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L?-CURVATURE BOUND FOR PSEUDOHOLOMORPHIC CURVES
IN SYMPLECTISATIONS

Shih-Tsai Feng

Abstract. We provide an L?-bound for pseudoholomorphic curves in symplec-
tisation of contact manifolds which is the first step for compactness theorem
in symplectic field theory introduced by Eliashberg, Givental and Hofer.

1. INTRODUCTION

It is now well-known that compactness theorem plays a fundamental rule in the
theory of pseudoholomorphic curves. The Gromov-Witten invariant can be defined
through the intersection of a suitable compactified moduli space of pseudoholomor-
phic curves. If the ambient manifold is closed, compactness result was first proved
by Parker and Wolfson [8], through a detailed bubbling-off analysis. The method
was more systematically treated by Ruan and Tian in [9]. A key step in the bubbling-
off which leads to the structure of degeneration of pseudoholomorphic curves is an
L? estimate of some geometric quantity of the pseudoholomorphic curves. In the
colsed case, the energy of the pseudoholomorphic curve gives a natural I?-bound,
on which the bubbling-off analysis is based. The situatin is different if the ambient
manifold is non-compact or with boundary. In this paper we provide an L?-bound
for the curvature when the ambient manifold is symplectisation of contact manifold.
The idea of proof is a construction of Hofer et al in [2, 3].

2. Periobic OrBITS AND LocaL CorDINATES NEAR THE ENDS

First, we will introduce necessary preliminaries that is needed for our computa-
tioins in later section. We remark that the notions introduced here are quite general
so that symplectic manifold with contact boundary is a special case.
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Let (M, €) be a (2n + 1)-dimensional contact manifold with contact structure
&. The manifold is called so-oriented if we can choose an one form ), called the
contact form, so that £ = kerA. By Frobenius’ theorem the contact condition is the
maximal non-integrability of the tangent hyperplane field £. This is equivalent to say
that (d\)™ A\ is a volume form on M and d\|¢ gives a symplectic structure making
(&, dX|¢ ) asymplectic vector bundle over M. There is a unique nonvanishing vector
field on 7'M such that . x X\ = 1 and ¢xd)\ = 0; X = X, is called the Reeb vector
field of A. With this, the tangent bundle 7'M splits

TM = ¢ ® RX.

For each contact manifold (M, ¢), we can associate a manifold M = (T'M/¢)*
\M, called the symplectization of (M,¢). A choice of the contact form A then
defines a splitting M = M x (R\0).

The sympletization of a contact manifold is an example of a symplectic manifold
with cylindrical ends. A possibly non-compact symplectic manifold (W, w) is called
a directed symplectic cobordism if the following holds. It has ends of the form
Et =M% x[0,00) and E~ = M~ x (—o0, 0] such that M/* are contact manifolds
and w | 7+ = d(e!A*), where \* are the contact forms on M/*. We also denote a

 R———

directed symplectic cobordism by A7~ M. In particular the ends can be of finite
length and if it has infinite R-length, we will call it a complete directed symplectic
cobordism.

The case which is of particular interest to us is the following. Let (M,w) be a
symplectic manifold and A/ C M be a contact hypersurface dividing M into two
parts W_, W... Then near M, w is of the form w = d3 for some one form /3 on M,
and X\ = 3 |;; defines a contact form on M. We can construct two new complete
directed symplectic cobordisms from the above situation by setting

(W, w™) = (W_,w) | J(M x [0,00],d(e'\))

and .
(W2, ws) = (M x (—00,0],d(e'\) | Wy, w).

Now let (X,,, u,) be a sequence of J-holomorphic maps. Here ¥,, is a Riemann
surface of genus g with s* positive punctures x* = {z7, - - -, x:+}, and s~ negative
punctures x~ = {x,---,x_}, jn is a given complex structures on ,, and
Up, : 2y — M is a J-holomorphic map with finite energy. Here the finite energy
condition is that near the ends of M

&) B(in) =sup [ ad(7x4) < oc
fesJxe,

for each n where S = {f € C*(R,[0,1]) | ' > 0}.
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For a co-oriented contact manifold (M2"+1 £, \) with contact structure & and
contact form A so that & = ker\, let X be the Reeb vector field corresponding to A,
i.e. txA =1, xd) = 0. As we have mentioned that £ = ker\ defines a symplectic
vector bundle over M with symplectic structure d\ | £ Since txA = 1 and
txd\ = 0, the tangent bundle 7'M splitsinto TM =RX @&, Letw: TM — &
be the projection, then for any h € T'M,

h = Ah)X +m(h).

Finally choose J to be a d\ | £ compatible almost complex structure on &, so
that .
95(h, k) :=dX | £(h, Jk)

defines a Riemannian metric on &.

We will consider the following first order elliptic system for maps:
u=(a,i):C—Rx M
defined by
Tl + J(u)miy = 0
w*Aol =da

()

where z = s + it € C. Introduce an almost complex structure .J on R x M, by
Tagm)(h k) = (=X (k), hX (m) + J (m)7k)

where (h, k) € T4 m) (R X M). Then it is easy to see that J? = —1 and hence it is

really an almost complex structure on R x M. For later use we will also consider
the cylindrical coordinates s + it which is given by the biholomorphic map

$:RxS"— C—{0}

with ¢(s + it) = e>*(+®)_ The equation (2) is then equivalent to the following
equation.

@) u=(a,) : RxS' —RxM
3
us + J(u)ug =0

As explained above, to get interesting solutions we have to impose the finite
energy condition, and compactness theorem is to consider sequence of maps satisfy-
ing (3) and its convergence property. For this we recall some asymptotic properties
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of maps satisfying due to Hofer et al. In the famous work [ 2 ], Hofer studied
the asymptotic behavior of a J-holomorphic map from an infinite cylinder to the
symplectization of a contact manifold. He showed that for a finite energy map
u = (a,%) : R x S — R x M, there is a sequence R, — oo such that
limy 00 u(Rge?™) = x(Tt) in C*(R). Here T is a period of the Reeb vector
field and «(¢) is a T-periodic solutioon of the Reeb vector field. Furthermore if
the solution is non-degenerate then lim g u(Re?™) = z(Tt) in C*°(R). As a
consequence of this result, we may choose the so-called Darboux coordinate near
the periodic solution z(¢) and the computation then becomes a local one.

The above theorem of Hofer is then extended in [ 3 ], they showed that for a finite
energy J-holomorphic map u = (a(s,t),0(s,t), z(s,t)) from an infinite cylinder,
there is an exponential decay for the components a(s, t),0(s, t). Furthermore there
is an explicit expression for the component z(s, ¢t) see Theorem 2.8 in [ 3]. In the
following computation we will make use of the above two results. Now we begin
the computation of the curvature.

3. L2 ESTIMATE oF THE CURVATURE

Let u = (a,@) : R x S — R x M be a finite energy plane, we want to
compute near the asymptotic limit of « the curvature of R x M restricting to the
image of u, namely we want to compute R(us, us, us, us) Where R(-, -, -, -) is the
curvature operator and (s, t) is the coordinate on R x S*.

For this purpose, according to Hofer , it is enough to study u = (a, @) : [s, 00| x
S — R x M with s large enough (s > so say) in a tubular neighborhood of the
T-periodic solution z(t) of the Reeb vector field, z(t) = X (x(t)).

Choose the so-called Darboux coordinate near z(t) by

St x R?", fo

where the positive solution is on S x {0}, f is a positive smooth function and
A = fAg is a contact form with

n
Ao = df + Z xz;dy;
i=1
being the standard contact form of S! x R?". Here we set
(0, x1,91,.. .2, yn) to be the coordinate of M in the tubular neighborhood of
x(t), and (a, 0, 1,41, .. .2, yp) to be the coordinates of R x M.
With this coordinate, we compute

d\ = Z(xifﬂ — fy;)dO N dy; + Z(_fmi)de Ndz; + Z(xifa:i + f)dx; A dy;

i=1 i=1 i=1
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+ > aj(fadwi + fydys) A dy;
J#
By considering the equations :x A = 1 and ¢ xd\ = 1 for the Reeb vector field
X, we find

X= (f + iZ;(xifmi)% -3 (Caifo - Fu) e+ f%))] .
For later use, we will also write X = (Xy, X3, X7,..., X,,, X]), namely
X; = _xz‘fefg i

X! = _J;j;
FA it
Xp = 7?2

Now let &€ = kerA. To go further, we will introduce a new coordinate system in
the tubular neighborhood of z(t) such that in this coordinate, d\ | £ takes a simple
form. Set

L — 9 I g + 9
“ T 00T T80 T By,
i=1,2,...,n, then we find
foifi=j
dX | E(es, €)) = .
0 otherwise

and dX | &(e;, e5) = dA | E(el, €) =0, ie in{e,e},i=1,2,...,n

AR
0 1
-1 0
0 1 0
-1 0
x| &= f
0
0 1
-1 0

For simplicity, we take the compatible almost complex structure .J on & to be

T /
Je; =¢;
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and
/
Je; = —e;

i.e. interms of {e;, e}, i =1,2,...,n

0 1
-1 0
0 1 0
-1 0
J=
0
0 1
-1 0

We also have a simple expression for the metric on TM = RX & ¢ in terms of
coordinates X, ey, €], ..., en, €,. Recall that the metric is defined to be

(h, k) = A(RA(K) + g 3(wh, k)
for h,k € TM, where g;(-,-) = dX | (-, J-). Now the matrix for (-,-) is simply

1

f
f

Now we compute R(us, ut, us, uy) mentioned above. For a finite energy cylinder
u=(a,%): Rx S — R x M, where

u(s,t) = (a(s,t),0(s,t), z1(s,t),y1(s,t), -+, zn(s, 1), yn(s,t)) and R x M
has the complete metric < («, h), (3, h) >= af +X(h)A(k) + g;(mh, ©k), we first
represent i, u; in terms of the coordinates X, eq, €], -, en, e),. Recall first that
the equation (3) is equivalent to

0
4) at + A(as) =0
0
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Write
n n
ﬂ,s = )\(ﬂ,s)X + Z Aiei + Z Cze;
(5) iﬁl iﬁl
iy = M) X + Y Biei+ Y _ Dyel,
i=1 i=1
then
A =z + a0t X
Ci = yis + arX]
(6)
B =zt — asX;
D; =yir — ast{
fori=1,---,n. Now (4) is equivalent to
- (w5, + e X5) + (Yiy — asX]) =0
—(wip — asXi) + (Yis + . X]) =0
1 =1, ,N

We begin with the computation of the curvature tensor of R x M with the
complete metric < (a, h), (3, h) >= afB + A(h ) (k) +g;j(mh, 7k). Note that most
of the tensors are zero except the following: Roini, Raitairs Raijis Raitjirs Raijris
ROCZ/_]/Z/Y RZJZJ' RZ/_]Z/_]Y RZ_]/Z_]/Y RZ/_]/Z/_]/Y szk: Rz "1 ks Rij/ikx Rzy i’k Rijik/x Ri/ji/k/v
Rijiik, Rijroie. Here we use the following convention of indices : the index «
always means the direction of X, the index ¢ belongs to {ey, - - - , e,,} and the index
i’ belongs to {e},---,el,}. We then find

R Xf Xf
Rocioci_Rocz/ocz/_f<X<2f> <2f>>
Ruiji = Rairjir = <ejf>

(8)
i :f( (éff)+ (?f))
Rijiijr = f <€z‘< :
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erf eif enf
Rijrik = Rirjrig = f (69 (2—> - 2237?
Rijikr = Rirjirgy = f <€j ( ‘ )
e/ e/‘f e/

Now we can compute R(us, us,us, u). According to the above results about
the curvature tensors, we have to care of the following four kinds of terms R.xak,
Rokiks Rirr, and Ry Where the index o still denotes the X direction and k, [,
and m belong to {ey,---,e,} or {e},---,el,}. After some computation, we write
the summatiions corresponding to the above four kinds of terms to be K, L, M and
N and compute them separately. We have

k=S () (3]

. {(—at)Bj(—at)Bj — Aj(as)(—at)Bj — (—at)BjAj(as) + AjasAjas
+ (—at)Dj(—at)Dj — Cj(as)(—at)Dj — (—at)DjCj(as) + Cjastas}.

Here we have used (6). Take into account of (7), we can further simplify K to

get
- Xf Xf\?
2 2 2 2
To simplify expression further, we introduce the notation
|7 2 =) (43 +CF)
9) 7
= Z[(%‘,s +a X5)% + (yjs + ath/‘)Q]-
j=1

In terms of this, K can be expressed simply as

2
w5 ()]
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Now we can do the similar computation for L, M and N. For L, we have

L =2 Z fX <ejf> at) BzfljBZ - AZ‘CLSAJ‘BZ‘ + atBiAiBj + AZ‘CLSAZ‘BJ‘
i,7=1

+ (—at) D;A ‘D‘ — CiasAjDi + atDZCiBj + CZ‘CLSCZ‘BJ‘}

+2 Z fX < 2ff> {(—at) BZC’jBZ - AZ‘CLSCJ‘BZ‘ + atBiAiDj + AZ‘CLSAZ‘DJ‘
i,7=1

+ (—at) DijDz — CZ‘CLSCJ‘DZ‘ + a,tDZCiDj + CZ‘CLSCZ‘DJ‘}
Using (6) and (9), we may further simplify to get
(11) L= 2\7?71\2 asCj—arA;) fX 2l —(asAj+a:Cj) fX 2l
s s t f s<41j t 2f

Using the same idea, we may compute the remaining terms M and N. For M,

i,7=1
{A~B»A~B» — A;B;A;Bj — AiB;A;B; + A;B;A;B;}

<2 (4(5) + (%))

i,7=1
{CiB;C;B; — A;D;C;B; — C;B;A;D; + A;D;A;D;}

<2 (4 (5) +5(5))

i,7=1
{A D A; D; — C B; AZ‘DJ‘ — AZ‘DJ‘CJ‘BZ‘ + CJBZCJBZ}

#3214 (57) 4 (5))
i,7=1
{CZDJ‘CZ‘DJ‘ — CjDZ‘CZ‘Dj — CZ‘DjCjDZ‘ + CJDZCJDZ}
Using (6) and (9) to get
(12) M =2| 7 \QZR:(A%C?)f(e»(ﬂ)Jr ’<6f>>
$ p J J J 2f 2f

Finally for IV,
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ver (o (57) 2 (5) (37 Yo amamao
+B2A;jAk+C?B; By —C;D; (A; By +AxBj) + DI A; Ay}

+2 3 f( (e’“f> (e;—;) (ekjf>>{A2D By—A;B; (C; By+ Ay D;)

i,j7#k
+B; C‘Ak—f—CQD B, —C;D; (CjBk—f—Aij)-f—D?CjAk}

erf eif e f
+2 Z%;kf <ej < k ) <23_f> <2k—f> ){A?BjDk—Az‘Bz‘ (AjDk—l—CkBj)
+B?A;Cy,+C?B;Dy,—C;D; (A; Dy +Cy. B;)+D?A; Cy }

e !
2y f< (ekf> <2J_f> (?_f»{AngDk—AiBi (C; Dy+CiD;)
bt f f
+B?CjCy+C?D;Dy—C;D; (CDg+Cy, D)+ D?C;Cy }.

Using (6) and (9), we get

N =2 |7 > (A; Ak + C;Cy)
(13) 7 /

(0 (57) 2 (3) (57)+ (57) = (57) (%))

2f 2f ) \2f 2f 2f ) \2f

Now by Theorem 2.8 in [ 3], each term A;, B;, C; and D; in the expression
(6) is of exponential decay as s — co. Hence the leading coefficient | 7, |2
in each term K, L, M and N is of exponential decay as s — oo. Namely by
taking some large positive sy, we have for any J-holomorphic finite energy cylinder
u = (a,7) : Rt x §1 — M x R* with asymptotic limit z(¢) a fixed T-periodic
solution of the Reeb vector field,

(14) | 7iis |°< Cre©2°

where s > s, and C;, C, are constants depending only on the geometry of M x R

From this we see that for any .J-holomorphic finite energy cylinder with asymp-
totic limit x(¢), the integral of R(us,us, us, u) OVer [so,o0) x St for large sp is
bounded by a universal constant C- depending only on the geometry of M x R*.
Now we have proved the main theorem of the paper.

Theorem 1. Letu = (a,@) : R* x.S' — M xR be a finite energy cylinder
with asymptotic limit z(¢) a T-periodic solution of the Reeb vector field. We have
the expression for the curvature R = R(us, ug, us, ut).
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R=K+L+M+N

= | 7y [* {(a2 + a}) f [X (X_f) N (X_f>2

2f 2f
+23° [(aSCj — A fX (%) — (as4; + a:Cj) fX (%)]
(15) - ] j
+2§:@ﬁ+4ﬁ)f<%<%%>**%<%%>>
j=1
42 (A Ak + C;Cy) f(e; (%) -2 (%) (%)
j#k

+e/, 62"_']0 — 2 e;_f 62:_']0
T\ 2f 2f 2f
Fruthermore, there exists an sg > 1 and a constant C'r such that
(16) / R(us, ug, s, ug) du < Cr.
[s0,00)xS1

Finally using the Gauss-Bonnet theorem in bundle version we have

/ B P= / R(ug, s, s, ur) — X(Z).
> >

Here B is the square of the second fundamental form for embedded surfaces in a
Riemannian manifold. Note that the origional formula has a term about integral of
the mean curvature on the right hand side. Since in our case the J-holomorphic
map is naturally a minimal surface that term vanishes, and x(X) is the Euler class
of a section of a bundle. Now apply theorem 2, we finally get an I?-estimate for
the square of the second fundamental form B.
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