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Abstract In this note, we prove that the infimum of the norm of the mean curvature vector on
a symplectic translating soliton or an almost-calibrated Lagrangian translating soliton must
be zero.
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1 Introduction

In recent years, symplectic mean curvature flow and Lagrangian mean curvature flow have
attracted much attention. Chen and Li [1,2] and Wang [15] proved that there is no finite time
Type-I singularity for symplectic mean curvature flow and almost-calibrated Lagrangian
mean curvature flow. Therefore, it is important to study the properties of Type-II singularity.
It is well known that [7,10,11,16] translating solitons play important role in classifying
Type-1I singularity of mean curvature flow. Thus, we need to study translating solitons to
symplectic and Lagrangian mean curvature flows.

Recall that a surface " in R"** is called a translating soliton (or translator) of the mean
curvature flow, if it satisfies

T =H, (1.D

where H is the mean curvature vector of ¥ in R***. Let V be the tangent part of T. Then we
have

T=V+H (1.2)
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There are several results on symplectic and Lagrangian translating solitons. In [8], Han
and Li proved that if the Kéahler angle on a symplectic translating soliton is not too large,
then it must be a plane. Using the equations in [8] and maximum principle, we proved that
([9]) any symplectic translating soliton with nonpositive normal curvature must be a plane.
Neves and Tian ([12]) proved that almost-calibrated Lagrangian translating soliton must be
a plane under some assumptions.

In this note, we continue to study symplectic and almost-calibrated Lagrangian translating
solitons. We first give one decay property about the mean curvature vector:

Main Theorem 1 Suppose ¥ is a complete symplectic translating soliton in C> with cos « >
8 > 0 and quadratic area growth. Then:
irzlf |H|? = 0. (1.3)
Main Theorem 1 will follow immediately from the following stronger result:
Theorem 3.1 Suppose X is a complete symplectic translating soliton in C* with cosa >
8 > 0 and quadratic area growth. Then:
inf VJIZ=0, (1.4)

where J is the complex structure on C? and V is the connection on C>.

It is known that on blow-up limits, the norm of the mean curvature vector is always
uniformly bounded from above. Main Theorem 1 says that any translator which arises as
a blow-up limit of symplectic mean curvature flow cannot have a positive lower bound for
the norm of the mean curvature vector. Note that in Main Theorem 1, we do not assume a
uniform upper bound for the second fundamental form. A similar argument gives us the same
result for almost calibrated Lagrangian translating solitons:

Main Theorem 2 Suppose X is a complete almost-calibrated Lagrangian translating soli-
ton in C? with cos 0 > 8 > 0 and quadratic area growth. Then:

inf [H|? = 0. (1.5)

Recall that in [14], the author showed that any almost-calibrated Lagrangian translating
soliton with sup |H| small comparable to | T| must be a flat plane.

As applications of the Main Theorem 1, we can give a nonexistence result of graphic
translating solitons in R3. For hypersurface case, (1.1) is equivalent to the following

—(T,v) = H, (1.6)

where v and H are the unit outer normal and the mean curvature, respectively. By definition,
after a translation and rotation, any translating soliton %" in R"*! with positive mean cur-
vature can be represented as a graph of some function u. It is easy to see that (1.6) can be
written as

Du 1
div = . (1.7)
(\/1+|Du|2) 1+ |Dul?
In this case, T = (0, ...,0, 1).
Using the Main Theorem 1, we can prove that

Corollary 1.1 When n = 2, there is no entire solution to the equation (1.7) with bounded
gradient.

Note that Corollary 1.1 is also implicitly implied by [6].
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2 Preliminaries

In this section, we recall some basic facts on symplectic and almost calibrated Lagrangian
mean curvature flows and translating solitons.

Suppose M is a Kihler—Einstein surface. Let ¥ be a smooth surface in M, and w, (-, -) be
the Kihler form and the Kihler metric on M respectively. The Kihler angle @ of ¥ in M is
defined by

w|y =cosaduy,

where duy is the area element of the induced metric from (-, -). We call ¥ a symplectic
surface if cosow > 0,a Lagrangian surface if coso = 0, a holomorphic curveif cosa = 1.
One question in symplectic geometry is that given a symplectic surface X in a Kidhler—Einstein
surface M, whether there is a symplectic minimal surface in the homotopy class of . One
natural approach to this problem is to use the negative gradient flow of the area functional,
i.e., the mean curvature flow.

Assume that X is a real surface and we consider the immersion

Fp:2— M

of smooth surface ¥ in M. Suppose that X evolves along the mean curvature in M, then there
is a one-parameter family F; = F(-, t) of immersions which satisfy the mean curvature flow
equation:

4F(x, 1) =H(x, 1),
F(x,0) = Fy(x).

Here H(x, t) is the mean curvature vector of ¥, = F,(X) at F(x,t) in M.
Recall that [1] the Kéhler angle o of ¥ in M satisfies the parabolic equation:

0 _
(E —A) cosa = |VJ|zcosa+Rsin2acosoe, 2.1)
where J is the complex structure of M, V is the connection on M, and in local orthonormal
frame |VJ|? = Ih%i + h%i 12 + |h§i - h}i |2 which depends only on the orientation of ¥ and
does not depend on the choice of the frame. By direct computation, we have [1]

— 1
AP > |VJ? > 5|H|2, 2.2)

where A is the second fundamental form of X in M. If the initial surface is symplectic, i.e.,
cos & (-, 0) has a positive lower bound, then by applying the parabolic maximum principle
to this evolution equation, one concludes that cos o remains positive as long as the mean
curvature flow has a smooth solution. In this case, the mean curvature flow is called symplectic
mean curvature flow.

Chen and Li [1] and Wang [15] proved that there is no finite time Type-I singularity
for symplectic mean curvature flow. Suppose the symplectic mean curvature flow develops
Type-1I singularity at finite time 7. Then applying maximum principle to (2.1), we see that
fort € [0,7),

cosa >4 > 0. 2.3)

As Kihler angle is invariant under scaling, we conclude that any blow-up flow of symplectic
mean curvature flow must satisfy (2.3). In particular, any translating soliton arising as a
blow-up limit of the symplectic mean curvature flow must satisfy (2.3).
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In Lagrangian case, we assume that M is a Calabi—Yau manifold of complex dimension
2 with a parallel holomorphic (2,0) form 2. The fact that a surface X in M is Lagrangian
implies that

Qly = eduy = cosbduy, +isinfdus, (2.4)

for some 6 called the Lagrangian angle which is a multivalued function and is well-defined
up to an additive constant 2k, k € Z. If cos 6 > 0, then X is called almost-calibrated. If 6
is constant, then X is called special Lagrangian.

It is proved in [13] that if the initial surface is Lagrangian, then along the mean curvature
flow, at each time the surface is still Lagrangian. The evolution equation of Lagrangian angle
is given by

(% — A) cos® = |H|? cosb. (2.5)
If the initial Lagrangian submanifold Xy is almost-calibrated, then X, is almost-calibrated
along a smooth mean curvature flow by the parabolic maximum principle.

Chen and Li [2] and Wang [15] proved that there is no finite time Type-I singularity for
almost-calibrated Lagrangian mean curvature flow. Suppose the Lagrangian mean curvature
flow develops Type-II singularity at finite time 7. Then applying maximum principle to (2.5),
we see that forr € [0, T),

cosf >4 > 0. (2.6)

As Lagrangian angle is also invariant under scaling, we conclude that any blow-up flow of
almost-calibrated Lagrangian mean curvature flow must satisfy (2.6). In particular, any trans-
lating soliton arising as a blow-up limit of the almost-calibrated Lagrangian mean curvature
flow must satisfy (2.6).

Let X be a surface in Cz, we say it has quadratic area growth, if there exists Dy > 0,
such that for all R > 1,

Area(E N Bg(0)) < DyR?, (2.7)

where B (0) is the ball of radius R in C? centered at the origin. From Huisken’s monotonicity
formula, we see that the blow-up limit of symplectic or almost calibrated Lagrangian mean
curvature flow always has quadratic area growth (see, for example, Section 2.1 of [4]).

In [8], Han and Li computed several identities on translating solitons. We recall here some
of them that we will use in the following.

Lemma 2.1 On the translating soliton to the symplectic mean curvature flow, the Kdhler
angle satisfies the following equation

— Acosa = |VJ|2cosa 4+ V-Vcosa. (2.8)

Lemma 2.2 On the translating soliton to the Lagrangian mean curvature flow, the
Lagrangian angle satisfies the following equation

— Acosf = |H|>cos6 + V- Vcosh. (2.9)
Lemma 2.3 On the two dimensional translating soliton in C?, at the points where |V| # 0,

IVH> V.V|H}?

A = [HP? +2
|A] |H|~ + e Tk

(2.10)

Corollary 2.1 Any stationary symplectic translating soliton in C? is a plane.
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3 Proof of the main theorems

In this section, we prove the Main Theorems. The proof of Main Theorem 2 is the same as
that of Main theorem 1 (with Lemma 2.1 replaced by Lemma 2.2). So we will only prove
Main Theorem 1. By (2.2), Main Theorem 1 follows from the following stronger result:

Theorem 3.1 Suppose X is a complete symplectic translating soliton in C* with cosa >
8 > 0 and quadratic area growth. Then:

i%f IVJ|? = 0. (3.1

Proof We prove it by contradiction. Suppose there is a symplectic translating soliton X in
C2 with cos « > § > 0, quadratic area growth and

inf VJP?=a>0. (3.2)

Setv = ﬁ then
ISUSéEDl. (3.3)

By (2.8), we have
Av = |VJ[2v + 20" V> = (V, Vo), (3.4)

where A and V are the Laplacian and gradient operator on ¥ with respect to the induced
metric, respectively.

Let ¢ be any cutoff function and p be a positive number to be determined later. Multiplying
both sides of (3.4) by ¢?v” and integrating by parts yields

/¢2uP+I|VJ|2dM+2/¢2v1’—1|w|2du—/¢2vl’<v, Vo)du

X ) )
:/qszuPAU = —p/¢2v1’*1|v1}|2du—2/¢vﬂ<v¢,Vv)dM.
) D) )

Rearranging this equality and using Young’s inequality, we obtain

(p+2) / $20P Vo Pdu + / S0P [V Pdu
M) M

=/¢>2vp(V, Vv)d,u—Z/q)v”(Vd),Vv)du

z z

< /qbzvf’wnvmdu+2/¢vP|V¢||Vv|du
) )
1
<o / P VP + o / $20P Vo
£
> >

+/¢>2v”_1|Vv|2dM+/v”+1|V¢|2du,
> >
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which implies that

1 _
(p . 4—) /d)zv”’lIVvlzdu +/¢2v"+‘(|W|2 e VP)dp < / VPV P,
£
> > >
3.5)

From 1 = |T|2 = |H]? + |V|? and (3.2), we get that
VI —¢lV]>>a—e.
We first choose & = a so that |[VJ|? — ¢|V|? > 0, then take p= ﬁ sothat p 4+ 1 — % =1.

Then we obtain from (3.5) that

/ $20P \Voldp < / WP Ve du. (3.6)
x

)

Next, we will choose appropriate cutoff function to deduce that v is a constant function. We
will use the logarithmic cutoff argument (see Chapter 1 of [3]). Let R > 1 be any fixed
number. Define the cutoff function ¢ on all of R* and then restrict it to the graph of u as
follows: Let r denote the distance to the origin in R4, define

1, r? < R;
¢=1{2-21%5 R<r?<R%
0, r2 > R2.

Recall that we assume the translating soliton has quadratic area growth. From (2.7), (3.3)
and (3.6), we have

/ vP NV Pdp < /¢2v1’4|w|2du s/vﬂ“wmzdu

>NB(0,vR) P b

4DP+1
FDY [
log R

<
~ (log R)?
5=<l<logR $N(B(0,¢/)\B(0,el~1))

4pPH!
< 1 Z 672(171)D0621

~ (log R)?
( g ) yflslogR
C
< 73
~ logR

where C depends only on Dy, § and a. As v > 1, letting R — oo, we get that v is a constant,
i.e., cosw is a constant on X. Therefore, ¥ is a holomorphic curve with respect to some
complex structure of C2. In particular, ¥ is minimal. By Corollary 2.1, we know that ¥ is a
flat plane, i.e., |A| = 0. But by (2.2) and (3.2),

IVJ|?
>

Al > > 2
2 2

> 0.

This gives the desired contradiction. O
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4 Proof of Corollary 1.1

In this section, we will consider graphic translating solitons in R>. First we consider general
graph in C2, that is,

F:UcCR®>—>R*
(x, y) = (x,y, fx,y), g(x, ¥)). 4.1)

We will compute the Kéhler angle of ¥ = F(U).
By (4.1), we know the basis of the tangent space and normal space of ¥ are given by

ey = x:(1905f)ﬁgx)5 32:Fy:(0a1,fy’gy)v
v3 :(_fx,_fyvlyo), U4:(_ng_gy70sl)-

Therefore, the induced metric on ¥ is given by

(@it = ((LEIEH & Sufyt8agy
VIS ey + 8x8y 1+fy2+g§ ’

and the inverse matrix is

&"<ij<2 =

1 ( 1+fy2+gf _fxfy_gxgy).
det(gij) \—fufy —8x&y 1+ f2+g?

By direct calculation, we have
) — 2 2 2 2 2
det(glj)_l+fx +gx+fy +gy+(fxgy_fygx) . 4.2)

Recall that the standard complex structure in C? is given by

0 -1 0 O
1 0 0 O
J1 = 00 0 -1 4.3)
0O 0 1 O
By the definition of Kihler angle, we have
cosg = Ctered) (e en) 14 figy — frge @.4)

B Jdet(gij) B Jdet(gij) B V/det(gij)

We immediately have

Proposition 4.1 A graph in C* defined by (4.1) is symplectic with respect to the complex
structure Jp if and only if

1+ fxgy — fygx > 0. 4.5)

In particular, any graph in R3 (i.e., g = 0) is symplectic with respect to the complex structure
Ji in C? with

1
cose = ——— (4.6)

i+ 72+ 52
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In particular, we see that any graphic translating soliton in R® given by (x, y, u(x, y)) is
symplectic if we view it as a surface in R*. The Kihler angle is given by

I
V1+|Dul?

In this case, u will be a solution of (1.7). We will denote X = Graph,,.
Now we can prove Corollary 1.1 using the Main Theorem 1.

4.7)

cosa =

Proof of Corollary 1.1 We prove it by contradiction. Suppose there is an entire solution u to
the equation (1.7) defined on the whole R? with

|Du| < Ds. 4.8)
From (1.7) and (4.7), we see that

1 1
H= ——— =cos’a > ——. (4.9)
1 + |Du| 14 D3

Next, we will show that ¥ has quadratic area growth. We denote by B(0, r) the ball of radius
r centered at 0 in the domain plane R2, while denote by B(0, r) the ball of radius r centered
at 0 in R*. It is obvious that

=N B, r) C Graph,(B(0, r)).
Therefore,
Area(X N B, r)) < Area(Graphu(é(O, r)))

/ V14 |Dul?dxdy

B(0,r)

<1+ D3nr* =Cir?. (4.10)

Combining the above together, we find a complete symplectic translating soliton in C? with

cosa > § > 0 for some §, quadratic area growth, and |H|2 > 1+102 > 0. This contradicts
2

the Main Theorem 1. ]

Remark 4.1 Corollary 1.1 can also be proved directly as follows: Set v = /1 + |Du|?. Then
by Lemma 3.1 of [5], we can obtain

Av = [APPv + 2071 Vu]? = (V, Vo), 4.11)

Then by the similar argument as we gave to prove Theorem 3.1, |Du| is constant. Also by
(1.7), Aou =1, where A is the standard Laplacian on R2. So by Bochner’s formula,

0 = Ao|Du|?> = 2|D*u)® 4+ 2(Du, DAgu) = 2|D%ul>.
Thus Agu = 0, which is a contradiction.

Remark 4.2 Note that the above argument just works for n = 2, because we need the trans-
lating soliton to have quadratic area growth when we use the logarithmic cutoff argument.
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