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THE DEFORMATION OF LAGRANGIAN MINIMAL
SURFACES IN KAHLER-EINSTEIN SURFACES

YNG-ING LEE

A Kahler manifold can be viewed both as a symplectic manifold and
a Riemannian manifold. These two structures are related by the Kahler
form. One can study the Lagrangian minimal submanifolds which are
Lagrangian with respect to the symplectic structure and are minimal
with respect to the Riemannian structure. Lagrangian minimal sub-
manifolds have many nice properties and have been studied by several
authors (see [3], [5], [13], [16], [17], [27], [30], [33], [34] etc.). There are
obstructions to the existence of the Lagrangian minimal submanifolds
in a general Kéhler manifold [3]. These obstructions do not occur in a
Kahler-Einstein manifold. But even in this case, the general existence
is still unknown. Most of the discussions of the paper are on compact
manifolds without boundary. We assume this from now on unless other
conditions are indicated. The main result of this paper is the following:

Theorem 4.  Assume that (N,go) is a Kdhler-Einstein surface
with negative first Chern class. Let [A] be a class in the second ho-
mology group Ho(N,Z), which can be represented by a finite union of
branched Lagrangian minimal surfoces with respect to the metric gg.
Then with respect to any other metric in the connected component of go
in the moduli space of Kihler-Finstein meirics, the class [A] can also be
represented by a finite union of branched Lagrangian minimal surfaces.

Note that the complex structure on N is allowed to change accord-
ingly. An immersed Lagrangian minimal submanifold in a Kahler mani-
fold with negative Ricci curvature is strictly stable ([4], [20], [22]). Thus
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one expects to have a result as the theorem. However, there are some
major difficulties due to the occurrence of branched points to realize this
expectation. In this introduction we first explain how the ideas work out
in the local deformation of the immersed case. Then we point out the
difficulties in the branched case and how we solve the problems. When
the Lagrangian minimal surface is immersed, it is strictly stable and
thus the Jacobi operator is invertible. By the implicit function theory,
we can find a minimal surface for any nearby metric and the tangent
bundle of the surface changes smoothly. Hence the minimal surface ob-
tained is totally real if the metric is sufficiently close to the original one.
A totally real (branched) minimal surface in a Kdhler-Einstein surface
with negative scalar curvature is Lagrangian ([5], [33]). Therefore, we
get the local deformation of an immersed Lagrangian minimal surface. If
we want to continue the process, we need to take the limit of a sequence
of surfaces and it is not enough to restrict to the immersed case. We
need to extend each step to the branched case. It seems that there is no
known result for the deformation of branched minimal surfaces except
the holomorphic curves. The Jacobi operator on a branched minimal
surface is degenerate and it is a delicate problem to decide the allowable
variations. For our problem, it is certainly not enough to consider only
the variations with support away from the branched points. Branched
minimal immersions are the critical points of the energy functional. We
thus study the problem in the map settings and show that the strict
stability in the sense of Definition 2 works suitably for the deformation
of a branched minimal immersion. In particular, we have:

Theorem 2.  Assume that @g : ¥ — (N, g0) is a strictly sta-
ble branched minimal immersion. Then there exists a strictly stable
branched minimal immersion @; : X — (N",g¢) for any g which is
close to go. Furthermore, @ converges to g in C™ if g; converges to
g0 in C°.

Here ¥ is a closed surface and N is a complete Riemannian n-
manifold which is not necessarily compact. We show that a branched
Lagrangian minimal surface in a Kahler surface with negative Ricci cur-
vature is strictly stable. Thus we can deform the branched Lagrangian
minimal surface to get a family of strictly stable branched minimal sur-
faces. We still need to show that these surfaces are Lagrangian. One
can hardly control the behavior of the tangent bundles after perturbing
the branched points. The perturbation of the holomorphic curve (22, %)
reveals some of the complexity. However, there are still some control
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in the holomorphic case. We prove that when the branched minimal
surfaces are stable, we still have the similar control. More precisely, we
show:

Theorem 3. Let ¢; : ¥ — (N, g;) be a stable branched minimal
immersion from a closed surface &2 to a Riemannian 4-manifold (N, g;).
Assume that g; converges to go and ; converges to @y in C°, where
wo 48 a branched minimal immersion from % to (N, go). Then

a(po(X)) = Zl_lglo a(pi(X))-

The adjunction number a(¢;(%)) in the theorem is defined to be the
sum of the integral of the Gaussian curvature on the tangent bundle and
the integral of the Gaussian curvature on the normal bundle. Tt is equal
to the total number of the complex points with indices when N has an
almost complex structure and the complex points on ;(3) are isolated
[5]. The immersed version of the theorem is proved by Chen and Tian
[5] using a different approach. From this theorem we can conclude that
the branched minimal surface obtained above is totally real when the
metric is sufficiently close to the original one. Thus it is Lagrangian
([5], [33]). This shows the local deformation of a branched Lagrangian
minimal surface. The rest of the proof for Theorem 4 follows from an
area bound and standard arguments.

The organization of the paper is as follows. In section 1 we study
the critical points of the energy functional and the stability. This point
of view helps us to understand the branched minimal immersions and
the results in this section should have their own interest. The local
deformation of a strictly stable branched minimal immersion is obtained
in section 2. We use the three circle theorem in section 3 to study the
oscilation of the conformal harmonic maps. The adjunction number and
some necessary preliminaries are introduced in section 4. In section 5
we prove the theorem about the limit of the adjunction numbers. In the
last section we complete the proof of the main theorem and give one
application.

The author would like to thank the interest of G. Tian and S. T. Yau
in this work. She also wants to express her gratitude to J. Wolfson’s
insipring discussions and interest. Special thanks are to R. Schoen who
brought this problem to the author’s attention and shared with her
many of his profound insights. She also appreciate very much for those
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valuable comments and suggestions from the refree. During the prepa-
ration of this work, the author has been supported by the National
Science Council of Taiwan under two projects and a visit to Stanford
University. She would like to thank these organizations as well.

1. The energy functional

Let ¥ be a closed surface of genus » and N” be a n-manifold which
is not necessarily compact. The energy functional on

C*(%,N) x M(2) x M(N)

is defined to be

N (9(pk a(pl
E = v -—— dA
(0,1, 9) /Ezh Ihi 7 A4,

where C°° (X, N) is the set of smooth maps between ¥ and N, M(X%) and
M(N) are the set of smooth complete metrics on 3 and N respectively,
and dA is the volume form of h. The quantity

&pk&p
ij
E h Ik 30t B

is denoted by e(p), which is called the energy density of ¢ between
(3,h) and (N™,g). If we fix h, g and vary the map ¢ only, a critical
point of E(-, h,g) is called a harmonic map between (X, k) and (N, g).
There has been a thorough study on harmonic maps. Here we only
refere to [9], [10], [29] and the reference therein. If we fix ¢, g and vary
the metric h only, a direct computation gives the following formula:

Lemma 1. Assume that h; is a smooth family of metrics on 3 with
ho = h. Then

d h '
M /Z ShTR — B hT) o (g)ijhag dA,

where

B (9(pk a(pl
9)ij = ngl 9 9l

18 the pull back metric and h = %’t 0. In particular, a critical point

of E(p,-,g) satisfies ¢*(g) = Le(p)h; that is, the map @ is weakly

conformal.
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Proof. Assume that z', 22 are the local coordinates on ¥. Then

dA; = y/det hy dz'dz? and the energy can be written as

E(p, h, g) /Z h” *(9)ijV/ det hy do'dz?.
Since

O(hY /et b . , o
% - _h%a(ht)a/@htﬁ] det hy + hi]_h?ﬁ(ht)aﬁ det hig,

the formula follows. I M\ +—=o0 = 0 for arbitrary h,ag, one has

1 .. g
Z(§h”ho‘ﬁ — B@RPIYp* (g);; = 0, for any a, .
12
In the matrix expression, this becomes

1 o
ge(w)hl—hlw (9! =

Hence ¢*(g) = se(p)h. qed.

Definition 1. A map ¢ : ¥ — (N",g) is called a branched immer-
sion if ¢ is an immersion except isolated points at which the differential
dp is a zero map satisfying the characterization in [11]. (See 1.2 Defini-
tion in [11].) These points are called the branched points of .

If ¢ is a branched immersion, the pull back metric ¢*(g) can be
expressed as A2h, where h is a smooth metric on 3, and X is a smooth
scalar function with isolated and finite order zeros.

Thus one has the following result of Sacks and Uhlenbeck:

Corollary 1. [25] If (v, h) is a critical point of E(-,-,g), and ¢ is
a nonconstant map, then ¢ is o branched minimal immersion.

Proof.  Assume that h; is a smooth family of metrics on ¥ with
hg = h, h = @t\t o and ¢y is a smooth family of maps with ¢y =

0, %’t:() = V. By Leibniz’s rule, one has

dE(QDtah'ta ) ((ptahag) dE(QD7htvg)
Bleuhod)) ,_ PBleuhd)) , , Fohuo)

Thus (@, h) is a critical point of E(-,-, g) is equivalent to that the map
¢ is both harmonic and weakly conformal between (X, h) and (N, g).
When ¢ is a nonconstant map, this is equivalent to that ¢ is a branched
minimal immersion.  q.e.d.

|t=0-
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Lemma 2. Follow the notation as in Lemma 1 and assume that h
is a critical point of E(p,-,g). Then

d’E(p, h 1 . . 1 .
TECRD s = [ Get)mr i i i) = Jel) 0571 s,
where Tr denotes the trace of a matriz.

Proof. Now we continue the computation in the proof of Lemma 1

) . )
and differentiate %. Because

1 .. ) )
Z(§h”haﬁ — h*BP)p* (g)i = 0,
12

those terms which come from the differentiation on (ht)a/gx/det h; have
no contribuition. So we only need to differentiate

1 . i
Z(gh?h?ﬁ — hh )" (9)i5
1,J

Now we compute the formula in terms of matrices and get

d 1 1« _ 1 _
%(5(77'" hy ' (9))hy t- hy K% (9)h 1)’t=0
1 11 s _ 1 I
= =5 (I h= hh ™l (9)h™" — Se(@)h™ hh ™!

+ R RE T o ()BT + R (g) R AR

1 . 1 .
= —e(p)(Ir R R+ —e(@)h ™ hh L.

2
Therefore,
2 1 . . 1 .
TBe g, - /(Ee(w) (1 b B ) = Zelp) (10 11 )?) dA.

q.e.d.

Lemma 3. Assume that (p,h) is a critical point of E(:,-,g). Let
h: be a smooth family of metrics on ¥ with hg = h, h = %’t:o and
let i be a smooth family of maps with pg = ¢, %“i—t\t:() =V. Then we
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have

d2E(§0ta ht7 g)
dt?

_ 2/(va2 + 3 < BN (dg(er), V)diles), V >) dA

|t=0

)

+ [ Gete)ar htin iy = Je)(ar hth?) da

1 .. . .
+2/Z(§h”h°‘ﬁ — KB N hog
4,

0 0
(K V_ e Vidp(5=) >+ < V_a Vidp(5=) >) dA4,
8z

oxJ Ozt

2
axt

where RN is the curvature tensor of (N, g), and {e1, es} is a local frame
for h.

Proof. By Leibniz’s rule, one has

dgE(@tahtag)’ _ _ d2E(§0tah’ag)’ _ d2E((,0,ht,g)‘ _
i =0 d? =0 i =0
P E(pt, hs, 9)
9l ZNPLDs TN
+ o105 ==0

The formula

dQE(QDta h’a g)

D=2 [(VVP + 3 < RV (doter), Vidple).V >) dA

is well known and can be found for instance in [9] or [29]. The formula

for %’t:o is derived in Lemma 2. A direct computation shows
that
9v; (9)ij ) B
————= =< V.o V,do(—)>+<V_ae V,d =) > .
ot 2V delGgg) > T < Vg Vodelps)

This together with the computation in the proof of Lemma 1 gives the

2
formula for O E(oihs9)

5 lt=s=0-  q.e.d.

Because the domain is two dimensional, the energy is a conformal
invariant on the metric of the domain. Denote E4(p,h) = E(p,h,g).
Then E, can be viewed as a smooth function E4(y, [h]) on C®(X, N) x
Ty, where 7, is the Teichmiiller space of ¥, and [h] is the conformal
class of h. Note that [p*(g)] is well-defined for a branched immersion
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and Ey(p,[¢*(9)]) = 2A(p,g), where A(yp,g) is the area of p(X) in
(N, g). Tt is clear that the opposite direction of Corollary 1 is also true.
That is, if ¢ : ¥ — (N7,g) is a branched minimal immersion, then
(v, [¢*(g)]) is a critical point of E,.

Remark. Assume that (¢, [h]) is a critical point of E; and [hy] is
a variation of the conformal structure. Because in our case the energy
functional is a conformal invariant, and by a result of Moser [21] we can
choose h; such that they all determine the same volume form; that is,
we can assume Tr h='h = 0 in the second variational formula.

Assume that ¢ : ¥ — (N™, g) is a branched minimal immersion and
(¢, [h]) is the corresponding critical point on E,. Define a function f.
on X:

0 2| < €2,
log 4
(1) felw) = 5 e <lz| <,
log =
1 lz| > .

Then lin% [V /fe|*dA = 0. Now we choose f. such that it vanishes near
E—
each branched point of .

Lemma 4. If we denole the second variation of E, in the direclion
of V and h by 62E4(V,h), then

82 E,(V,h) = lim 82 E,(f.V, h).
e—0

Proof. A direct computation gives us

9
Vo fV=FVeV+ 0Ly,

ozt ozt a(IIZ

and
IVIVP = ZIVVP + [VEPIVE +2) 0 <e(f)V, Ve,V >

Since b1, iL, , and V are smooth and fixed, the norms and the norms
of their derivatives are all bounded. Therefore,

02E,(V,h) — lim 62E,(f.V, h)|
e—0
< Cy 11m/nygy2dA+02(nm/nygy2dA)%
e—0 =0
= ()7

where C7 and Cy are positive constants independent of ¢.  q.e.d.



THE DEFORMATION OF LAGRANGIAN MINIMAL SURFACES 307

Definition 2. A branched minimal immersion ¢ : ¥ — (N7, g)

is called strictly stable if lim G2A(f-V) > 0, where V = 22|, for
£—

any smooth family of maps y; with g = ¢. It is called stable if
lim 62 A(f.V)
e—0
>0

Theorem 1. A branched minimal immersion ¢ : ¥ — (N, g)

is strictly stable if and only if the correponding critical point on E, is
strictly stable.

Proof. We first claim that for any branched immersion ¢ : ¥ —
(N™, g) and any smooth metric h on ¥, one always has

Choose !, 22 to be the conformal coordinates for the pull back metric

¢*(g); that is,

Z a¢k3_¢l = 425
— gkl a(IIZ afIIJ _,u 170

where 1 is nonnegative. Express the inverse matrix (h”/) in this coordi-

a "
nates as ( where g and b are positive. Then we have
c

C
b)a

dF gt
B = [ S wignS 2% aa
1
/(au%—bu)mda@ldﬁ
Vab 1. 9
> 2 ——dx ' d
- /M\/ab—c2 v
> 2A(¢,9).

The equalities hold if and only if ¢ = b and ¢ = 0, i.e., when ¢ is a
weakly conformal map.

Assume that (¢, [h]) is the corresponding critical point on Ey of the
branched minimal immersion, where 5 is a smooth metric on 3. Let
h: be a smooth family of metrics on ¥ with hg = h, h = @t\t o and
¢ be a smooth family of maps with g = ¢, %\t:o = V. Define
pi(z) = expy(y) tf-V(z), where f. is chosen as in (1). Then ¢f is a
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smooth family of branched immersions with ¢j = ¢ and %ﬁs—\t:g = f.V.
By the claim proved above, one has

Eq(¢f, he) > 2A(5, g).

Define the C? nonnegative function F by
F(t) = Ey(of, he) — 2A(g5, 9)-
Because F(0) = I7(0) = 0, it follows that (0) > 0. Hence
By (f:V, h) 2 28 A(f.V)

and thus
S E,(V,h) > lim 262 A(f.V) > 0.
E—r

One also has §2E,(0, h) > 0 by Lemma 3 for i which is not identically
zero. This shows that (¢, [h]) is a strictly stable critical point on E,.

Assume that (¢, [h]) is a strictly stable critical point on E4. Then
© is a branched minimal immersion and one has

(52A(f5V) = %52Eg(feva 0)'

Thus

1
lim 62 A(f.V) = =62 E4(V,0) > 0.
e—0 2

Hence ¢ is a strictly stable branched minimal immersion q.e.d.

2. The deformation of branched minimal surfaces

Let 3 be a closed surface and (N™,gg) be a complete Riemannian
n-manifold which is not necessarily compact. The strict stability in the
sense of Definition 2 works suitably for the deformation of a branched
minimal immersion. In particular, we have:

Theorem 2. Assume that @ : X — (N", g0) is a strictly sta-
ble branched minimal immersion. Then there exists a strictly stable
branched minimal immersion @y : X — (N",g¢) for any g which is
close enough to go. Furthermore, p; converges to wg in C* if g con-
verges to go in C'°.
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Proof.  Let (o, [ho]) be the corresponding critical point on Fg,.
By Theorem 1, one knows that (o, [ho]) is strictly stable. Particularlly,
wp is a strictly stable harmonic map from (X, hg) to (N,gp). It is a
theorem of Eells and Lemaire [8] that there exist a neighborhood V of
ho and gy in M(X) x M(N) and a unique smooth map S on V such
that S(hg,g0) = o and S(h,g) is a smooth harmonic map between
(3,h) and (N,g). Let ¢, = S(h,g;) and U be the corresponding
neighborhood of [hg] in the Teichmiiller space 7;. Since the energy is a
conformal invariant on the domain, ¢, is also harmonic with respect
to any other representative of [h]. Thus ¢ is determined by [h] in U.
Define

G:U X (—6,8) — dEgt‘(cpnh,[h])v

where dFE,, is the differential of Fy. Note that G([ho],0) = 0 and
dG|([ne],0) 1s of full rank because the (¢q, [ho]) is a strictly stable critical
point of E4. By applying the implicit function theory to G, there exists
a smooth path [h] in 7, such that G([h],t) = 0. Denote ¢, by ¢;.
It follows that (¢, [h¢]) is a critical point of Ey, and ¢, is a branched
minimal immersion. Because the energy F, depends smoothly on g, we
can conclude that (¢4, [hy]) is a strictly stable critical point for ¢ small
enough. Thus ¢y is a strictly stable branched minimal immersion. By
the construction of ¢; and the theorem of Eells and Lemaire in [8], one
also has that ¢; converges to ¢g in C*°. q.e.d.

Proposition 1. FEvery branched Lagrangian minimal surface in o
Kahler surface N with negative Ricci curvature is strictly stable.

Proof.  The surface can be realized as the image of a branched
minimal immersion ¢ from X to N. Let f. be defined as in (1), which
has support away from the branched points of g, and assume that V
is a vector field along o which is defined on X. Define the one-form 5.
on X by B:(u) =< Jf:V,u >, where J is the complex structure on N
and u € T3. By a result in [4] and [20], we have

PA(SY) = / (6.2 + 13622 — Ric([.V, [.V)) dA
V12 dA,
> c/zlf |

where Ric is the Ricci curvature of the Kahler surface satisfying

Ric(V,V) < —¢|V[?
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for some positive constant ¢. Thus
lim 2A(f.V) > limc/ |f-V|? dA > 0,
e—=0 e—=0 »
and the surface is strictly stable in the sense of Definition 2.  q.e.d.

Corollary 2. Let L be a branched Lagrangian minimal surface in
a Kahler surfoce with negative Ricct curvature. Then there is a strictly
stable branched minimal surface near L with respect to any Riemannian
melric which is close to this Kahler metric.

3. The oscillation of the conformal harmonic maps

Let ¢ : ¥ — N be a smooth map from a Riemannian surface ¥ to
a complete n-dimensional Riemannian manifold N. Let 6!, 62 be an
orthonormal coframe in a neighborhood of p € ¥ and let w!,--- ,w"
be an orthonormal coframe in a neighborhood of ¢(p) € N. Define
e, 1<a<2 1<I<nby

2
ol = Z(ploﬁa for 1 << n.

a=1

We have the structure equations for N and X:

n
dwl:wan/\wm and ol = —w" for 1<1,m<n,
m=1

2
d0* = 05707 and 05 =-05 for 1<e,8<2.
g=1
Deﬁnego%,lﬁa,ﬁﬁ&lﬁlﬁnby

n 2 2
dol, + > plorwh, + > ol =l 50,
m=1 f=1 p=1

Choose the local coordinates at p to be 0 and let p?(y) be the square
of the distance between ¢ and ¢(0) in (N, g). Then p?(p(z)) is a function
on ¥ and

Ap*(p(2)) =2 O el ) +20 Y prieheh +20>  prphas
o {

ko la
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where 1 < a <2and 1 <k, <n. The condition of ¢ to be harmonic is
equivalent to ) ¢l = 0 for all I. Tf we choose the normal coordinates

{yt, ..., 4"} at ¢(0), then
{ k.l
y okt Y'Y mY
pily) == and puly)=—— =2 Thi—
; 2T
When ¢ is harmonic, one has

Ap® =2|Vop|* =2 " Tekl,

Hence p?(¢(x)) is a subharmonic function on ¥ when the metric on N is
flat. A general Riemannian metric satisfies T'/}(y) = O(|y[). By taking
y = o(z), it follows that p?(¢(z)) is subharmonic when |z| is small.
Further computation shows that

Ap* VPP
p? pt
2

2
2w - Sorriichet 25 St
« l

Lemma 5. Assume that ¢ : (B2(0), Z?Zl(dxi)g) — (N, g) is a con-
formal harmonic map from a ball of radius 2 into a normal neighborhood
of (0) in N. Then we have

Alogp? =

C
2 < (2 2
énwa(g)p (p(z)) < (m) énﬁg)p (p(z))

for 0 <ry <ry <e <1, where € 1s a constant depending only on the
metric g, and C is a constant independent of r1 and ro.

Remark. The radius 2 in the Lemma does not matter, and the
main point is to have a ball of fixed radius which maps into a normal
neighborhood of ¢(0). The constant ¢ is chosen such that it is less than
the fixed radius, and p?(¢(z)) is subharmonic on B, (0).

Proof. When ¢ is a constant map, the lemma holds trivally. So we
assume that ¢ is a nonconstant map. Because ¢ is a conformal map,
we have

D@ = (eh)? =p® and > heh =0,
l}

l l

311
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where y is a smooth and nonnegative scalar function with isolated and
finite order zeros. Hence
0 0
d@(@) = per and d@(@) = pes,

where e; and ey are orthonormal. Therefore,

2
2
Alogp® = = ||Vl = o™ Thokel, —2> (Z pz@&)
« l

e

2
2 k1
- = 2u” = 20° > (Vp-ea)” — Zmeﬁ%%]
L a=1
27 k 1
> ? _2M2 - 2/1'2 - Z erﬂ@aWa}
> —cC

b

where the positive constant & depends only on the upper bound of |V|?
and the metric g. We use the fact that |Vp| = 1 in the first inequality.
A direct computation shows that Ar? = 2 and Alogr = 0, where r is
the distance function on the domain. Define

F(z) = €5 7@ 2 ((a)).

Then

Alog F(z) Alog p* + Ag r?

v

—Cc+c
= 0,
so that log F'(x) is a subharmonic function. Define

(r) Jnax (@) max (@)

Then the function

1 —1
log F'(x) 0872~ 08T log M (rq)

B log ro — log 1
is a subharmonic function and has nonpositive values on the circles of
radius 71 and ro. By applying the maximun principle to the annulus
between radius r; and r9, we conclude that

logre — logr

log M(r) < log M (r1)

log ro — log 1
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for r1 < r < ro. This means that log M (r) is a convex function in terms
of log r. Since the choice of ri and ry is arbitrary, the conclusion holds
for all 0 < r < 2. Now we want to compute the derivative of log M (r)
with respect to logr at + = 1 and bound it by a constant C. We have

dlog M(r) _ dlogM(r) dr _ M'(r)

dlogr dr dlogr - M(r) "
where .
M(r) = max F(z) = 2" max p*(p(c))
and

!
< .
M'(r) < Jnax |VF(z)]

A direct computation shows that

VF@)| < are2” o (p(@)) + 2627 p(p(a)) | Vple())]
< eret” () + 257 plp(a))| V()

for x € 9B,(0). Hence

M'(1)
M(1)

maxpp, | V()]
maxyp, p(p(x))

maxyp, p(e(@))|Vel

<e+2
maxyp, p*(p(x))

<é+2

So we can choose
maxyg, |Ve(z)|

maxap, p(p(z))
Because the slope of a convex function is increasing, we have that

C=c+2

log M (re) —log M (r1)
logre — logr;

<,

for 0 < r1 < ro < 1. Therefore,

M(’I“l) (Al
or

M(rs) < ("2\c

M(’f‘l) o

Thus we have

T2\ ¢

c .2
e2 "2 max 2(p(x
oB,, P (p(z)) < (2

e2" maxop,, pP(p(x) 1
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Choose ¢ such that p?(p(z)) is subharmonic when |z| < e. Hence

max p* (ip()) = max p*(ip(x))

for r < e. It follows that

T

2
maxp,, p*(p(x) _ 2" maxop,, p*(p(@)) _ (20
2 — ?

maxg, p?(p(z)) ~ 57 maxgp,, p*(p(z)) 71

i wolon

when 0 <7 <ry <e. q.e.d.

4. The adjunction numbers

For a real surface ¥ in a Riemannian 4-manifold N which has an al-
most complex structure Jy, one can consider the intersection of 1,%
and JyT,X for points x € 3. There are only two possibilities: ei-
ther T, N JyT,X = {0} where x is called a totally real point or
T, = JyT,.Y% where x is called a complex point. When the complex
points are isolated, it has a well-defined index at each complex point
and there are formulas which relate the total number of the complex
points with indices to the topology of ¥. (See [5], [7], [31], [32], [33].)
The characterization given by Chen and Tian [5] is the following:

an () :/E(KT+KN) dA =" "ind xy,

where K7 and Ky are the Gaussian curvatures of the tangent bundle
and normal bundle of ¥ in N respectively and ind z; is the index at a
complex point zg. The first equality is the definition of the adjunction
number ay(X) of ¥ in N, and the second equality is a theorem proved
in [5]. The tangent planes and normal planes on a branched minimal
surface are still well defined even at branched points [11]. The above
discussions also hold for branched minimal surfaces and in that case the
integral is understood as an improper integral. Moreover, it is proved
by Webster [31] and also by Wolfson [33] that the complex points on a
branched minimal surface are isolated and all of negative index when
the surface is not holomorphic or antiholomorphic.

The bundle of complex structures on R% along a minimal surface
Y was discussed in Schoen’s unpublished paper [26]. For the sake of
completeness and the readers’ reference, we adapt the argument to our
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settings and include a discussion here. One can identify the 2-vectors
A?R* with the anti-symmetric 4 x 4 matrices by associating to a 2-vector

n
4

1
n= 5 k;1 akier N ey

the anti-symmetric matrix 4 = (ag;), where {e;, 1 < k <4} is an
oriented orthonormal basis of R*. The inner product of A2R* induced
on the anti-symmetric matrices is denoted by < ., . >, and it is

1
< A,B>=—3Tr(AB)

for A, B anti-symmetric matrices. Denote the set of oriented complex
structures on R* by C,. That is, it is the set of positively oriented
J: R — R? satisfying

JI=1, J?>=-I,

where J! is the transpose of the matrix .J. The image of C; under the
above identification is the sphere of radius v/2 in /\iR4 which consists of
the self-dual 2-vectors in A2R*. Let {fi, 1<k <4} be another oriented
orthonormal basis of R?*, where f, = >, mye; and denote M = (myy).
Note that M*M = I, and thus Mt = M~ If a 2-vector 7 is identified
with a matrix A in the basis {ex, 1 <k <4} , it is identified with the
matrix M~YAM in the basis {f;, 1<k <4}. If a complex structure in
the basis {eg, 1 <k <4} is expressed as a matrix .J, it is expressed as
M~YJM in the basis {f, 1<k<4}. Thus we have the identification as
a bundle on a Riemannian 4-manifold N. Denote the total space of the
restricted bundle on ¥ by E. We claim that F has an almost complex
structure. The fiber S? has an almost complex structure or we also can
define the almost complex structure directly from Cj as follows. Let A
be the set of anti-symmetric 4 x 4 matrices. For J € (4, one has

TJC4:{AEAAJ—|—JAZO}
We define an almost complex structure
J: TJC4 — TJC4

on Cy by J(A) = AJ. Tt is easy to check that this is a right defini-
tion and it gives an almost complex structure on the fiber. The same
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construction gives an almost complex structure on Co; for [>2 as well.
Using the Levi-Civita connection we have a complement to the fiber
which is called a horizontal space, and it can be identified with T'%
via the projection map. The identification induces an almost complex
structure on the horizontal space. Therefore, we have an almost com-
plex structure on the total space F and we will denote it still by J.
Assume that u(¢) is a section along a curve ~(¢) in ¥ and dzl—gt) =T.
Then (y(¢),u(t)) is a curve in E and the projection of its tangent vector
into the fiber is just Vru.

Assume that {e1, eq,e3,e4} is a local, oriented orthonormal basis of
the tangent bundle TN over ¥ such that {e;,es} is an oriented basis of
T3, We define an almost complex structure Jy of T'N along 3 by

Jo(e1) = ez, Js(ez) = —eu,
J2(€3) = €4, J2(€4) = —¢€3.

Hence Jx is a section of the above bundle. Chen and Tian [5] shows
that

1 1
Kr+ Ky = Q2 + Q34 + §\H\2 — Z!VJE\Qa
where Q; are some ambient curvatures, H is the mean curvature on
satisfying
H|” = (b + h3)” + (hiy + h3,)?,
and
IV Js|? = 2(hiy — Bi1)® + 2(hiy + h11)? + 2(hae — hils)” + 2(h3y + hay ).
Thus one has

1 1
on(D) = [ (@24 Qs+ 5 HP = 7IVA?) dA.
3

We will consider maps from ¥ into N from now on. Hence the surface
on the above discussions should be replaced by the image of a map. But
we will use the same notation whenever there is no confusion.

Lemma 6. Assume that ¢ : X — (N,g) is a branched minimal
immersion. Then the map Jx : ¥ — E is holomorphic.

Proof.  Assume that x',2? are the conformal coordinates near a

point p on X for the pull back metric. Denote the complex structure by
4 which satisfies

0 9 4,9 __9
T0at =~ 022 1022 = " at
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Let {e1, e2,e3,e4} be a local, oriented orthonormal basis of the tangent
bundle TN as described before in a neighborhood of ¢(p) on ¢(%).
Therefore
a . a .
d@(@) = pe; and d@(@) = pey,
where p = \d(p(a%l)\ = \d(p(a%g)\. Note that Ji(5), which we will denote
by Jsx instead, can be identified with

—(e1 ANes +es Aey).
When p is an unbranched point, we have
Ve, (€1 Nex +es Aea)
=VeerNey+e1 AV ea+VeesAeg+e3 AV ey
= (h3,e3 + hijes) Aea +er A (higes + hiyeq)
+ (=h3er — higes) Aeq +e3 A(—hijer — higes)
= (h3y + hiy)er Aes + (hiy — hi)er Aey
+ (—=h3, + his)ea Aes + (=hip — h35)es Aey
= (hly —hi)(e1 Aeg+ea Nes) + (hiy + hi)(er Aes —ea Aey).
A similar computation gives
Ve,(e1 Aes 4+ ez Aey) =(hie — hiy)(er Aeq + ez Aes)
+ (h3y + hyy)(e1 Aes —ex Aey).

The 2-vectors are identified with the anti-symmetric matrices, so we mix
the notation sometimes. It can be checked that

e1 Neqs+exNesg € TJEC4 and ej Aeg—egNey € TJZC4.
Furthermore, we have
._7(61/\64—1—62/\63) =e1 Nes —ex Ney

and
J(el /\63—62/\64) = —(61/\€4+€2/\€3).

Because one has h3; = —h3, and h}; = —h3, on a minimal surface, it
follows that

TIVe (e1 Nes +e3 Aey)
= (hiy — hi1)(e1 Aes —en Aes) + (—hiy — Bi1)(e1 Aes +ea Aes)
= (h]y + h3y)(er Aes —ea Aes) + (hgy — hiy)(e1 Aeg + ez Aes)
= Ve,(e1 ANea + e3 Aey).

317
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That is, we have JVe¢, Jx, = Ve,Jx . Since the almost complex struc-
ture on the horizontal space is given by the identification with T'%, the
map also satisfies the holomorphic condition in the horizontal space.

Thus 5 5 5
J@) = sz(@) = deE(ﬁ)a

or Jy; is holomorphic away from the branched points. Because Jy is a
continuous map, it then follows that Jy; is in fact holomorphic at all
points on % by the standard fact in complex analysis or see discussions
below. q.e.d.

dJs(

We would like to write the holomorphic condition in local coordi-
nates and show that it is equivalent to satisfying a first order elliptic
system. Let {ej, ea,es,e4} be a local, oriented orthonormal basis of the
tangent bundle TN. Then

FEi=ei ANes+e3 A ey,
Fy=¢€e; Nes —es A ey,
Fy=e1 Neg+es Neg
becomes a local basis for the bundle of self-dual 2-vectors. Assume

that > J;E; is a section of this bundle. Its covariant derivative is then
defined to be

0J;
V%ZJZ'EZ': ﬁEi+ZJj<V%Ej,Ei>Ei-

Note that C, is identified with a sphere of radius v/2 in A%_R‘*. Thus if
> J;F; is in this subbundle, one has

Ve, Y JiEi = aiéi+ ik and Vo, Y JiBi = ast1 + bobo,

where £1,&, are of length v/2 and orthogonal. The almost complex
structure on the S? bundle is defined to be

J(&) =& and J(&) = —&.

A section is holomorphic is then equivalent to a1 = by and by = —ao.
Assume that Jx is identified with

—(e1 Aea +e3 Aey)
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at a point p and is written as Y J; E; near p, where J; = —4/1 — J22 — J32.
Thus

ap = <VLZJZ'EZ'7€1>

0J;
= 81<EZ,£1>+ZJF < Ej& >
and by, ae, by also have similar expressions. We can choose & = F»
and & = —F35 at p. Then at p,

aJ5
al axl + 5 J Flj’ — E J Fl]’
and . oJ
2 3
a2 = 81‘2 + E J; F2j7 2 = 8;52 E J F

The symbols for the equations a1 — bs = 0 and a2 + by = 0 are nonde-
generate at p. By continuity, they are still nondegenerate near p. Hence
J1, Jo satisfy a first order elliptic system and the coefficients of the lower
order terms are related to FZ only.

5. The limit of the adjunction numbers

Theorem 3. Let ¢; : X — (N,g;) be a stable branched minimal
immersion from a closed surface &2 to a Riemannian 4-manifold (N, g;).
Assume that g; converges to go and ; converges to @y in C°, where
wo 48 a branched minimal immersion from % to (N, go). Then

a(o(3)) = lim a(pi(%)).

1—00

Proof. Without loss of generality, we can assume that g has only
one branched point at zg. Let B,(xp) be the ball centered at xg of
radius r with respect to the pull back metric ¢j(go). For ¢ large enough
all the branched points of ¢; are within B, (z¢) and K%+ K¥ converges
to K% + K% on X\ B,(zp) uniformly. Thus

alpo(X)) = lim (K7 + KY) dAg
r—0 S\ By (20)

= lim lim (K% + KY) dA;

r—0i—o00 S\ B (x0)

= lim a(@;(X)) — lim lim (KL + KY) dA;,
11— 00

r—0i—o00 B, (z0)



320 YNG-ING LEE

where dA; is the volume form for the pull back metric ¢} (g;). Because
. . . , 1 1
Kp+ Ky = Qp + Oy + 5 |Hi|” = 2|V
and H; = 0 at unbranched points, we have

lim lim (Ki + KY) dA;

r—0i—00 B, (z0)

) ) 1
= lim lim (Qy + Q% — ZyVJZ-\?) dA;

r—0i—00 B, (UUO)

= lim (% + Q84) d4o
r—0 Br(iUO)

1
— Zlim lim IVJ;|? dA;

r—0i—00 B, (CUO)

1
— —Z lim lim IVJ;|? dA;.

r—0i—00 By (%0)

If we can show that lim lim fBr(l‘O) |VJ;|? dA; = 0, then the theorem

r—0i—00

will be proved. Express the pull back metric as h; = ! (g;) = A2h;,
where h; is a smooth metric with the volume form dA;, and A; is a
smooth scalar function with isolated and finite order zeros. We can
choose \; suitably such that A; and h; converge to Ay and hg in C®
respectively. Choose r small enough such that B,(xg) is a conformal
neighborhood for all h;. Compose ¢; with a conformal transformation
on B,(zg) if necessary, we can assume that z!',z? are the conformal
coordinates for all h;. Because the image is minimal, by the discussions
in last section, it follows that |V o J;| is bounded for any fixed ¢. That

is, the energy density of J; with respect to the metric h; is bounded for
any fixed i. We change the metric on the domain to h;, but still use
the same notation |V.J;|. If |V.J;| is bounded in B, (zg) by a constant ¢
which is independent of 7, then

lim lim IVJ;|?dA; < e¢lim lim dA;
r—01i—00 B, (z0) r—0i—00 B, (z0)
= clim dAg
r—0 Br(iﬂo)
= 0.

When the domain is two-dimensional, the energy is a conformal invari-
ant on the metric of the domain. Hence the left-hand side is exactly
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the quantity which we want to control. So that in this case the theorem
follows.

Now assume that

max |VJ;(z)| = for i >0,
xE€By(x0)
where b; tends to oo, and assume that the maximun value b; is obtained
at z;. Because Ki+ K4 converges to K%+ K¥; uniformly on ©\ B, ()
for any r, the sequence x; must converge to xy. We define a new metric
h, = b?ﬁi on the domain, and choose a ball of radius %LT around z; with
respect to k.. Now we can consider ¢; as a map from By, (0) in R?
2

to (N, g;). If we denote the energy density with respect to k! still by
|VJ;|?, then we have |VJ;(0)] = 1 and [VJ;(z)| < 1 for z € By, (0).

2
Because J; satisfies a first order elliptic system in local coordinates, by
an interior Schauder estimate [1], one has

| it < C|Jilo;Bs + | filo,e;B2)s

where C' is a constant, and f; is related to the Christoffel symbol of A/
only. (See the discussions at the end of last section.) Since the metric
Rl converges to the flat metric on By, it follows that |f;o.q;p, converges
to 0. Thus |J;|1,q;8, is uniformly bounded. By the Ascoli-Arzela con-
vergent Theorem, we have J; converges to a section J uniformly in C*
and

(2) [VJ(0)] = Tim [V.75(0)| = 1.

Note that B, (zg) is a conformal neighborhood for h; with conformal
coordinates z', 2. With the coordinates, we denote the ball of radius 5
at z; in the Euclidean metric by D¢ (0). The map ¢; is a conformal har-

monic map from (D¢ (0), Zizl(dxa)g) to (N, gi). Define g;(z) = pi(3:).
Then ¢;(x) is a conformal harmonic map from (Ds,-(0), Zzzl(dxo‘)2)
2

to (N,g;). Let p*(y,g;) be the square of the distance between y and
©i(0) in (N, g;). Assume that
max p* (i), g;) = max p*(i(z), ;) = €.

1 Dy
by

Because b; tends to oo , it follows that ¢; tends to 0 and p?($;(x), g;) is a
subharmonic function on D1(0) for ¢ large enough. Thus the maximun

321
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value ¢ for p?(¢;(z), g;) can be attained at z; € D;(0). By choosing a
new parametrization we can assume that Z; is fixed, say at the point ¢ =
(1,0). The image ¢;(D1) is a branched minimal surface in (N, ¢;). Since
g; converges to gg, the monotonicity constant for branched minimal
surfaces and the radius where the bound holds can be chosen uniformly.
Therefore, [24]

area (¢;(D1), g:) = area (9i(D 1), 91) < cc;.

Define a new metric g, = ci_2gi on N. Let ||V@;][? be the energy density
of ¢; with respect to the metric g/. Then

/ IV@;i||? dA = 2 area (@i(D1),g}) < ec.
Dy

Because there is no harmonic map from S? into (R?, Zizl (dy*)?), there
cannot be any energy concentration. Moreover, ;(0) = z; converges
to zg. Thus there exist a subsequence, which is still denoted by ¢;,
converges to a smooth harmonic map ¢ from (D1(0), Zzzl(dxo‘)2) to
(R*, Zizl(dyk)% in C™ by a result of Sacks and Uhlenbeck [25]. More-

over,
4

PP(@(), Y (")) = lim p*(i(a), g7) = 1.
k=1

Hence ¢ is a nonconstant map.

For any L > 1 we claim that the energy FE(g;(Dyr),g;) is also
unformly bounded. This follows from a modification of the proof of
Lemma 5.

A modification of Lemma 5. Because g; converges to gg and
@; converges to ¢y in C°, there exists a uniform e such that ¢;(D,)
lies in a normal neighborhood of ;(0) in (N,g;), and p?(w;(z),g:) is
subharmonic on D.. Moreover, we also have that

[T (i ()]

[Vei(x)| and plei(@), gi)

are uniformly bounded on D.(0). Thus the constant ¢ in Lemma 5
can be chosen uniformly. Since p(y;(x),g;) converges to p(wo(x),go)
and maxap, p(wo(z),g0) is positive, it follows that maxap, p(¢;i(x), g;)
has a uniform positive lower bound. The constant C; in Lemma 5 can
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then be chosen uniformly. In conclusion, we show that there exist pos-
itive constants ¢ and C' such that ¢; : (Dz(0), Zizl(dwa)g) = (N, g:)
satisfies ry

fgaxﬂg(%(x),gi) < (=) max p*(¢i(2), i)

72 1 Dry

for any 0 < ry < r9 < e. Note that a constant conformal factor on the
metric of the target will not affect the conclusion. Because 5 < e fori
sufficiently large, Lemma 5 can be applied to ¢; on Dy, Thus we show

that

max p*(@i(x), 9;) < LE max p? (i), 97) < L.
L 1

Since ¢;(Dr) = ¢i(D L) for 4 sufficiently large the image lies in a

ball in (N, g;) where the monotomclty formula holds. The same argu-
ment as above shows that area (¢;(Dy),g]) < ¢L® [24]. That is, the
energy E(¢;(Dr),9;) < Cp, where Cp, is a constant depending on L
only. Therefore, there exists a subsequence of ¢;, which is still denoted
by @;, such that ¢; converges to a smooth harmonic map ¢ from Dy (0)
to (R, Zizl(dyk)g) [25]. Choose a sequence Ly which tends to oo and
use the diagonal process to choose a subsequence which converges to a
smooth harmonic map ¢ in any compact set of R% [25]. Here ¢ is a
harmonic map from (RQ,ZZZI(de‘)2) to (R4,Zi:1(dyk)2). Consider
the variations of ¢ which have compact supports and vanish near the
branched points. Because there are no branched points of ; in the
support of the variation for ¢ large enough, the stability of ¢; implies
that of ¢ (for such variations). By the same reason as above, we can
show that the area of ¢;(D}) is of quadratic growth by the monotonicity
formula [24]. Thus the area of p(R?) is also of quadratic growth. Tt is a
theorem of Micallef that every complete stable branched minimal sur-
face in R* which is holomorphic with respect to some complex structure
on R* ([18], [19]). (The stability is for variations which have compact
supports and vanish near the branched points.) In particular, it implies
that V.J = 0, where .J is the section associated with ¢(R?). The section
J; converges to J in C'° on any compact set away from the branched
points. On the other hand, we know that J; converges to .J in C1® on
B1 by (2). Thus J = J on B; and

IVJ(0)| = lim [VJ;(0)] = 1.
11— o0

It is a contradiction. Hence |V J;(x)| is uniformly bounded with respect
to h; and g¢;. The theorem is then proved. q.e.d.

323
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6. The main theorem

Theorem 4. Assume that (N, go) is a Kahler-FEinstein surface with
first negative Chern class. Lel [A] be a class in the second homology
group Ho(N, Z), which can be represented by a finite union of branched
Lagrangion minimal surfaces with respect to the metric go. Then with
respect to any other metric in the connected component of go in the
moduli space of Kdhler-Einstein metrics, the class [A] can also be rep-
resented by a finite unton of branched Lagrangian minimal surfaces.

Proof. Let g be any metric in the connected component of gq in the
moduli space of Kahler-Einstein metrics. There exists a smooth family
of Kahler-Einstein metrics g4, 0 < ¢ < 1, satisfying g1 = ¢g. A metric
is said to have the property P if the class [A] can be represented by a
finite union of branched Lagrangian minimal surfaces with respect to
this metric. Let

T={1|te€]0,1] and g; has the property P}.

From the assumption of the theorem, we know that T" contains 0. Now
assume that ¢ belongs to T. That is, the class can be written as [A] =
U [wi(E:)], where ¢; : £; — (N, g¢,) is a branched minimal immersion
and the image is Lagrangian. We will deform each ¢; separately. So
now we only work on a single map ¢y, : ¥ — (N, ¢g4,). It is strictly
stable by Proposition 1. Thus by Theorem 2 there exists a strictly
stable branched minimal immersion ¢; from ¥ to (N, g;) for |t —to| < €
and ¢; converges to ¢y, in C*°. The Lagrangian surface ¢y, (2) satisfies
a(py, (X)) = 0. Because the adjunction number is an integer and

Jlim a(e:(5) = ol (D)

by Theorem 3, a(p;(2)) = 0. Since the complex points on a branched
minimal surface which is not holomorphic or antiholomorphic are iso-
lated and of negative index (see [31], [33]), it follows that ¢;(X) is totally
real. A totally real, branched minimal surface in a Kahler-Einstein sur-
face with C1 < 0 is Lagrangian ([5], [33]). Thus ¢(X) is a branched
Lagrangian minimal surface. Because there are only finite maps, we can
choose ¢ such that each ¢; has a deformation in |t — ¢| < e. Hence the
class [A] can be represented by a finite union of branched Lagrangian
minimal surfaces with respect to the metric g; for |t — {y| < €. That is,
the set T is open.
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Next we want to show the closedness of 1. We need to get an area
bound and we first show this for a smooth family of branched minimal
immersions ¢; : ¥ — (N, g¢), to <t < b, which can be thought as the
maps obtained above. Denote the area of ¢(X) in (N, ¢;) by A(v, 91)
and h(t,z) = (pt F(g¢)(xz) with volume form dA;. The pull back metric
h(t,z) = At,z)2h(t,z) for some smooth metric h(t,z) with the volume
form dA;. Then

2
A .. :
dAprgr)  _ / > W (t)hij(t,x)dA,
3

dt i,j=1
2

- / S B9 4, )i (1, ) d Ay
Y=l

Note that

4
Z 3<Pt($)k dopi(z)!
Z] t ‘fI" gkl t Spt a(IIZ a(I;‘J .
k=1

Hence

8hij (S, (II)
Jds

&Pt(fﬁ)k &Pt(x)l
s=t Ox’ ozJ

3<Pt($)k &Pt(w)l
s=t Ozt oxJ

= 24: Igri(s, ¢t (x))

= Js
s k=1

4
Agri(t, pi(x)) Ops ()™
+ Z oy™ Js

kei=1

4
agws(x)k
+ k§1 gri(t, (7)) =55

4
Ay () 02, ()
+ E :gkl(ta@t(ﬁ)) (;l(EZ) 853(703)
k=1

Oy (x )l
s=t (9£Ej

s:t.

Because ¢ is a branched minimal immersion, the contribution of the
terms which are obtained from fixing g; and varying ¢, is zero. Thus
we only need to consider the situation where ¢, is fixed and only ¢, is
varied. In this case

(o) = 3° 2oule@))) | Do)t doile)

Os Ozt oxd
k=1
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For fixed ¢ and z, we choose the conformal coordinates for hy at x such
that hg;(t,z) = 6;;A% or hy;(t,z) = &;;. We also choose the normal
coordinates for g; at ¢¢(x) such that g (t, p1(x)) = dg;. Then at (¢, )

4
Oy (x)* Oy (z)*
k=1

Because ¢; is a fixed smooth family, the quantity ]MT%\ has a
uniform bound ¢. Hence

k I
Oy (z)" Opy() dﬁt

dA((Pt,gt) _ z] 8gkl S Qot( ))
dt / Zh s 5=t oxt ozl

< / &Pt ‘&Pt( z)! A,
» a(IIZ
ki
8 8 -
klz
= c/AQdAt
3
< cAlpt, g9t)-

Moreover, A(p;,g:) < e“=%) A(y, g1,). The Gauss equation for mini-
mal surfaces is

?N(taw) = Kz(t,x) + ‘II‘%((I;)

at unbranched points, where K y (¢, z) is the sectional curvature of (N, g;)
on the tangent plane of () at ¢i(x), Kx(t,x) is the Gaussion cur-
vature for the pull back metric h(t,z), and |II;|>(z) is the norm of the
second fundamental form of ¢(X) in (N, g:) at ¢i(x). Integrating on
both sides of the equation, we get

/ Rl z) dd, = / Ko(t,z) dAq + / I 2(2) dA,
> > >
= 2r() +20B(0) + [ TP () da,
>

where B(t) is the total branched order of the map ¢;. Note that the
integrals in the formula are all understood as improper integrals. Be-
cause we have the area bound for ¢;(3) and K (¢, z) is bounded for a
fixed family g;, 0 < ¢ < 1, it follows that [y, [II|*(z) dA4; + 2nB(t) is
uniformly bounded.
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Similar to the lemma of Choi and Schoen in [6], one can show the
boundness of the sup norm of |II;|?(x) in a ball away from the branched
points, if the L? norm of |IT;|?(z) is sufficiently small in a larger ball
(compare to [2]). Since [ |[II;|*(z) dA; is uniformly bounded, by ap-
plying Sacks and Uhlenbeck’s covering argument [25], one can pick up
a subsequence which converges to a branched minimal surface. Because
the surfaces are Lagrangian and the areas are bounded, the limit sur-
face is Lagrangian (see [27] and compare with [15],) and the area of the
limit surface is also bounded by the same constant. The area of a closed
minimal surface has a lower bound which depends only on the injective
radius of the ambinent manifold. Because g; is a fixed smooth family
of metrics for 0 < ¢ < 1, this lower bound can be chosen uniformly.
Thus once we have the area bound for the union of closed minimal sur-
faces, the total number of closed minimal surfaces in that union will
be bounded. This shows that b € T and we can use the openness to
continue the deformation. Although we do not have a lower bound for
the length of the interval where the deformation can go further on each
step. We do have a global area bound for the family of minimal sur-
faces during the process. Moreover, the topology is bounded and the
union is finite. The same argument as above shows the closedness of T'.
The nonempty set T is both open and closed. So it must be the whole
set [0,1]. That is, the class [A] can be represented by a finite union of
branched Lagrangian minimal surfaces with repect to the metric g = g.
This completes the proof. q.e.d.

Now we give a simple application of the theorem. Let
N = (M,g) x (M,g),

where (M, g) is a closed Riemannian surface with a hyperbolic metric.
Assume that f is a map from a closed surface 3 to M whose induced
map on the first foundamental group 7 is injective. Then the induced
map of (f, f) on m is also injective and there exists a branched minimal
surface in the homotopy class of (f, f) by a result of Schoen and Yau
[28]. Because the metrics on the two components of N are the same, the
branched minimal immersions in the homotopy class of (f, f) must be
of the form (f, f) by the uniqueness of harmonic maps into a hyperbolic
space [12]. Thus the branched minimal immersions are Lagrangian if
we reverse the orientation on the second component. By the same ar-
gument as in [16], it follows that the branched minimal surface in the
homotopy class is unique since every branched minimal surface in the
class is Lagrangian.
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Now we change the metric on the second component in its moduli
space of hyperbolic metrics. By Theorem 4 we still have the existence of
the branched Lagrangian minimal surfaces in the homotopy class with
respect to the new metric. The Lagrangian minimal surfaces obtained
here can be of different topology with the one we have in [16]. One
can also try to combine our existence result in [16] with Theorem 4 to
get the existence of the branched Lagrangian minimal surfaces in other
classes.
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