

Proposition 15 (Laplacian Injectivity Estimate). For sufficiently
small o, for all u € By q,

< -V 2
|U|C§’5 < Ce’|p Au|cg,g.
5. Proofs of the Key Lemma.

It is well-known that A is an isomorphism from By o® (S) to B, but because
of the small first eigenvalue, we had to remove S in order to obtain a good
injectivity estimate. Of course, removing S costs us surjectivity. We added
the extra degree of freedom in order to restore surjectivity. The essential
requirement of the extra degree of freedom is that its linearization 1 must
have a significant S component. This is the content of our Key Lemma. We
would like to construct a deformation (J;,wy, §2;) so that ¢ has the desired
property.

Let us review the complex structure deformation theory for CY mani-
folds. First, given any deformation of complex structure, J;, we can define
a section 7 of the bundle T%0(X, J) ® A% (X, J) as follows: Given a (1,0)
form ¢, we can extend ¢ = g to a family of 1 forms ; such that each ¢,
is a (1,0) form with respect to J;. Then we define n(p) to be the J-defined
(0,1) component of ¢. One can show that n is well-defined. We call n the
infinitesimal deformation of .J;. See Chapter 4 of [13] for details. A
theorem of Tian [16] and Todorov [17] states that every harmonic section
of TH9(X,J) ® A®}(X, J) represents the infinitesimal deformation of some
family of complex structures. We state a version of this theorem which is
suited to our problem.

8The proof of this lemma follows easily from a De Giorgi-Nash estimate, which
in turn depends on the Michael-Simon inequality and bounded mean curvature.
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Theorem 16 (Tian and Todorov). Let (X,J,w,Q) be a Calabi-Yau
manifold. Let y € H" 1}(X, J,w), the space of harmonic (n — 1,1) forms.
Then there exists a family of complex structures, Jy, such that x is the
contraction of ) and the infinitesimal deformation of J;.

Using this theorem, we can construct the desired deformation of CY struc-
ture.

Lemma 17. Under the assumptions of the Main Theorem or the Torus
Version, there exists a deformation of Calabi-Yau structure (J;,wy, ;) such
that wy is cohomologous to w, ([M;] + [Ma], [Im ©4]) = 0, and

[Mi] [M]
<Vo](;41) - Voz(§42)’ [Tm Q]> 70

for sufficiently small c.

Proof of Main Case. By the hypotheses of the Main Theorem, we can
find A € Re[H"11(X) @ HL"~1(X)] such that <ng‘{;}1) ~ vl [)\]> ”
0. Since H" 11(X) and H'"~}(X) are complex conjugate to each other,
we can certainly find xy € H" 11(X) such that Imy = A. Let J; be the
complex structure deformation whose existence is guaranteed by the previous
theorem. Recall that J; determines the holomorphic (n,0)-form ; up to a
constant. In fact, we have the following formula, which appears in [3].

Q = cQ + x, for some constant c.

A simple local calculation shows that this formula holds for some function c,
and this function must be constant because {2 and x are both closed. Since
Im € vanishes on M7 and Ms, and Re ) calibrates My and M, it follows that

M M. M M :
<V<£1(]%/}1) — VO[I(AQ/}Q), [Q]> = 0, and therefore <V(£1(]§/}1) - Vil(]f/}g), [ImQ]> # 0.

We know that [w] lies in the K&hler cone of (X, .J). Since (X, J,w) has
holonomy equal to SU(n), it follows that H?%(X, J) = H%?(X,J) = 0. (See
Proposition 6.2.6 of [9].) Therefore the Kéhler cone of (X,.J) is open in
H?(X), and so for small ¢, [w] lies in the Kéhler cone of (X, J;). This allows
us to find, for each ¢, a unique w; € [w] such that (X, J;,w;) admits a CY
structure. This determines €; up to a phase, and we choose the phase so
that ([Ml] + [MQ], [Im Qt]> =0. O

Before we discuss the Torus Case, let us study Calabi-Yau tori and the
moduli space of Calabi-Yau tori.
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Proposition 18. We can characterize all Calabi-Yau tori and all flat special
Lagrangian submanifolds of them as follows.

1. Given a rank 2n lattice I' C C™, we define a Calabi-Yau
structure on C"/I" using the standard Calabi-Yau structure
on C". Every Calabi-Yau torus T is given by this construc-
tion.

2. Given a special Lagrangian plane 7 invariant with respect to
some rank n sublattice of I', we obtain a special Lagrangian
torus n/I" in C™/T". Every flat special Lagrangian submani-
fold of T is a union of special Lagrangian tori given by this
construction.

Proof. Let (T, J,w,) be a CY torus. Since T has zero Ricci curvature and
bY(T) = dimg T, we can see that T is flat using the Bochner identity. Con-
sider the induced CY structure on the universal cover (R?", J,o, Q) Choose
a point ¢ € R* and a basis eq,..., e, of TqRQ" such that if e!,..., e?"
is the dual basis, then jej = ejqq for j < n, jej = —ej_n for j > n,
w=>", el Nelt™ and Q = (e +iepy1) A... A (en +ieg,) at the point g.
Since the metric is flat and VJ = Vw = VQ = 0, we can extend eq, ..., e,
to an integrable frame field over all of R?” such that the above relations
hold everywhere. Therefore the induced CY structure on the universal cover
is the standard CY structure on C". Moreover, each Deck transformation
must be an orientation-preserving isometry, i.e. a translation.

Let M be a flat SLag in 7. Since M is flat and minimal in 7', which is
also flat, it is a simple consequence of the Gauss equation that M is totally
geodesic in T'. Therefore, locally, the lift of M up to C" is a piece of a SLag
plane, and the result follows. O

We know that the CY structure of a torus is determined by a lattice. The
space of all rank 2n lattices in C" is GL(2n,R)/SL(2n,Z) where SL(2n,Z)
acts on the right. Since the group of CY structure preserving automor-
phisms of C™ is SU(n)x(translations), it follows that the global moduli
space of Calabi-Yau tori is precisely GL(2n,R)/SL(2n,Z) modulo the ac-
tion of SU(n) on the left. Therefore, locally, the deformation space is simply
a neighborhood of the identity in GL(2n,R)/SU(n) where SU(n) acts on the
left. Ignoring the (discrete) redundancies arising from the lattice automor-
phisms, SL(2n,Z), the space of possible complex structures corresponds to
GL(2n,R)/ GL(n,C), and after this choice is made, the space of compatible
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symplectic structures corresponds to GL(n,C)/ U(n). On the other hand, we
can choose the symplectic structure from the space GL(2n,R)/Sp(2n,R) and
then choose a compatible complex structure from the space Sp(2n,R)/ U(n).
Finally, of course, we choose a phase for Q from U(n)/SU(n). Observe that
changing the lattice by A € GL(2n,R) has the same effect as keeping the
lattice and the canonical local coordinate systems on T fixed, but changing
the CY structure to (A~1JA, A*w, A*Q)) with respect to those coordinates.
This is the point of view we adopt in the following proof, and we will no
longer mention lattices.

We pause to describe a consequence of Morgan’s Torus Lemma that we
will need for our proof of the Torus Case of Lemma 17. First, think of
G (R?), the Grassmannian of oriented n-planes in R?"* = C", as a subset
of A"(R?") in the usual way. That is, identify G;}(R?") with the space of
normalized simple n-vectors. We say that a constant calibration on R?" is a
torus calibration if it is spanned by the constant n forms dz! A dy’ where
TUuJ={1,...,n}. Wesay that £ € G;/(R?") is a torus plane if it can be
written in the form:

0 . 0 0 . 0
& = |[[(cos 01)@ + (sm@l)a—yl} Ao A [[(cos Hn)% + (smHn)a—yn

Let 7 denote the space of torus planes. Finally, for a constant calibration ¢
on R?"_ define the contact set of ¢, G(p), to be {¢€ € G} (R?™)|¢(€) = 1}.

Lemma 19 (A Corollary of Morgan’s Torus Lemma). Let ¢ be a
torus calibration, and let ¢ € G (R?"). Then ¢ € G(¢) if and only if
the orthogonal projection of £ onto the linear span of T lies in the convex
hull of G(¢p) N T.

This result essentially says that the contact set of a torus calibration is
completely determined by the torus planes in the contact set. See [4] for
more information.

Proof of Torus Case of Lemma 17. By Proposition 18, any connected, flat
SLag M in (T, J,w, Q) is actually a SLag torus with constant tangent plane
with respect to the canonical local coordinates, so we can perform an SU(n)
change of coordinates taking M; to a SLag torus whose tangent plane is
% A a% at each point of Mj. Since the SU(n) change of coordinates
preserves the CY structure, we may assume without loss of generality that
Ty My :%/\.../\% at each g € M;.

Consider a deformation A;'JA; of the complex structure. Then the
holomorphic (n,0) form is AfQ up to a constant. A simple calculation then
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shows that Q = ¢Q + x, where

k-th spot
n / .
X= Y Bpde AL A dF AL A"

jk=1

and Bjj, = Akj. Another simple calculation shows that if 4; € Sp(2n,R),
then the corresponding B must be (complex) symmetric, and conversely, for
any (complex) symmetric B, we can find A; € Sp(2n,R) such that By, =

In particular, choosing Bj, = id;1, we can find A; € Sp(2n,R) and ¢; € R
such that (A; ' JAy,w, Q = €' A7Q) is a deformation of CY structure with
([M1] + [Ma], [Im ©,]) = 0, and

j-th spot
n / .

x=i» de' A A dE AL AdR

So if we define

j-th spot
~ =
@;j =Re(dz" A A dF AL AdRY),

then we have Imy = 2?21 @j. Observe that for each j, ¢; is a torus
calibration and % AN ain € G(pj). Therefore
€T €T

1 1
Vol(Mo) /M2 X=TZNol0n) Sy X

with equality iff My is also calibrated by each ;. Now suppose that our
desired result is false, so that we do have equality. It is easy to verify that

G(Re Q)N ﬂG% mT_{%A...Aa;;}.

By applying Lemma 19, it then follows that
0 0

But we know that 7, Ms must lie in the above intersection, contradicting our
transversality assumption. O
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Lemma 20 (Key Lemma). For small «,

'/aw‘zé. (9

~—

Proof. Recall that v = (Ly (ImQ), Volpz, ) + (Im Q, Volyy, ). We'll show that
the first term integrated against S is small while the second term integrated
against S is bounded below. Since Q is closed, Ly (Im Q) = d(ViIm Q).
Note that the two differential forms V_ImQ and d(V.Im Q) are defined
on X independently of a. From this it follows that |V_.ImQ|y, |, and
|d(V2ImQ)|ar, |, are bounded independently of «, where these are the in-
duced norms on M,. Thus

‘/ (d(VJImQ‘Ma)S‘< / (d(VJImQ\Ma)goS‘ + C6"=2/2 by Lemma 11
Ma

[e3

= / (V_IImQ)d(goS)'—l—Cé(”_?)/Q

[e3

+ C&(n—?)/2

< / IV Tm Qs |- Cldglo
MaNBas

< st 4 05272,

We now consider the second term. Observe that since Im is a form on X
defined independently of o, [Im €[y, [o is bounded independently of . And
obviously | Im |z, 110, |0, A 110, i bounded independently of a. Therefore

Jm0a)s = (1mla, o8 + 0@ 2) by Lema 11
« Ma
[ mSligua)eS + 0" D)
M1IIM>

= / (Im Qas,1121,)S + O(8™?) + 0(62/2) by Lemma 11
M71IMo

| Vol(M;)Vol(M,) [Mi]  [My] ¢
_\/Vol(M1) + VOI(MQ) <V01(M1) VOI(MQ) , [I Q]>

+0(8™=2/2) by definition of S.

Now the result follows from Lemma 17. O
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6. The Full Linearized Deformation Operator.

We are now ready to prove the full injectivity estimate.

Proposition 21 (Full Injectivity Estimate). For small enough v inde-
pendent of o, DF,,(0,0) satisfies the injectivity estimate Cr(a) = Ce™" for
sufficiently small . That is,

1 v
IDE(0,0)(u, @)z, = Ze"ll(u, a)lls,.-

Proof.
la|] < C/ m/)S' by the Key Lemma

since Aw is orthogonal to S

= C/ (Au+ ay))S

@

C / p*(Au+ ap)p~2S

@

IN

Cllau+avle, [ 1572
Mo
< CllAu+ay|s,

where the last line follows from the bounds on [S]y and ||p~%|12(p,). On
the other hand,

< Ce”||Aul/p, by the Laplacian Injectivity Estimate
< Ce(|Au+adls, +llavls,)
< CG_VHA’U, + awHB&

[l

where the last line follows from the previous calculation and the fact that
U] 0.8 (Mo 1 bounded independently of «, by the definition of 1. Finally,
P e

we deal with the Pu term.

(v, a)5, < Ce™”||Au + atp||5;, by combining the previous two calculations
< Ce”(|IDFa(0,0)(u, a)l[s, + [|Pulls,)
< Ce™”||DF,(0,0)(u,a)|p, + Ce Vo= P||(u,a)|, by Lemma 9.

For sufficiently small v, e “a'™# — 0 as a — 0. So for small enough «, we
can absorb the last term into the left-hand side. O
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Proposition 22. For small v, DF,(0,0) is surjective for sufficiently small
a.

Proof. Consider the map A : B, — B/, defined by by A : (u,a) — Au+ ai.

By the proof of the Full Injectivity Estimate together with the Key Lemma,

it is evident that A is an isomorphism with ||[A7![| < Ce™. By Lemma

9, |P|| < Ca'=?, therefore ||[A~'P|| < Ca'=Pe7¥. For small enough v,

al=Pe” — 0 as a — 0, therefore I + A~ P is invertible, and it follows that

A+ P =DF,(0,0) is surjective. O
7. Solving the Deformation Problem.

The following Proposition can be found in [11].

Proposition 23 (Nonlinear Estimate). For small a, F,, satisfies a non-
linear estimate with Cy = Ce2 and | = %62. That is, for (h,t) € B, with
(R, )|, < 71,

IDFo (R, t)(u,a) = DFo(0,0)(u, )|, < Ce™||(h,1)]5, || (u, )]s,
for all (u,a) € By.

The bound on 7 is needed so that we can always assume that 7 = 1 in our
definition of F,. Finally, we have the following simple estimate.

Proposition 24 (Estimate of F,(0,0)). For small enough «,
|Fa(0,0)1s, < Ca

Proof. Note that F,,(0,0) = (ImQ, Volys, )ar,, = sinf. Recall that p(x) < C6
for x € M, N Bs and § = c%; Then since sin @ is supported in M, N By,

|p?sin 6y < C6%|sinfly < Ca® (10)

where the second inequality follows from the bound on sin 6 from Lemma 6.
Now we will estimate [p?*” sin 6] by interpolation. As in (10), we see that

PP sin by < Ca®P.
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We also have

IV(p*Psind)|o < [(2+B)p TP (Vp)sinblo + [p* PV (sin0)]o
< C6P|sinf|y + CO*O|V (sin 0)|o
<

Ca2tB

where the second line follows from the bound on Vp and the same reasoning
as in (10), and the last line uses the bounds on siné and V(sinf) from
Lemma 6. Combining the two previous inequalities, we see that

[>T sin 65 < Ca®.
O

Finally, let r = (2C;Cn)~! = %e””, which is less than r; for sufficiently
small . For small enough v, we have 55 = FE2T > Ca® > ||F,(0,0)||s,
for sufficiently small a. We can now invoke the Inverse Function Theorem
to find a solution F,(h,t) = 0 with ||(h, )|, < r, and by elliptic regularity,
h is smooth. Since ||Vh|o < Cel*, it follows that there exists an embedded
special Lagrangian submanifold of (X, .J;,ws, () in a Ce'T”-neighborhood
of M, for some t < r. Finally, since the construction of M, and F, can be
made to depend smoothly on «, and there is a unique solution to Fy, (h,t) =0
in B,(0,0), we can also say that the embedded SLags we constructed, as well
as t, depend smoothly on «. This concludes the proof of the Main Theorem
and the Torus Case.
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