MEAN CURVATURE FLOWS IN MANIFOLDS OF SPECIAL HOLONOMY
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ABSTRACT. We study the uniqueness of minimal submanifolds and the stability of the mean
curvature flow in several well-known model spaces of manifolds of special holonomy. These in-
clude the Stenzel metric on the cotangent bundle of spheres, the Calabi metric on the cotangent
bundle of complex projective spaces, and the Bryant-Salamon metrics on vector bundles over
certain Einstein manifolds. In particular, we show that the zero sections, as calibrated sub-
manifolds with respect to their respective ambient metrics, are unique among compact minimal
submanifolds and are dynamically stable under the mean curvature flow. The proof relies on
intricate interconnections of the Ricci flatness of the ambient space and the extrinsic geometry

of the calibrated submanifolds.

1. INTRODUCTION

Calibrated submanifolds [9] in manifolds of special holonomy are not just minimal subman-
ifolds, they actually minimize the volume functional in their homology classes. Of particular
interests are special Lagrangians in Calabi—Yau, associatives and coassociatives in Go, and
Cayley submanifolds in Spin(7). These geometric objects attracted a lot of attentions in recent
years. On the one hand, they are natural generalizations of algebraic subvarieties in algebraic
manifolds and thus are of immense geometric interest. On the other hand, they appear in
various proposals of string theory such as Mirror Symmetry and the M-theory. The most suc-
cessful construction of metrics of special holonomy is the Calabi—Yau case, where the celebrated
theorem of Yau [29] shows the homological condition guarantees the existence of the metric.
All other constructions are based on deformation theory, symmetry reductions or gluing con-
structions |11] (see also a recent flow approach for Gy construction in [2,/17]). The scenario
of the construction of calibrated submanifolds is similar [10,/15]. For special Lagrangians in
Calabi-Yau’s, we refer to the work of Schoen-Wolfson [19] and Joyce [14,12,13].

Among all explicitly constructed manifolds of special honolomy, the most well-known ones
seem to be the Stenzel metric [22] on the cotangent bundles of spheres (or the Eguchi-Hanson
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metric in dimension 4) and the Calabi metric [3] on the cotangent bundles of complex projective
spaces. Similar constructions of Bryant—Salamon [1] produce G2 and Spin(7) metrics. All of
them are based on bundle constructions and the zero sections are calibrated submanifolds. In
the article, we study the uniqueness and the dynamical stability of the zero sections of these
manifolds. To be more specific, we consider the following manifolds of special honolomy in this
article.

Assumption 1.1. Throughout this article, M is a Riemannian manifold of special holonomy
that belongs to one of the followings:

(i) the total space of the cotangent bundle of S™ with the Stenzel metricﬂ with n > 1;
(ii) the total space of the cotangent bundle of CP" with the Calabi metric;
(iii) the total space of S(S%), A2 (S*), A2 (CP?), or S_(S*) with the Ricci flat metric con-
structed by Bryant—Salamon.

In section[2] Bland [4] we review the geometry of these metrics in details. In all these examples,
M is the total space of a vector bundle over a base manifold B. We identify B with the zero
section of the bundle, which is also considered to be an embedded submanifold of M. In each

case, there exists a smooth differential form € with the following properties:

e ) has comass one, i.e. at any p € M, Q(L) < 1 for any (oriented) subspace L C T,M
with dimension = dim B. Indeed, € is locally the wedge product of orthonormal 1-
forms.

e The form Q characterizes B by the condition that Q(7,B) = 1 for all p € B where T),B
is the (oriented) tangent space of B as a submanifold of M at a point p € B.

The precise definition of {2 in each case can be found in (6.5)), (6.11) and (6.19), respectively. Let
d(-) denote the distance function to the zero section B with respect to the Riemmanian metric
on M. For a compact embedded submanifold ¥ of M with dim > = dim B, ¥ is considered to
be C close to the zero section if d(p) is close to 0 for all p € X, and X is considered to be C!

close to the zero section if Q(7),X) is close to 1 for all p € X.

Our first result regards the uniqueness property of the zero sections.

Theorem 1.2. In each case considered in Assumption[1.1], the zero section is the unique com-

pact minimal immersed submanifold of the given dimension.

The mean curvature flow is the parabolic PDE system that deforms a submanifold by its
mean curvature vector field, and is formally the negative gradient flow of the volume functional.
A calibrated submanifold represents a local minimum of the volume functional. It is therefore

natural to investigate the stability of a calibrated submanifold along the mean curvature flow,

When n = 1, the metric is not only Ricci flat, but flat. We have to exclude this flat case.
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which is a nonlinear degenerate PDE system. The nonlinear stability of PDE systems such as
the Einstein equation or the Ricci flow is under intense study. Our next result concerns the
nonlinear C! stability of the zero sections.

Theorem 1.3. In each case considered in Assumption|[1.]], there exists an € > 0 which depends
only on the geometry of M such that if ¥ is a compact embedded submanifold of M and
sup (d(p) +1 —Q(TpX%)) <€, (1.1)
peEX

then the mean curvature flow of X exists for all time and converges to the zero section smoothly.

Note that (1 — Q(T,X)) is always non-negative since 2 has comass one.

Remark 1.4. The Ricci flat metric on each manifold M considered in Assumption [1.1] is
constructed under some symmetry ansatz. From the constructions, one sees that the metric
turns out to be uniquely determined by the volume of the zero section B. That is to say, €
depends on the volume of the zero section (and also n in case (i) and (ii)).

Theorem is proved in section [b} The main point is to prove the convexity of the distance
square to the zero section. It is also the key for the C° convergence in Theorem and plays
an important role for the C' convergence.

Such a long-time existence and convergence theorem under effective C' bound for higher
codimensional mean curvature flows has been established for manifolds of reduced holonomy;,
namely manifolds that are locally Riemannian products, see for examples [21}[23} 24} 25,27].
Theorem to the best our knowledge, appears to be the first one for manifolds of special
holonomy.

Sections [6] and [7] are devoted to the proof of Theorem In section[6] we establish estimates
on the covariant derivatives of Q, which is needed for proving the C! convergence. In section EL
we put everything together to prove the stability of the zero section under the mean curvature
flow.

Remark 1.5. A stability theorem of the mean curvature flow of compact smooth submanifolds
can be derived from Simon’s general stability theorem for gradient flows [20, Theorem 2] under
the assumption that (1) the initial data is close enough to a stable minimal submanifold in the
W22 Sobolev norm for large enough [ (which implies at least C2 smallness) and (2) the ambient
metric is analytic. Theorem is a C! stability theorem in which the regularity requirement is
lower and the dependence of the smallness constant is explicitﬂ The proof does not rely on the
analyticity of the ambient metric either. The theorem can be turned into a Lipschitz stability

2The authors learned from Felix Schulze that it is possible to derive a C' stability theorem from White’s
regularity theorem, the uniqueness of mean curvature flows, and a limiting argument. However, it seems that

the C! bound exists by an argument of contradiction and cannot be made explicit.
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theorem (by approximating the initial Lipschitz submanifold by a family of C' submanifolds,
see for example [2§]), which seems to be the optimal result for the mean curvature flow.

1.1. Notations and conventions.

1.1.1. Riemann curvature tensor. In this paper, for a Riemannian manifold with metric (, )
and Levi-Civita connection V, our convention for the Riemann curvature tensor is
R(X,Y, Z,W) =(VzVwY =V VzY = VgV, X) . (1.2)

Let {e;} be alocal orthonormal frame. Denote the dual coframe by {w’}, and their connection

1-forms by wf . The convention here is
Vei=w/ ®e; and Vol = —w! @uw'. (1.3)

Throughout this paper, we adopt the Einstein summation convention that repeated indexes are
summed. Since the frame is orthonormal, w] = —w}. It follows from (|1.3)) that

dw’ = —wg Awh . (1.4)
Its curvature form is
R = dw! — wF Awi, . (1.5)
It is equivalent to the Riemann curvature tensor by the following relation:
R/ (X,Y) = R(ej, ei, X, Y) (1.6)
for any two tangent vectors X and Y.
1.1.2. Bundle projection. Let m : M — B be a vector bundle projection and ¥ be a (locally-

defined) smooth differential form on B. The following abuse of notation is performed throughout
this paper: the pull-back of ¥, 7*W on M , is still denoted by V.

Acknowledgement. The first author would like to thank Prof. S.-T. Yau for bringing the
rigidity question into his attention, and for his generosity in sharing his ideas. The authors
would like to thank Mao-Pei Tsui and Felix Schulze for helpful discussions and interests in this
work.

2. GEOMETRY OF THE STENZEL METRIC

2.1. The Stenzel metric on T*S™. Consider the n-dimensional sphere S™ with the standard
metric for n > 1. Let {w"}}}_; be a local orthonormal coframe, and wh be their connection
1-forms which satisfy (1.4]). As a space form with curvature equal to 1, its curvature form is

R =dw) —wJ AW =w Aw” . (2.1)
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Let {y,} be the coordinate for the fibers of 7*S™ induced by {w"}. The standard metric on

S™ induces the following metric on T*S5™.

n

D (W")? + (dyy =y w)?) (2.2)
pn=1
where the abuse of notation is adopted.

2.1.1. Spherical coordinate for the fibers. There are two naturally defined 1-forms outside the

zero section:
1 1 1

- " and —y,dy, = —y, (dy, — v

Tyug n ry,u Yu ryu( Yu yu&,u)
where r = (3 u(yu)Z)%. The first one is the tautological 1-form rescaled by 1/r; the second one
is the exterior derivative of r. With respect to (2.2)), they are unit-normed and orthogonal to
each other.

It is more convenient to consider the metric (2.2) by another coframe, which is an extension
of the above two 1-forms. To start, extend the vector %(yl, -+ ,yp) to an orthonormal frame
for R™. This can be done on any simply-connected open subset of R"\{0}. To be more precise,
choose a smooth map T} from a simply-connected open subset of R™\{0} to O(n) such that

1
T (y) = -y, for v=1,2,...,n and y € Domain(T}) C R™\{0}.
r

For example, the standard spherical coordinate system on R™\{0} will do. When n = 3 with

y1 = rsinfsin g, yo = rsinfcos ¢,y = rcosf, one can take Ti = %%Lé‘ and Tj’ = rsilne%%v
n=1,2,3.
The metric (2.2)) has the following orthonormal coframe
ot =T |
nA4-p -1y Y © v (2.3)
0" = (T77), (dyy — yywy) = T) (dyy — Yy w))

for p e {1,...,n}.
2.1.2. The Stenzel metric. With this coframe ({2.3), the Stenzel metric takes the form
n n 2
1)2 72 n+1)2 M n+j
(ctr) o)™+ 3 (a(r) o) + (c(r) ™) +Z< o : (2.4)
7j=2 7j=2
The coefficient functions are defined by
1
a? = Zh'(r) cothr ,
1
v = Zh’(r) tanhr | (2.5)
1
2 Zh”(r)
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where h/(r) is the solution of the ODE
d
3 ()" =2""n (sinh(2r))" " with 1'(0) =0. (2.6)
”
Here, prime ( )" denotes the derivative with respect to r. The function h is the Kéahler potential
in the paper of Stenzel [22, section 7]. We remark that the metric here differs from that in
[7, section 2] by a factor of 2"~!/n in (2.6). The normalization here is chosen such that the
restriction of metric (2.4)) to the zero section is the metric of the round sphere of radius 1 and

dimension n, and hence the volume of the zero section is 272 /T'(n/2).

2.1.3. Connection and Ricci flat equation. Take the orthonormal coframe:
j j n+1 n+1 n+j b(T) n+j
w =cr)o, w=a(r)o!, W =c(r)oc" =c(r)dr, " =—>0"" (2.7)
r
for j € {2,...,n}. The indices i, j, k, ... will be assumed to belong to {2,...,n}.

It is useful to introduce the new radial function p by p = fg c(u)du. Since dp = ¢(r) o™ !

and p = 0 at the zero section, in view of (2.4), p is the geodesic distance to the zero section
with respect to the Stenzel metric. Denoting by dot ( ) the derivative with respect to p, we

have
, 1,
f - C(T)f .
The connection 1-forms wl of (2.7) can be found by a direct computation:
1 _ ¢ 4 io_a nti _ b
wn+1 - Cw' ? wn+1 - a wA ) wn—i—l = Bwn J ) (28)
wglJri = 062] U)l s w;H_j =AW’ s w]l. = Bw”‘H
where
2_32_ 2 2 2_ .2 2 2 _ 32
a®—b>—c b —a*—c cc—a*—b
A= ——«— | B=—-——, C=——-——. (2.9)
2abc 2abc 2abc
The rest of the components wg and wZif satisfy
w] = Wit =TIwh T — (dTY) T}, . (2.10)

In [7, section 2], Cveti¢ et al. derived the Stenzel metric in a different way. As a result of
their derivations, a, b, ¢ satisfy the following differential system:
Yia=o0, L+B=0, ‘Y m-1C=0. (2.11)
a c
One can also check these directly by (2.5), (2.6) and (2.9). In fact, Cveti¢ et al. solved the
system (2.11)) and reconstructed the Stenzel metric in the above form (2.4). The expressions
of the Kahler form and the holomorphic volume form are quite simple in terms of the coframe
(2.7). The Kéahler form is Zzzl wt Aw™# and the holomorphic volume form is (w! +iw™ ) A

(W2Hiw™ ) A- - - (W™ +iw?™). With the above relations, one can check that these two differential
6



forms are parallel. With this understanding, the complex structure I in terms of the dual
frame {e1,...,e2,} of (2.7) sends e, to €,, and sends €,4, to —€, for any € {1,...,n}.

2.2. Coefficient functions and curvature. The geometry of the Stenzel metric is encoded
in the functions A, B and C. In this subsection, we summarize the properties that will be used
later. Note that (2.6) implies that A’ > 0 and A" > 0 when r > 0. By (2.5) and (2.11)),

AL (M__ 2
VR \ W sinh(2r))

po_ L (M, 2 (2.12)
R\ W sinh(2r) ) '
1 1 h///

n—1yp' W'

Instead of r, we state the estimates in terms of p = for c(u)du.

C=-

Lemma 2.1. The functions A, B and C are negative when p > 0. Moreover, there exists
a constant K > 1 which depends only on n such that |A|/p, |C|/p and |Blp are all bounded
between 1/K and K for any point p with 0 < p(p) < 1.

Proof. Tt follows from (2.6|) that

h” _ (sinh(27"))n_1
W n [y (sinh(2u))n71du
1o 2n cosh(2r) (fg (sinh(2u))n_1du) — (sinh(2r))"

n—1h" n sinh(2r) (fo (sinh( 2u))n71du>

)

(2.13)

To prove that C' < 0, we estimate

2n cosh(2r) </ (sinh(2u))nldu> > Zn/ cosh(2u)(sinh(2u))n71du = (sinh(2r))"
0 0
for any r > 0. It follows from ([2.13)) that C' is negative. For A < 0,

R’ sinh(2r) nsinh(2r) [; (sinh (2u))""'d
_ m for (sinh(?u)) (cosh(2u) )
nsinh(2r) [ (sinh(2u))""

B’ 2 (sinh(2r))" — 2n [; (sinh(2u )n 'd
I

>0

for any r > 0. It follows that A < 0. Since B < A, B is also negative.
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The second assertion is a direct consequence of the power series expansion at r = 0. It follows
from (2.6) that the Taylor series expansion of A/(r) near r = 0 is

2(n—1)

Wo=dr 14+ —2r24+00%) ) .

r( +3(n+2>r +O(r )>

It then follows that p = r + O(1?), A = — i+ or?), C = —%Hr + O(r?) and B =
—r~1 4+ O(1). This finishes the proof of the lemma. O

We remark that (2.11)) and the negativity of A, B and C imply that a, b and ¢ are increasing
functions. Other quantities we will encounter are the derivatives of A, B and C' with respect

to p. It turns out that they are degree two polynomials in A, B and C.
Lemma 2.2. The functions A, B and C obey:

A=-nBC+A(A+B+0C),
B=-nAC+B(A+B+0),
C=-24B+(n—-1)C(A+B+0C) .

Proof. The equation (2.9) can be rewritten as

b c

B+C=-2, C+A=——, A+B=——. (2.14)
be ac ab
By using (Z.11),
B+C=(B+C)(~A+ B+ (n-1)C) ,
C+A=(C+A)(-B+A+(n-1)0),
A+B=(A+B)(-(n—-1)C+A+B) .
The lemma follows from these formulae. O

2.2.1. The Riemann curvature tensor. In [7), section 2|, Cveti¢ et al. also computed the compo-

nents of the Riemann curvature tensor of the metric (2.4)).

Note that (2.14]) implies that

A+B)A+C) =,  (B+AB+C)=p,  (CHAC+B) =5
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By applying (2.8), (2.11)), (2.14) and Lemma [2.2| to |7, (2.14)], we find that the components of

the Riemann curvature tensor are all degree two polynomials in A, B and C"
R(él,éj,él,éj) =AB+ BC —nCA ,
R(é1,én4j,€1,6nyj) = AB+CA—nBC
1

n —

1R(él, €nt1,€1,Ent1) = R(€1,Ent1,Entj, €5)
= (n—1)(CA+ BC)—2AB ,
R(&i, €ntk: €jynt1) = —AB(8i50p1 + 6ud;1) + (BC + AC)6i051
R(é;, ey, ej,6) = (AB + BC + CA)(0i01 — 0i10;k)

and other inequivalent components vanish. Here, €1,...,és, is the dual frame of (2.7). By
equivalence we mean that the curvature is a quadrilinear map R satisfying the condition

R(X,Y,Z,W)=—R(X,Y,W,Z) = R(Z,W,X,Y) = R(X,Y,1Z,IW) . (2.15)

The following property of the Riemann curvature tensor will help simplify the calculation
in the Stenzel metric case: R(€y,e€ntv,Ents;nte) = 0 = R(Entp, €y, E5,€) for any p,v,0,e €
{1,...,n}. It will be used for the estimate ([7.6]) in the proof of Theorem

3. GEOMETRY OF THE CALABI METRIC

The Eguchi—-Hanson metric has another higher dimensional generalization. There exists a
hyper-Kéhler metric on the cotangent bundle of the complex projective space, T*CP"™. The
metric is thus Ricci flat. It was constructed by Calabi in |3 section 5] by solving the Kahler
potential under an ansatz. Since we are going to study the Riemannian geometric properties

of the metric, it is more convenient to describe the metric in terms of a moving frame.

3.1. The Calabi metric on T*CP". Consider the n-dimensional complex projective space
CP"™ with the Fubini-Study metric. Let {##} be a local unitary coframe of type (1,0). That is
to say, the Fubini-Study metric is

3o
pn=1

Denote by 6, the corresponding connection 1-forms. They are determined uniquely by the

relations:
Ao = -0 AN0”  and 0 +0L =0. (3.1)
The curvature of the Fubini-Study metric is

O = Ol — O A O% = 0" NV + 5107 N OT .
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The curvature formula implies that its sectional curvature lies between 1 and 4, and is equal to
4 if and only if the 2-plane is complex. The detailed discussion of the Fubini-Study metric in
terms of the moving frame can be found in [5 section 8].

Let {2,} be the complex coordinate for the fibers of (T*CP")(10). Then, the Fubini-Study
metric induces the following metric on T*CP".
n
D (10" + |dz — 2, 04) (3.2)
p=1
The complex structure of CP" induces a complex structure on T*CP", with respect to which
0* and dz, — z, 0}, are (1,0)-forms.

Remark 3.1. We briefly explain the convention of the correspondence between real and com-
plex moving frames. Write 6# as w?*~! +iw?*. Then, {gQ“_l}Zzl U {QQ"}ﬁzl constitutes an
orthonormal coframe. Let {e;,_1}),_1 U{es,}};;—; be the dual orthonormal frame. They satisfy
J(eg,—1) = €s,, where J is the complex structure as an endomorphism on the (real) tangent
bundle. Denote by gﬁ the connection 1-forms, where 1 < A, B < 2n. Namely, Ve, = g]j ®ep.

: : 20 2p—1 2u—1 2u . . s
Since J is parallel, wy, = w5, | and w5, ~ = —w5,_;. The Hermitian connection 0, is equal
to
2pu—1 s 21 o 2u . 2u—1
Wy 1 T1Wy, | =Wy, —1Wy, . (3.3)

For the total space of the cotangent bundle, write z,, as z,—iy,. Under the (real) isomorphism

(T*CP)(10) = T*CP" (real cotangent bundle)
2 0" < Re(z,0M) = 2w 4y, w

the metric (3.2)) is equal to

n

> (@2 4 @2 + (doy — @Bt - i) + Ay - m Wl - mwdl)?)
pn=1

3.1.1. Spherical coordinate for the fibers. Let r = , /Zu |z,|? be the distance to the zero section

with respect to the metric (3.2]). Again, the exterior derivative of r and the tautological 1-form
are two naturally defined 1-forms on T*CP". In terms of the complex coordinate, they read

Re (iéﬂ (dzy — 2 9Z)> and Re (z,60") ,

respectively. Their images under the complex structure give another two 1-forms, which are
the imaginary parts of the above two (1,0)-forms multiplied by —1.

With this understood, consider the following complex version of the spherical change of

gauge. It means an extension of %(zl, -++, zp) to a unitary frame for C", which can be done on
10



any simply connected open subset of C"\{0}. More precisely, choose a smooth map T}’ from a
simply connected open subset of C"\{0} to U(n) such that

1
Tl}(z) = for p=1,2,...,n and =z € Domain(7},) C C"\{0}.
It follows that the following 1-forms also constitute a unitary coframe of type (1,0) for (3.2)
ot =THe" ,
X _ (3.4)
ot = (T~ ) (dzy — 24 0)) = T) (d2, — 2, 6))
where p1 € {1,...,n}.

3.1.2. The Calabi metric. In terms of this coframe, the Calabi metric is of the following form
2

n 2 n
le(r) 01|2 + Z |b(r) Uj}z + (h(r)dr)? + (fgj“) Im 0'n+1) + Z a(:) ot (3.5)
j=2 j=2
where
a = sinh(r) ¢ =h=+/cosh(2r) ,
1 sinh(2r) (3.6)

b = cosh(r) , = - .
") f 2 /cosh(2r)

In [8], Dancer and Swann found an easy way to construct the hyper-Kéahler metric. They
wrote down the ansatz for the three hyper-Kéhler forms, and imposed the d-closed condition.

One of the Kéahler forms is

Tf dr ATm o™ + %02 ol Aol + %bZ Z ol Nod + %% Z o™t N onti (3.7)
Jj=2 j=2
and the other two are the imaginary and real parts of
hcdr/\aquif—C(ImU"H)/\alfa—bzn:aj/\am'j (3.8)
r r = ) ’
If (3.7) and (3.8) are annihilated by the exterior derivative, the coefficient functions must obey
da? db? dc?
O —onf =" S, 242 =E2,
d?“ d’f‘ dT (3 9)
d(ab d ‘
(a):hc, (fc>:hc, and ab= fc.
dr dr

It is a straightforward computation to check that (3.6) does solve (3.9). Omne can consult
[6, section 4] for the discussion on solving ({3.9).

For the connection and curvature computation in the following subsubsections, it is more
transparent to simplify the expressions by using the hyper-Kéhler equation (3.9)) than by plug-
ging in the explicit solution (3.6]). Note that (3.9)) implies that b? — a? is a constant, which is 1

for the explicit solution (i3.6)).
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3.1.3. Connection 1-forms. To compute the connection 1-forms of the metric, it is easier to
choose a complex structure and take a unitary frame. With respect to the complex structure
corresponding to the Kéhler form (3.7), we have the unitary coframe:
) . 1 ; a :
l=col, & =bo’ et = hdr + Y Imo™t | £t = Z gty (3.10)
r r

for j € {2,...,n}. Denote by & the Hermitian connection 1-forms. They can be found by the
structure equation (3.1)):

(2f 1 4 f .

1 n+1 n+1

& :1<02_f> Im¢ * Z—fnil J %+1:?§]:€71L+j ) (3.11)
2f j n+j _ i nt+j _ ¢l '

=3¢, I =0, Gl =58 =g

The hyper-Kéhler equation (3.9) is used to simplify the above expressions. The components ff

and fgijk are related to the connection of the Fubini—-Study metric as follows:
f

& =&l = Ti 6L T — (ATy) T + i550% Tmg™ (3.12)

3.1.4. Riemann curvature tensor. In terms of the unitary coframe (3.10)), the curvatures are as

follows:
R = 5 (AT - AeT) + 5 (0T - AT ) = —wi]
9{{ = 074 (5] /\€1 —f +1 /\§"+]> = —i)f{nijl ,

. 1 R _
)= L (AT ) o
2 __
i)aylz—&-l — _ESHJA A 51 ,

n 1 n+j A ck n cj
R = —— (T NF e AG)

2
|

b (8 AT - £ )
+ oF (014 (51/\?1—8‘“/\@) +612<5iA§i—§“+iAW)> =-R'"H .

The equality between different curvature components is a consequence of the hyper-Kahler

geometry.

4. GEOMETRY OF THE BRYANT—SALAMON METRICS

In [1], Bryant and Salamon constructed complete manifolds with special holonomy. They
constructed three examples with holonomy Gz, and one example with holonomy Spin(7), each

of which is the total space of a vector bundle.
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4.1. Bryant—Salamon manifolds. This subsection is a brief review on the construction of
Bryant and Salamon. We first review the general framework of the metric construction on a

vector bundle, and then specialize in their examples.

4.1.1. Bundle construction. Let (B",g) be a Riemannian manifold, and E % B be a rank m
vector bundle. Suppose that E carries a bundle metric and a metric connection. Then, these
data naturally induce a Riemannian metric on the total space E. The construction goes as
follows. With the connection, the tangent space of E decomposes into vertical and horizontal
subspaces. These two subspaces are defined to be orthogonal to each other. The metric on the
vertical subspace is given by the original bundle metric; the metric on the horizontal subspace
is the pull-back of the metric g.

This metric can be seen explicitly in terms of the moving frame. Take a local orthonormal
coframe {w’ }7_1 on an open subset U C B, and a local orthonormal basis of sections {s, }}.;
that trivializes E|y. Denote by V4 a metric connection for E. Let A} be the the connection
1-forms of V4 with respect to s,, namely, Vas, = > 7" | Ay s,. Thus, [A}] is an o(m)-valued
I-form on U. Let {y*}]; be the coordinate for the fibers of E|y induced by {s,};";. The
Riemannian metric g, on E induced by the bundle metric is

=3 W)+ (dyt + Al yY)? (4.1)
j=1 p=1

Comparing (4.1) with (2.2) and (3.2]), the connection matrices in section [2[ and |3 are defined
with respect to the Levi-Civita connection on the tangent bundle, so the induced connection
matrices on the cotangent bundle are the negative transposes in (2.2]) and (3.2), while the

connection matrices here are on an arbitrary vector bundle.
In our discussion on the bundle construction, the indices i, j, k are assumed to belong to
{1,2,...,n = dim B}, and the indices p, v, v, o are assumed to belong to {1,2,...,m = rank E'}.

Here is a relation that will be used later. The exterior derivative of dy* + AL y” can be
written as FJ)'y” — Ay A (dy” + A% y7), where

1 . .
=_Fl' W A (4.2)

i = dA+ AU NAY = SFLyw

is the curvature of V4.

4.1.2. Rescaling the metric. Let s = Zu(y“)2 be the distance square to the zero section with
respect to the Riemannian metric gy in (4.1)). For any two smooth, positive functions a(s), 5(s)
defined for s > 0,

J

dap = (aw)’ + 3 (B(dy + ALy"))? (4.3)
nw

13



also defines a Riemannian metric on E. Let

w = aw and W' = B (dy* + AL YY) . (4.4)

It follows that
2

ds = 3 bt (4.5)

Note that {w’}j—1..,, U {w"#},—1..n, form an orthonormal coframe of the metric ([.3). Their
exterior derivatives read

j J i 20/ j n+
dw’ = —wj ANw' — ?y“oﬂ AwW"H
o
dw™tH = BFFy” — AP AT — — Y WA Y

where g{ is the connection 1-form of the Levi-Civita connection of (B, g). By a direct compu-
tation, we find that the connection 1-forms of the Levi-Civita connection of (£, g, 3) are

A B
w! = w] ﬁFff@'j T (4.7)
+ p ;2
w, = 202 ﬁij Yy’ w! — O[—ﬁy“(,uZ , (4.8)
2 /
wih = Ak + @(y” WHH gt gy (4.9)

*# i different from the other two components; it involves only the

n+pu
%

. mn
The mixed component w;

curvature but not the connection. That is to say, w is a tensor:

20
B

where H = n*T' B is the horizontal subspace, and V = n*FE is the vertical subspace over the

Wi®w?+u®5u :BF('v')(yusﬂ) -

g, )W'sy) HXH =Y

total space of E.

4.1.3. Examples of Bryant and Salamon. For the examples of Bryant and Salamon, the base
manifold B is either a sphere or a complex projective space. The metric g is the standard
metric. The vector bundle F is constructed from the tangent bundle or the spinor bundle,
and the metric connection is induced from the Levi-Civita connection. In what follows, x is the
sectional curvature of the round metric when the base is the sphere, and is half the holomorphic
sectional curvature of the Fubini-Study metric when the base is CP?2.

The first example [1, p.840] is the spinor bundle over the 3-sphere, S(S?). The Gy metric has

W=

a(s)=(3k)2(1+s)3  and  B(s) =2(1+s)76 . (4.10)

14



The next two examples |1, p.844] are the bundle of anti-self-dual 2-forms over the 4-sphere
and the 2-dimensional complex projective space, A2 (S%) and A% (CP?). They have

=

a(s) = (2/1)%(1 + s) and  fB(s)=(1+ s)fi . (4.11)

The last example [1, p.847] is the spinor bundle of negative chirality over the 4-sphere,
S_(S*). The Spin(7) metric has
a(s)= (5k)2(1+ )10  and  B(s)=2(1+s)75 . (4.12)
We will refer S(S%), A2 (S4), A2 (CP?) and S_(S*) with the Ricci flat metric as the Bryant-
Salamon manifolds.

The above coefficient functions are derived from the special holonomy equation, which is a
first order elliptic system. According to their paper, the special holonomy equation reduces to
the following equation:

5 ) 8°

A d = — K9 — 4.1
o =k — an B K2 —5 (4.13)

for some positive constants k1 and k2. For S(S3), k1 = k/4 and ke = k/8. For A2 (S%) and
A% (CP?), k1 = ko = K/2. For S_(S%), k1 = 3k/8 and ky = K /4.

One can easily construct some functional equations from . Here are two relations that
will be used later:

2

(O¢2>/:2(I€1+/€2) Lo (0‘(0)>2+2(m+,{2)8; (414)

ES g \B0)
/ 3
((;i) = —(2/61 + 52) % . (4'15)

5. THE UNIQUENESS OF THE ZERO SECTION

The following lemma is about the rigidity of a compact minimal submanifold. The authors
believe it must be known to experts in the field. Due to the lack of a precise reference, the
proof is included for completeness.

Lemma 5.1. Let (M, g) be a Riemannian manifold. Suppose that ¢ is a smooth function on M
whose Hessian is non-negative definite. Then, any compact, minimal submanifold of M must
be contained in the set where Hessys v degenerates. In addition, 1 takes constant value on the
submanifold if it is connected.

Proof. Let ¥ C M be a compact submanifold, and p be a point in . Choose an orthonormal

frame {e;} for T'Y on some neighborhood of p in ¥. Consider the trace of the Hessian of ¢ on
15



>
0 < try Hess ¢ = ZHGSS ?[)(ej, ej) = Z (ej(ejW)) - (vejej)w))

=A%) — H(y)

where V is the covariant derivative of (M, g), A* is the Laplace-Beltrami operator of the
induced metric on X, and H = ) j(Vej ej)* is the mean curvature vector of . When ¥ is
minimal, it implies that A > 0. The lemma follows from the compactness of ¥ and the

maximum principle. O

5.1. The Stenzel metric case. In this subsection, we apply Lemma [5.1] to show that the zero
section is the only compact, special Lagrangian submanifold in 7%S™.

Theorem 5.2. When n > 1, any compact, minimal submanifold in T*S™ with the Stenzel
metric must belong to the zero section.

Proof. Consider the smooth function 1) = p?, which is the square of the distance to the zero

section (with respect to the Stenzel metric). Due to Lemma it suffices to show that the

Hessian of ¢ is positive definite outside the zero section. Since Hess(p) = Vdp and dp = w1,

we compute

Hess(v) = 2wt @ w1 + 2pVw" ! .
By (2.8)) and (2.11)), we obtain

n n
Hess(¢) = 2™ @ W™ — 2p(n — 1)Cw! @ w! — 2pAij Qwl — 2pBZw”+j Q@wt .
3=2 J=2
(5.1)

According to Lemma Hess(v)) is positive definite when r > 0 (equivalently, when p > 0).
This finishes the proof of the theorem. U

5.2. The Calabi metric case. In this subsection, we prove that the zero section is the only
compact, minimal submanifold in 7*CP".

Theorem 5.3. Any compact, minimal submanifold in T*CP"™ with the Calabi metric must

belong to the zero section.

Proof. The function p = for y/cosh(2u)du is the distance function to the zero section with
respect to the Calabi metric and dp = Re&™*! by (3.6) and (3.10). Consider the smooth
function 1 = p? and compute as in the last theorem,

Hess(¢) = 2 (Re "™ @ (Re ™) + 2p Re(VE™ ) |
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By (1),

2 tL 12 . - :
Re(Ve™™) = 2 i+ LY 6P+ (5 - 2 (tme) @ (mg ) + L3 e
j=2 Jj=2
According (3.6)), it is not hard to see that Hess(¢) is positive definite when r > 0, and the
theorem follows from Lemma [5.1] O

5.3. The Bryant—Salamon metric case. In this subsection, we examine the uniqueness of

the zero section as a minimal submanifold.

Lemma 5.4. Let (B",g) be a Riemannian manifold. Let E — B be a rank m vector bundle
with a bundle metric and a metric connection. Denote by s the square of the distance to the zero
section with respect to the metric gy on E. For any two smooth positive functions a(s)
and B(s), endow E the Riemannian metric g, g defined by . Then, the Hessian of s with
respect to go 3 is positive definite outside the zero section if and only if &/ > 0 and 8 > 2s|f/|
for s > 0.

Proof. Suppose that v is a smooth function on E depending only on s = > u(y”)Q. Its exterior

derivative is
/ / 2¢/ n+
dy = ds = 2¢'y* dyt = ?y“w ol (5.2)

Let {€;}7_; U{én+u},=q be the frame dual to the coframe (4.4). Since €;(¢)) = 0, the Hessian
of ¢ along (&, €;) is

Hess(v)(€:, €5) = €i(e;(v)) — (Ve &) ()

4@/¢/ i / 5
= 2 553-—1—?3/“3/ Flf‘ij
4a/,¢/ i
= VG 56! (5.3)

where the last equality uses the fact that [F}'] is skew-symmetric in g and v. It is not hard to
see that the Hessian of 1) along (€, €;) vanishes. Along (€n1y, €ntv),

HeSS(w)(énw, Cniv) = énJru(énJru(@Z’)) - (vénwénﬂ/)(d))
— (w 5/’1 + yu yu g <2¢/> > — <yu yu45/¢/ - 45/1/}/555)

B2 B\ B B3 B3
2 44 4"\’
- (BQ + ﬁ35> Vo + (52 vy (54)
Substituting 1) = s, the lemma follows from ([5.3)), (5.4) and the fact that the eigenvalues of the
matrix [y* y”] are s and 0, where 0 has geometric multiplicity m — 1. O

Applying this lemma to the Bryant—Salamon manifolds leads to the following theorem.
17



Theorem 5.5. Any compact minimal submanifold of the Bryant—Salamon manifolds must be
contained in the zero section.

Proof. This follows directly from (4.13)), (4.14]) and Lemma . Moreover, by (4.14]), we have

/8 = 7 1 2 a(0)>2 - n+ n—+
H 4k — — — 2 " i .
ess(¥) > 4k1 o35 ;:1 Wwewt <<5(0) + ms) Mg_lw R w (5.5)

This Hessian estimate will be needed later. O

6. FURTHER ESTIMATES NEEDED FOR THE STABILITY THEOREM

In this section, we begin preparations for the proof of Theorem [1.3] Each manifold in
Assumption is the total space of a vector bundle 7 : E — B. The base B naturally sits
inside F as the zero section. In each case, we introduce a differential form €2 with the properties
explained in section [I} and calculate the covariant derivatives of €2. The calculations will be
applied to derive C! estimate of the mean curvature flow.

6.1. Estimates from linear-algebraic decomposition. Each metric in Assumption ad-
mits a local orthonormal coframe {w’ P U{w™ R such that (;_, ker w = 71*E. As in
section The subbundle 7*E C TE will be called the wvertical subspace, and will be de-
noted by V. The orthogonal subbundle H C T'FE is given by ﬂzl:l ker w™*#, and is isomorphic
to 7*T'B. This bundle H will be referred as the horizontal subspace.

In terms of the frame, the n-form Q is w! Aw? A--- Aw™. Let p € E, and suppose that
L C T,E is an oriented n-dimensional subspace with Q(L) > 0. Then, L can be regarded as
the graph of a linear map from H, to V,. By the singular value decomposition, there exist
orthonormal bases {u;}7_; for Hp, {v,}L; for V,, and angles 6; € [0, 7) such that

{ej = cos O uj +sin6; v} and {entp = —sinb,uy, + cos b, v}ty (6.1)

constitute orthonormal bases for L and L+, respectively. For j > m, v; is set to be the zero
vector, and 6; is set to be zero. For > n, u, is set to be the zero vector, and 6, is set to be
ZEro.

Note that neither the frame {e;}U{e,+,} nor {u;}U{v,} is necessarily dual to {w’ }U{w™#}.
In any event, [w’(u;)];; is an n x n (special) orthogonal matrix, and [w"™(v,)],,, is a m x m

orthogonal matrix. Denote by
§ = max |sin ;] . (6.2)
J

The following estimates are straightforward to come by:
n n

Z ‘(wj ® wh)(es, )| <n Z (" @ w!)(e5,€i)| < ns (6.3)
i=1 i=1
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and

‘(wl/\---/\w”)(enw,el,'“ L Cy e 7en)’ <s,

}(wl/\~--/\wn)(6n+m€n+u,€17"' JCiy e e ,Gn)’ <s?,
‘(w”*“mﬂA---/\ﬁ/\---Aw”)(eb“- ,en)‘ <ns, (6.4)
}(w"ﬂ‘/\wl/\---/\c;i/\---/\w”)(enw,eh“' € ,en)| <1,
‘(wnw/\wnw/\wl/\.,_/\Ji/\.._/\&/\.../\wn)(eh... cen)| < n(n—1)s?

for any 4,5,k € {1,...,n} and p,v € {1,...,m}. To illustrate, we briefly explain the derivation

of the first and third inequalities in (6.4). By (6.1), (w! A - Aw™)(entpr€1, " 16y y€n)
vanishes unless p = ¢, and

(WA AW (e, €t engis €ints e s en)|
= ’(wl Ao Aw™)(cosBrug, -+, cosbi_qu;—1, — sin O;u;, cos 04 1Uiq1, -+, COS Qnun)‘ <s.

For the third one,

‘(wnﬂ‘/\wl/\--‘/\c:i/\'~~/\w")(€1,‘-- 7€n)
n o~

< Wt en)] [@ ARG A AL er, 6 en)| < s
k=1

Suppose that 3 C E is an oriented, n-dimensional submanifold with ©(7},3) > 0. Applying
the above construction to 7,,% gives a continuous function s on 3. With this understanding,
the remainder of this section is devoted to estimating

n

Ve, and  (trp,s VVQ(TRE) =Y (V2 . Qe en)
j=1
in terms of s and the distance to the zero section. These estimates will be used in the proof of

Theorem [L.3

6.2. The Stenzel metric case. Consider the Stenzel metric on 7*S5", and let
Q=w'AW?A- AW, (6.5)
where w! and w’,j = 2,--- ,n are defined in (2.7). The n-form Q is not parallel. In order to

establish the estimates on VQ and V2(), it is convenient to introduce the following notations:

D =w?A- AW,

B = 1(e))® = (1) w2 A AWl A AW
. - . (6.6)
(IR A AWE A AT A AW ifR<],

B — (e uley)p = § A AW A <
(1R L2 A A WI A AR A AW iR >
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for any j, k € {2,...,n}.

By (2.8)), (2.10) and (2.11]), the covariant derivatives of the coframe 1-forms are as follows.

Vwl=-Buw"@w +(n-1)Cuw @w"t + A @ w7 |

Vol = _wi@)wk—i-Bw”“ Qul+ A @ —Cuwt @w™t
Vo = —(n-1)Cuw'@w' — 4w ®@w — Bw" @™ |
V' = A @w' + Cw' @ w! + Bw"H @ Wt —Wi®wn+k .

We compute the covariant derivative of ® and &7.

Putting (6.7)) and together gives the covariant derivative of €.
VQ=(n-1)Cwh)® W ™A®) +(Aw) ® (W7 A D)
—(Cw) @ (W AW A DT + (Aw) @ (W AW A D) |

(6.7)

(6.8)

(6.9)

(6.10)

We also compute the second covariant derivative of {2 by computing the covariant derivative

of the four terms on the right hand side of (6.10]). By (6.7)), and :
Vi =n—-1D)I+IT+ 1141V

where

I=V((Cuw)® Wt Ad))
=—(n-1)(C?w'®w") @02 (BCW"W @w") @ (W' AD+w Aw™ A @)

+ (C’w"+1 R@w' —BCW" ®@w +(n—-1)C*w' W + ACW ® w"“’) ® (WA @)

—(C?wr @ wh) ®@ (W AW A DY)

1=V ((Aw)) ® (W™ A D))

= (AW Ruw) Q2+ (ABW"V @ w!) @ (W A D) + (ABWw" T @ wl) @ (W A w! A BF)

+ (A W @w + A2 @w"T + ABW" @ w! — ACW! ® wnﬂ) @ (W A ®)

— (AC W' @ W) @ (W AWTF A BF) + (A2WF @ W) @ (W AW A OF) |
20



Il =-V ((Cw") ® (W' A" A 7))
= —(C?wleu)o0-(C?uwow)® ((n — D" AW A DT — W AW A WE A @jk)
— (C’w"+1 Qw! —=BCw" 7 @uw +(n-—1C?w! @™ + ACW @ w"+j) ® (wh A w™tE A BF)
— (AC W @ wh) @ (WP AW A BT 4wl Aw™ T A WA BIF)
—(BCW" @w) @ (W A®+w AW AP

IV=V ((Aw) ® (W' Aw™ T A 7))
= (A2 @ W) @ Q+ (A%2WF @ W) @ (WP AW A @)
+ <Aw”+1 Qw + A%2w @ W + ABW @ w! — AC Wt ®w"+j) @ (wh AW A B
+ (ABw" @ w) @ (WA D) — (ABw" ™ @ w?) @ (w! A w™R A B
—(AC W' ® W) @ (W AW AW A @IF)

By examining the coefficient functions carefully, we conclude the following lemma. Recall
that the p coordinate is the distance to the zero section.

Lemma 6.1. Consider M = T*S™ with the Stenzel metric , and consider the n-form
Q = w!' A~ Aw". There exists a constant K > 0 depending only on n with the following
property. Suppose that ¥ is a compact, oriented n-dimensional submanifold of M such that
p(p) <1 and Q(T,X) > 0 for any p € ¥. Then,

IVxQ| (p) < Kp(p) | X| for any X € T,M , and

K (2(0) + 5(0)) < (01,5 V)(T,) < K 22(0) — 2 2(0)

Here, |VxQ| means the metric norm of Vx§ as a section of (A"T*M)|x with respect to the

metric induced by the Stenzel metric.

Proof. In ([6.10)), the coefficient functions consist of multiples of A and C, which are of order p
by the second assertion of Lemma 2.1

There are three types of terms in the formula of V2.

(i) The first type is in the direction of 2. The first term of each of I, II, III, IV is of this

type and their sum is

n
—(n? = 2n+2)C% W @ w! —2A22wj Qw | @Q.
j=2
The two-tensor in the bracket is clearly semi-negative definite, and is of order p? by

Lemma 211
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(ii) The second one is the linear combination of
n=(W""ew)® W tFAw A A A Aw™) and (W' ®@w") ® (same)

for i,j,k,1 € {1,,...,n}. By (6.3) and the third line of (6.4)), |(trr,=n)(TpX)| < n?s?.

On the other hand, the coefficient functions are constant multiples of A2, AB, BC, AC,C?, A

or C. They are at most of order 1 by Lemma and
(iii) The third one is the linear combination of

n= (WP @w) @ W AT AW A AWEA - AGEA - A W)

for i,j,k,l,p,q € {1,,...,n}. By (6.3) and the last line of (6.4)), |(trr,=n)(TpX)| <
n?s?. In these terms, the coefficient functions are multiples of A%, AC' and C2. They

are of order p? by Lemma

By the triangle inequality, the proof of this lemma is complete. O

6.3. The Calabi metric case. For the Calabi metric, we follow the notations introduced in

section Bl and consider the 2n-form

Q=kn (AN ENVANETANEN - AED) (6.11)

where k,, = (—l)n(nz_l) (4)™. The 1-forms &' and &’ are given by (3.10). The restriction of  to

the zero section coincides with the volume form of the zero section. Let u, be the complexified
tangent vector defined by £#(u,) = 6 and £#(u,) = 0. Similar to the case of the Stenzel metric,
let

== ()2 = (1P A NG A NET,

. - ~ (6.12)
o _ (1R N NEREA NN NET iR <]
B = o(ug)e(uy)= = , ~ ~
(—1)IFRHALE2 A NG N NERN - ANE iR >
for any j, k € {2,...,n}.
By (3.11)) and (3.12)), the covariant derivative of the unitary coframe reads:
L2f 1 b . - 2f a . .
vlz_ 2LV n+1 1 7 oentg j _ 2J ¢l n+l % &) n-+j
€ =i - P me e+ ool - Teert - poas
4 h — . .
VE = -~ gnti ®§1_§i®§k_ié‘] ®§n+1 :
ac b? (6.13)
ventl — g Fgo 21 Tm €7+ ntl o L Fg o entd
G =2 e+ HYed+i(G - ) I e 4 G et

f

Ve =g - ST el L goltt
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It follows that the covariant derivative of = and =7 are as follows:

E=(VY)NT

b — —7 j —_ f 1 n —7
= OHRENE) - geE-Sde (T AT), (6.14)
V= = (VEF) AET

f

b —— _ » ~ B
= —&&wk@(gl ANEIR) — ek @ =i +§Jk®:k_ ﬁ§k®(£n+1 N8 (6.15)

By combining (6.13)) and (6.14]), the covariant derivative of &' AZ = ¢LAE2A--- AT is

1 2f 2f

V(E'AE) = i(; -2 (mg™ @ (¢ AE) - 3¢ @ Ag) 616
P E AT ~E o AD) - hP o E AT AT).

Since () is real,
VQ =k, (V(& AZ)) A& AE + (conjugate)

SO

) . . . —
VO = _knégl ® (g”“AEAgl /\E) —knbﬁgﬂ ® (g”ﬂ /\E/\él/\E)
(} 7 ¢ (6.17)
— knb—Q &® (fl ANETHLANZIAELA E) + (their conjugates)

where we have also used the fact that 5;? is skew-Hermitian, which is why the second-last term
from the right hand side of (6.16)) ends up canceling with its conjugate.

Note that by (3.9)), the second coefficient, a/(bc), is equal to f/b%. The next step is to
calculate the second order derivative of 2, which is a sum of the covariant derivative of the six
terms on the right hand side of (6.17)). Due to (6.13)), (6.14]), (6.15), (6.16) and the relations

(3-9):

V2Q = —k, (I + 11+ I0I) + (I + IT 4 III)) (6.18)
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where

:%(§T®§l)®(é‘l/\E/\fT/\E_i_gnJrl/\E/\@/\E)

n ((i{)’;meg"“)@asuiif (% - 7) ame et - Y e

2b2 , - 202 . . —
+— e - —Ci & ®§"+ﬂ> ® (5”“ AEAEL /\E)
C C
2

+26i4(£”+j®£1)®(£n+jAEA§TA) (é’]@é’) <£n+1/\ /\gnﬂ/\)
2

2
T
+2Ci4(£n+j®§1)®<§1A£n+1/\5j/\€1 ) £]®§

1 = A 1 A entl A —mq
(5”* /\:Agl/\gnﬂ/\:ﬂ),

I=v (‘28@ (§”+jAEA§1AE)>
f2 - (FR)® (SIAEAST/\§> —é(f”ﬂ' RN ® <§”+1AEA§TA§)

+ <(1f2) » Reg™ ) @ ¢l +i lj;(zf—;) (Imf"“)@sj—c%W@fl
J; ¢ g”“) ® (g”ﬂ' AE/\?AE)
2a

2
—CT(§®§J')®(§”+J'AEA§”+1A) L @od)e ® (€ AZAETEAE)
1 j 1 n+j A =k A €1 f2 k n+1 ntj A=k Al AT
+ 5 @F o) e (8 AeT AT AT A ) (@ 98) o (€ A NS AT AE)

2
f T (@ 08) e (e AEAET AETTAEF)
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2
f S (Eed)® (glAE/\?AE> —é@"“@ﬁj)@ (g”*lAE/\EAE)

(@ hmeroe (5 - Ymemos- Seoe

2
—L@@@“)@@MgmAyAeA@
2 _
f ({k ®£]) (é-n—f—l A gn-i-k IN=Y /\g/\§> + l (gn—&-k ®£j) Q (gl A érn-i-k N 51 /\E)

faﬁ®8)(éA@“A?A@%A@

——4§®ywﬂéA@HAyA@HA@
f2

L (EFod)® (51 ANETHLANTI A EL A EntT A?) .

Recall that the distance to the zero section with respect to the Calabi metric is p =
fOT \/cosh(2u)du, and the asymptotic behavior of the coeflicient functions near p = 0 can be

found easily from (3.6)). By applying (6.3]) and on and , a completely parallel

argument as that in the proof of Lemma [6.1] - leads to the followmg lemma.

Lemma 6.2. Consider M = T*CP" with the Calabi metric (3.5)), and consider the 2n-form
defined by (6.11)). There exists a constant K > 0 depending only on n which has the following

property. Suppose that X is a compact, oriented 2n-dimensional submanifold of M such that

p(p) <1 and Q(T,X) > 0 for any p € ¥. Then,

IVxQ| < Kp(p)|X| for any X € T,M , and
1
= K (p*(p) +5° (1)) < (b1, VQ)(T,%) < K 5*(p) — 2 p*(p) -
6.4. The Bryant—Salamon metric case. Consider the n-form

Q=w' AW A AW, (6.19)

The notations in this subsection follow those in section M and the 1-forms w’ are defined by
(4.4). Similar to the case of the Stenzel metric, it is convenient to introduce the following
shorthand notations:

O = 1) = (1) Wl A AW A AW (6.20)
. (C1HR W A AR A AT A AW iR <,

DF = 1(ep)i(ef)Q = , —~ —~ (6.21)
’ (1)L GIA A WT A AR A AW iR >
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The covariant derivative of € is
VQ = (VW) A = w;”r“ @ (WA Q) (6.22)

For V22, one expects that the covariant derivative of the curvature, V4F € C*(B;T*B ®
(A’T*B ® End E)), will show up. The coefficient 1-form of V4 F is

Fl. AY —

(VaF)h ik

—FM Wi (6.23)

= dF, jk—i_AH l/zk J v ji

vik = ij_

We are now ready to calculate the second order derivative of 2. Since
Vo't =~ @ wt — wift @ w” and (6.24)
VO = (VuP) A = wf @ OF + 0™ @ (" A Q7F) (6.25)
the covariant derivative of (6.22) is

V2Q — _( ntp ® wnJru) R0+ ( n+v ® wﬂJFH) ® (wn—l—,u A wn—l—u A Q]k)
n4+p n+p n4v n+p n4pu j (6'26)
+ (Vw; " +wp iy, ® Wi +wk®w ® (W'THAQY) .

n-+v

The first two coefficients on the right hand side of 6.26 can be substituted by (4.8). We
compute the coefficient in the second line of ([6.26]). By (4.§] ,

n+p 5 k 2
Vw; —V<2F Jky w > _v<aﬁy wﬂ) .

With the help of (4.4)), (4.7)), (5.2) and (6.24)), we have

B 2( 6
V<2 zngk; vk :B 307 Ffjky”y'yw"+7®w +2—F ]kw”+u®wk

L 82 ) o
oo Py’ Wi @ W = S (B ) () W @ w! (6.27)
B .

+ 559" (dF;”]k — LAY - Fl %) oot

and

/ AN /
i v <2a ij> :_z <2a) y#yyw”+V®wj_2iwn+ﬂ®wj

ap? ﬁ aB o
yhFY nty 20" nw (6.28)
+ Sy Wt @ Wk — @y wiT ®@w" :
20/ - 2d/
+a—6y7A‘7’“®oﬂ +a—6y wk®w
Due to (4.7) (4.8) and (4.9),
2 /
P
o ; (6.29)
oF
—a—ﬁy”Aﬁ®w]+2a2y (AMF:]k) ;



and

k +u /B + +
Wi @wy = g S By T @ w
2a/ w, k k § vipko i k (6.30)
+0[/By Qj@(,d _2a2y (Fuikgj)@)w ’

To summarize the above computations, note that

o the sum of the last terms of (6.27)), (6.29)) and (6.30) is a multiple of V4 F by (6.23);
e the last term of (6.28]) cancels with the second-last term of (6.30));

e the second-last term of ([6.28]) cancels with that of (6.29)).

The above computation is for a general bundle construction. We now examine the expressions
for the Bryant-Salamon metric. It is more convenient to consider the function s = Z#(y“)Q,
which is equivalent to the distance square to the zero section on any compact region.

Lemma 6.3. Consider the n-form Q = w'A---Aw™ on each of the Bryant-Salamon manifolds.
There exists a constant K > 0 which has the following property. Suppose that % is a compact,
oriented n-dimensional submanifold of M such that s(p) < 1 and Q(T,X) > 0 for any p € X.
Then,

IVxQ| < K+/s(p)|X| forany X € T,M , and
1

— K (s(p) +5%(p)) < (trz,x VZQT,Y) < K 5°(p) — =5(p) -

Proof. The coefficient functions a and (8 have explicit expressions, (4.10), (4.11) and (4.12]).
The only property needed here is that «, 8 and their derivatives are uniformly bounded when
s € [0,1]. The estimate on Vx follows directly from (4.8) and (6.22)).

To estimate V2, consider (6.26)), (6.27)), (6.28)), (6.29) and (6.30):

e The first coefficient 2-tensor on the right hand side of is non-positive definite,
and is of order s when s(p) < 1.

e The second term on the right hand side of carries WTHF A WY A -

e As explained in Appendix VaF = 0. Thus, each term of the third coefficient
2-tensor on the right hand side of carries at least one w™#-codirection.

Then, the lemma follows from (6.3) and (6.4)). O

7. THE STABILITY OF ZERO SECTIONS

Suppose ; is a mean curvature flow of n-dimensional compact submanifolds in an ambient
Riemannian manifold M and € is an n-form on M. For any point p € ¥, let {e1,--- ,e,} be an
orthonormal frame of T, near p and {e,+1, - , €ntm} be an orthonormal frame of the normal

bundle of ¥; near p. In the following, the indexes i, j, k range from 1 to n, the indexes «, 3,7
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range from n + 1 to n + m, and repeated indexes are summed. Let hqij = (Ve €5, €q) denote
the coefficients of the second fundamental form of ¥;. Here, V is the Levi-Civita connection of
the ambient manifold M.

We first recall the following proposition from [27, Proposition 3.1]

Proposition 7.1. Along the mean curvature flow ¥y in M, xQ = Q(ey,--- ,e,) satisfies
d
e « Q=A% Q+ *Q(Zkhilk
-2 Z [Qap3-nharkhpar + Qazg-nharkhssr + - + Qi (n—2)apham—1)ksnk]
B,k (7.1)
- Q(VekQ)(eaa te 7en)hoc1k - Q(VekQ)(ela T 7€a)homk

- Z[QaQ--~nRakk1 + o+ Qe Rakkn] — (V2 o, Q) (€1, €n)
a,k

where A¥t denotes the time-dependent Laplacian on L4, Qaps..n = Qea,ep,€3, -+ ,en) etc.,
and Rokk1 = R(eq, e, ek, e1), etc. are the coefficients of the curvature operators of M.

When Q is a parallel form in M, VQ = 0, this recovers an important formula in proving the

long time existence result of the graphical mean curvature flow in [26].

Remark 7.2. In [27], the frame {e;}}_, is a geodesic frame at some p € M, i.e. Vezj e; vanishes
at p. Thus, the last term of (7.1)) is

(Vz Q) (€1, yen) = —(Ve, Ve, Q)(er, -+ en) + (VaQ)(er, -+ ,en)

€k,€k

at p € M. This is exactly the formula in [27, Proposition 3.1].

7.1. Proof of Theorem [1.3] for the Stenzel metric.

Proof. We deal with the Stenzel metric first. Let € be the constant to be determined and X
be a compact submanifold of M that satisfies the assumption . Throughout the proof,
K;,t =0,1,2,--- denotes a positive constant that depends only on the dimension n. Denote
by 3; the mean curvature flow in M with ¥ as the initial data.

We first prove the CY estimate. As in the proof of Theorem let ¥ be the distance square

to the zero section with respect to the Stenzel metric, or the square of the p coordinate. Its
evolution equation along the mean curvature flow ¥; reads (see the proof of Theorem C in |25])

%¢ = A¥tq) — try, Hess 1) | (7.2)

where try, Hess 1 is the trace of the Hessian of ¢ over 3; and is always non-negative by Theorem
.2l By the maximum principle, the maximum of ¢ on ¥; is non-increasing, and thus X; remains

close to the zero section along the flow.
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Next, we derive the C! estimate which amounts to showing that *Q = Q(T,%;) remains close
to one. We claim that there exists a small enough € € (0, %) and a large enough Ky > 1, both
depending only on the dimension n, such that if the inequality *Q — Kgi» > 1 — € holds on
the initial data, then it remains true on ¥; at any subsequent time as long as the flow exists
smoothly.

For the argument of contradiction, suppose *€2 — Kgy > 1 — € holds initially, and *Q — Ky =
1 — € for the first time at Ty. Our goal is to apply equation ([7.1)) and the estimates in section
[6.2] to show that for certain e and K,

%(*Q — Kog) > AZ(+Q — Kogo) + %(*Q — Ko)| A . (7.3)

where |A]? =Y ik h?,,. Therefore, the minimum of *Q2— K¢t is non-decreasing in the interval

[0,Tp) and % — K is indeed strictly greater than 1 — € at Tp.
By (7.1)) and (7.2), the evolution equation of *Q — Ky is:

e — Kgp) — A (xQ — Ko)

dt
= % Q(Z hzwk) —2 Z [Qaﬂ3-~~nha1khﬁ2k + Qa26~--nha1khﬁ3k + -+ Ql---(n72)a6ha(nfl)khﬁnk]
a,ik a,B.k
- 2(v€kQ)(ea) T 7€n)ha1k -t Z(VEkQ)(Gla e 7€a)homk
- Z[Qaz--nRakkl + o Qe tyaRakkn] — (V2 0, Q)(e1, -+, en) + Ko trs, Hess 1) .
a,k

(7.4)

We aim at using the first and last term on the right hand side of (7.4 to control the rest of
the terms. At any p € 3, T,¥ and (TPZ)J- have the following orthonormal bases constructed
in section

{ej = cosbOjuj +sinbjv;} and {en4; = —sinbu; + cosbjv;} ,

respectively. Recall that {u;,v;}j=1,..n, is an orthonormal basis for T, M such that w'(vj) =
w" T (u;) = 0 for any 4,7, and [w'(u;)];; and [w""(v;)];; are both n x n orthogonal matrices.
As in (6.2)), set s to be max;{|sin6;|}.
It follows from *Q — Kgyp > 1 — € that ¢ = p? < ¢/Ky < 1. In what follows, the point
p is always assumed to be at distance less than 1 from the zero section. It also follows from
Q) — Kop > 1 — e that «Q = Q(eq, -+ ,e,) = H?ZICOSQJ‘ > 1—e€. Hence, costj >1—¢€> %
1
and sin?0; < 2¢ for any j € {1,...,n}, and s < 2¢2.

We now analyze the terms on the right hand side of (|7.4))
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i) By (5.1) and Lemma Hess ¢ > I% > (p? W @w’ +w"H @w™ ) for some constant
K > 0. Since cosf; > 1 and > i1 sin? §; > max;{sin? ;} = 52,

try, Hess¢> — Zcos 9, +Zsm 0;) ( p +57) . (7.5)

(ii) With the second line of (6.4]) and the Cauchy-Schwarz inequality, |Qqs3...nha1khs2k| is
bounded by s2|.A|?. Thus,

2 ) " (Qaps-nhatkhpo + -+ Qetn-2)aslam-1)rhonk) | < K252 Al
a,fB.k

for some constant K9 > 0.
(iii) Due to the first assertion of Lemma

1
2/(Vee(€ar = senhatk + -+ (Ve )(er,+ , ea)hank| < KsplA| < K3p? + 7| A

for some constant K3 > 0.

(iv) According to the curvature computation in section the Riemann curvature tensor
of the Stenzel metric satisfies R(u;, vj, vk, v1) = 0 = R(v;, uj,ug, w) for any i, j,k,l €
{1,...,n}. It follows that

|R(en+tj, ks ek, €i)| < Ka(]sinb;| + |sin x| + |sinb;|) < 3Kus (7.6)
for some constant K, > 0. This together with the first line of (6.4)) implies that

Z(Qa2~~nRakkl + -+ le(n—l)aRaklm) < 3n2K4 52
a,k

(v) By Lemma there exists a constant K5 > 0 such that

2
E ek,ek elv T 7671) > —Kss

It follows that the right hand side of (7.4]) is greater than

K 1
*Q|A|? + K0(4p + 5%) — Kos?|A|? — K2p* — Z|A|2 — (3n2K4 + K5) s°
It is clear that by taking e to be sufficiently small and Kg to be sufficiently large, the expression

is greater than 3 x QA% > 2(xQ — Ko1)|.A|%. This proves the differential inequality (7.3).

Finally, we prove the C? estimate, which amounts to bounding the norm of the second

fundamental form from above. The evolution equation for the norm of the second fundamental
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form for a mean curvature flow in a general Riemannian manifold is derived in |24} Proposition

7.1]. In particular, |A]? =Y , . b2, satisfies the following equation along the flow:

a,ik

d
&’AP = AAP = 2|V AP + 2[(Ve, R)aiji + (Ve, R)akiklhaij

— 4Ryijkhaikhaij + 8Rapgjihsikhaij — 4Rikikhatjhaij + 2Raksrhgijhai; (7.7)
+2 Z (Z haik:hwmk: - hamkh'yik)2 +2 Z (Z haijhamk)2 .
a,y,i,m k i,j,mk @

In particular, we have
d
al«‘ll2 < APAP = 2| VAP + Kol Al + K| AP + Kg|A|

1 1
< AP AP = 2|VE AP + Kg|A* + (K7 + 5Kg)yA\Q + 5Kg ,

where K¢, K7 and Kg are positive constant that only depend on the geometry of M. Combining
this with equation and applying the method in |26 p.540-542] yield the boundedness of
the second fundamental form. The term Kg|A|* on the right hand side, which can potentially
lead to the finite time blow-up of |A|?, is countered by the term (*Q — K1)|.A|* on the right
hand side of . Standard estimates for second order quasilinear parabolic system imply
all higher derivatives are bounded, and we can apply Simon’s convergence theorem [20] to
conclude the smooth convergence as t — oo. In fact, in this case the smooth convergence can
be proved directly by considering the derivatives of the second fundamental form. It follows
from and that |y, converges exponentially to zero. Similarly, it follows from
that (1 —*Q 4+ Kov)|s, converges to zero, and thus *{2 converges to 1.

g

7.2. Proof of Theorem for the other cases. The proofs for the Calabi metric and the
Bryant—Salamon metric are almost the same as above. We just highlight where it needs to be
modified. For the Calabi metric, the function v is taken to be the distance square to the zero
section, ( fOT \/(W(Qu)du)Q. For the Bryant—-Salamon metric, the function v is taken to be
s =2 ,(y")%

First of all, due to Theorem and the C° estimate follows from the same argument.
Moreover, as can be seen in their proofs, there exists a constant Kg > 0 such that

Hess()) > L(1!) + 5?)
Ky

provided ¢ < 1. This is item (i) in the proof of the C! estimate. For the rest of the items,

e one simply has to replace Lemma [6.1] by Lemma and [6.3], respectively;
e according to the curvature computation in section and appendix their Rie-

mann curvatures also admit the property that R(H,V,V,V) =0= R(V,H,H,H).
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For C? and all higher derivative estimates, the argument is completely the same.

APPENDIX A. THE CURVATURE OF BRYANT-SALAMON MANIFOLDS

This appendix is a brief summary on the curvature properties of the Bryant—Salamon man-
ifolds. For these bundle manifolds, the isometry group of the base acts transitively, and the
action lifts to the total space of the vector bundle isometrically. Hence, it suffices to examine

the curvature at a particular fiber.

Fix a point p in the base, and let w/ be a geodesic frame at p. Thus, at p, the Levi-Civita
connection forms of the base metric vanish, g{ |lp = 0. Since the bundle is either the spinor
bundle or the bundle of anti-self-dual 2-forms, {w’} induces an orthonormal trivialization {s,}
of the bundle by representation theory. In other words, the bundle connection A% is a linear
combination of w’, and also vanishes at p. It follows that (dw’)|, = %], and (dA%)|, = F/'|,.

A.1. The bundle curvature of the connection. In order to use (4.7, (4.8) and (4.9) to
compute the curvature of (4.3) over the fiber at p, we also need to know the exterior derivative of
.
or the Fubini-Study metric, these locally defined functions are actually locally constants. The

They are locally defined functions on the base. Since the metric here is the round metric

readers are directed to |1] for the detail of the curvature computation. We simply write down

the answer.
For S(S?),
F=g 1A ,3 1A 2 2aW03 | (A1)
2 |—w'Aw —w Aw 0 w? Aw

It is understood as an endomorphism-valued 2-form with respect to the trivialization {s, }. The
components of the curvature can be read off from the matrix. For instance, F753 = /2.

For A2 (S*) and A2 (CP?),

0 —w'Awt+w? Aw? W AW+ w? Aw?
F=k| w'Aw?—w?Au? 0 —wl AW+ AWt . (A.2)
For S_(S%),
k| —w Aw?+wdAw? 0 —w AW+ AW W AW W AW
=3 1 3 2 4 1 4 2 3 1 2 3 4
2 | —w AW —w AW W AW Wi AW 0 —w AW Fw Aw



By (6.23)), it is clear that V 4F vanishes at p. Since the argument applies to any p € B,
VaiF =0.

A.2. The Riemann curvature tensor of the bundle metric. We are now ready to compute
the curvature of Bryant—Salamon metric over the fiber at p. The notation |, is abused to
indicate the restriction to the fiber at p in the following calculations. The Levi-Civita connection
of is discussed in section

By (7). (10). (T3 and (1),

2
‘ 1
(deo )’p =% - 104 VF:ZJFMM?J WP AW+ Q—Fl’fzj WY A WTH
2 2
f (k1 + R2) By ™ AR
. 52
(_Wzk A wiﬂp = ﬁFfzky” WA Fn ypy Wt
«
432 o 2
(—wi ™ Awn i)y %R%Swz N = fﬁyVFV Ff;ﬂy wF AWl
Thus, by (1.6]), we have
1 432
Rjz’kl = @Eﬂkl Oi Hls (5jk62l 5jl5ik)
5 (A4)
v I v I
~ 1oV YRF G+ Flak i — leka) ’
R.: — iF“ %( )( vk YrFY . )
gilntmntv) = 02 i * K1t R vij yij
BQ (A5)

V(E G FY s — Yyl

4 12y Fyietn gk

In the above expression, R;;;; = R(e;, €;, €, €;) is the Riemann curvature tensor of (B, g), where
{e;} is the dual frame of {w’}.

For the curvature component ER"JF“
2

2 1 .4 '
(A )]y =~ A 4 o B W™ AW 4 O (e )yt A

2 vij ¥
2
— %(m + ro) El Gy Yy W AW

2 2
) ntuy Voo Yol Y J B* v YH .M, v J
(—wi Aw;™)p = o TR EY sy Tyt Wt A w +4a4FW-ky Flay" W™ AW
2 2 2
(=M AW, = 4—/4; Kos W TP A Wb — ﬁlﬂ Koyt ”w”+”/\wi—|—ﬁ—/€ EY oyt o™ A Wl
i n+v/lp = O[4 1R2 oA 1R2Y"Y Oé4 2 'yzjy Yy 5
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and then

2 432 432
Rt pyintv)j = = (“1 - a4’fl"ﬂ25> Oudij + 5 Ffm p LU

2
@ (A.6)
5 52
b 2 Oy R+ e PR
For the curvature component R, 1%,
n+p 1 H J 62 u v 12l v, J
(dwnJru)’p: ngz]w Aw +047K2( F'yzj F'yz])y w Aw
4 2
+gh WA WY — ﬁm(m + ko) y T WY A (Y WY — P WY
2 2
. At B YEFV. M Awl — g VM y*FY RN
( n+1/ Wy )’p_ dov T a¥ Lk n]ky W' Aw ’%1 ( ~ij ’yz])y W AW,
n+-y n+,u 4B n+v n—+p v,Y, ,n+y n—+pu noy , ntv n—+-y
( n+u/\ n—i—'y)’ a (Sw ANw —Yyyuw ANw — Yy w ANw ) 3
and
4 482
Bt ) (netv) (nt) (ntm) = <agﬂ2 = 125 ) Ourdun — Oundin)
(A.7)

4 2
+ %“2(2"51 + £2) WY Oun — Y Y 0y + YY" 00y — 4y o) -
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