Mean Curvature Flow in Higher Codimension:
Introduction and Survey

Knut Smoczyk

Abstract In this text we outline the major techniques, concepts and results in mean
curvature flow with a focus on higher codimension. In addition we include a few
novel results and some material that cannot be found elsewhere.

1 Mean Curvature Flow

Mean curvature flow is perhaps the most important geometric evolution equation
of submanifolds in Riemannian manifolds. Intuitively, a family of smooth sub-
manifolds evolves under mean curvature flow, if the velocity at each point of the
submanifold is given by the mean curvature vector at that point. For example, round
spheres in euclidean space evolve under mean curvature flow while concentrically
shrinking inward until they collapse in finite time to a single point, the common
center of the spheres.

Mullins [63] proposed mean curvature flow to model the formation of grain
boundaries in annealing metals. Later the evolution of submanifolds by their mean
curvature has been studied by Brakke [10] from the viewpoint of geometric measure
theory. Among the first authors who studied the corresponding nonparametric
problem were Temam [82] in the late 1970s and Gerhardt [36] and Ecker [26] in
the early 1980s. Pioneering work was done by Gage [35], Gage & Hamilton [34]
and Grayson [37] who proved that the curve shortening flow (more precisely, the
“mean” curvature flow of curves in R?) shrinks embedded closed curves to “round”
points. In his seminal paper Huisken [48] proved that closed convex hypersurfaces
in euclidean space R™*!,m > 1 contract to single round points in finite time
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(later he extended his result to hypersurfaces in Riemannian manifolds that satisfy a
suitable stronger convexity, see [49]). Then, until the mid 1990s, most authors who
studied mean curvature flow mainly considered hypersurfaces, both in euclidean
and Riemannian manifolds, whereas mean curvature flow in higher codimension
did not play a great role. There are various reasons for this, one of them is certainly
the much different geometric situation of submanifolds in higher codimension
since the normal bundle and the second fundamental tensor are more complicated.
But also the analysis becomes more involved and the algebra of the second
fundamental tensor is much more subtle since for hypersurfaces there usually exist
more scalar quantities related to the second fundamental form than in case of
submanifolds in higher codimension. Some of the results previously obtained for
mean curvature flow of hypersurfaces carry over without change to submanifolds
of higher codimension but many do not and in addition even new phenomena
occur.

Among the first results in this direction are the results on mean curvature flow
of space curves by Altschuler and Grayson [2, 3], measure-theoretic approaches to
higher codimension mean curvature flows by Ambrosio and Soner [4], existence
and convergence results for the Lagrangian mean curvature flow [72, 74,75, 83],
mean curvature flow of symplectic surfaces in codimension two [17,87] and long-
time existence and convergence results of graphic mean curvature flows in higher
codimension [18,76,78,87,95]. Recently there has been done quite some work on
the formation and classification of singularities in mean curvature flow [5,11,12,23,
25,39,47,54,56,58,59,61,71], partially motivated by Hamilton’s and Perelman’s
[45, 66-68] work on the Ricci flow that in many ways behaves akin to the mean
curvature flow and vice versa.

The results in mean curvature flow can be roughly grouped into two categories:
The first category contains results that hold (more or less) in general, i.e. that are
independent of dimension, codimension or the ambient space. In the second class
we find results that are adapted to more specific geometric situations, like results for
hypersurfaces, Lagrangian or symplectic submanifolds, graphs, etc..

Our aim in this article is twofold. We first want to summarize the most important
properties of mean curvature flow that hold in any dimension, codimension and
ambient space (first category). In the second part of this exposition we will give
a — certainly incomplete and not exhaustive —, overview on more specific results in
higher codimension, like an overview on the Lagrangian mean curvature flow or the
mean curvature flow of graphs (part of the second category). Graphs and Lagrangian
submanifolds certainly form the best understood subclasses of mean curvature flow
in higher codimension.

In addition this article is intended as an introduction to mean curvature flow for
the beginner and we will derive the most relevant geometric structure and evolution
equations in a very general but consistent form that is rather hard to find in the
literature. However, there are several nice monographs on mean curvature flow, a
well written introduction to the regularity of mean curvature flow of hypersurfaces
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is [28]. For the curve shortening flow see [22]. For mean curvature flow in higher
codimension there exist some lecture notes by Wang [92].

Let us now turn our attention to the mathematical definition of mean curvature
flow. Suppose M is a differentiable manifold of dimension m, T > 0 a real number
and F : M x[0,T) — (N, g) a smooth time dependent family of immersions of M
into a Riemannian manifold (N, g) of dimension #, i.e. F is smooth and each

F,:M—> N, F/(p):=F(p,t), te€]|0,T)

is an immersion. If F satisfies the evolution equation
dF -
E(p,t):H(p,t), Vpe M,t €[0,T), (MCF)

where 7{)( p.t) € Tr(p,nN is the mean curvature vector of the immersion F; at p
(or likewise of the submanifold U; := F;(U) at Fy(p), if for some U C M, Fyy is
an embedding), then we say that M evolves by mean curvature flow in N with initial
data Fop : M — N. As explained in Sect. 2.1, the mean curvature vector field can be
defined for any immersion into a Riemannian manifold (or more generally for any
space-like immersion into a pseudo-Riemannian manifold; in this survey we will
restrict to the Riemannian mean curvature flow) and it is the negative L2-gradient
of the volume functional vol : .# — R on the space .# of immersions of M into
(N, g). Hence mean curvature flow is the steepest descent or negative L2-gradient
flow of the volume functional and formally (MCF) makes sense for any immersed
submanifold in a Riemannian manifold. Therefore, following Hadamard, given an
initial immersion Fy : M — N one is interested in the well-posedness of (MCF) in
the sense of

1. Does a solution exist?
2. Is it unique?
3. Does it behave continuously in some suitable topology?

In addition, once short-time existence is established on some maximal time interval
[0,T), T € (0,00], one wants to study the behavior of the flow and in particular of
the evolving immersed submanifolds M; := F;(M) as t — T. Either singularities
of some kind will form and one might then study the formation of singularities in
more details — with possible significant geometric implications — or the flow has a
long-time solution. In such a case convergence to some nice limit (e.g. stationary,
i.e. a limit with vanishing mean curvature) would be rather expected but in general
will not hold a priori.

In the most simplest case, i.e. if the dimension of M is one, mean curvature
flow is called curve shortening flow. In many contributions to the theory of mean
curvature flow one assumes that M is a smooth closed manifold. The reason is,
that one key technique in mean curvature flow (or more generally in the theory
of parabolic geometric evolution equations) is the application of the maximum
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principle and in absence of compactness the principle of “first time violation”
of a stated inequality simply does not hold. But even for complete non-compact
submanifolds there are powerful techniques, similar to the maximum principle, that
can be applied in some situations. In the complete case one of the most important
tools is the monotonicity formula found by Huisken [50], Ecker and Huisken
[29] and Hamilton [44] and that equally well applies to mean curvature flow in
higher codimension. Ecker [27] proved a beautiful local version of the monotonicity
formula for hypersurfaces and another local monotonicity for evolving Riemannian
manifolds has been found recently by Ecker et al. [31].

There are some very important contributions to the regularity theory of mean
curvature flow by White [93,94] that apply in all codimensions. For example in [93]
he proves uniform curvature bounds of the euclidean mean curvature flow in regions
of space-time where the Gaussian density ratios are close to 1. With this result one
can often exclude finite time singularities and prove long-time existence of the flow
(see for example [62, 87]).

For simplicity and since some techniques and results do not hold for complete
non-compact manifolds we will always assume in this article, unless otherwise
agreed, that M is an oriented closed smooth manifold.

The organization of the survey is as follows: In Sect.2 we will review the
geometric structure equations for immersions in Riemannian manifolds and we
will introduce most of our terminology and notations that will be used throughout
the paper. In particular we will mention the explicit formulas in the case of
Lagrangian submanifolds in Kihler—FEinstein manifolds. For most computations
we will use the Ricci calculus and apply the Einstein convention to sum over
repeated indices. In Sect.3 we will summarize those results that hold in general
(first category). The section is subdivided into four subsections. In the first Sect. 3.1
we will show that the mean curvature flow is a quasilinear (degenerate) parabolic
system and we will treat the existence and uniqueness problem. In Sect.3.2
we derive the evolution equations of the most important geometric quantities
in the general situation, i.e. for immersions in arbitrary Riemannian manifolds.
In this general form these formulas are hard to find in the literature and one
can later easily derive all related evolution equations from them that occur in
special situations like evolution equations for tensors that usually appear in mean
curvature flow of hypersurfaces, Lagrangian submanifolds or graphs. In Sect. 3.3
we recall general results concerning long-time existence of solutions. In the final
Sect. 3.4 of this section we explain the two types of singularities that appear in
mean curvature flow and discuss some rescaling techniques. Moreover we will
recall some of the results that have been obtained in the classification of solitons.
Section 4 is on more specific results in higher codimension, the first subsection
treats the Lagrangian mean curvature flow and in the last and final subsection
of this article we give an overview of the results in mean curvature flow of
graphs.
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2 The Geometry of Immersions

2.1 Second Fundamental Form and Mean Curvature Vector

In this subsection we recall the definition of the second fundamental form and mean
curvature vector of an immersion and we will introduce most of our notation.

Let F : M — (N, g) be an immersion of an m-dimensional differentiable
manifold M into a Riemannian manifold (N, g) of dimension n, i.e. F is smooth and
the pull-back F*g defines a Riemannian metric on M. The numberk :=n—m > 0
is called the codimension of the immersion.

For p € M let

TyM :={v € TN : g(v, DF,(W)) =0, VW € T, M}

denote the normal space of M at p and T+M the associated normal bundle. By
definition, the normal bundle of M is a sub-bundle of rank k of the pull-back bundle
F*TN = pem TF(p)N over M. Using the differential of F* we thus have a
splitting

TrpN = DF,(TyM) & T, M .

The differential DF can be considered as a 1-form on M with valuesin F*TN, i.e.

DF e T(F*TN @ T*M) =: QY(M, F*TN),
TyM >V + DF,(V) € Ty N.

The Riemannian metric F*g is also called the first fundamental form on M. In
an obvious way the metrics g and F*g induce Riemannian metrics on all bundles
formed from products of TM, T* M, T+M, F*TN, TN, and T* N and in the sequel
we will often denote all such metrics simply by the usual brackets (-, -} for an inner
product.

Similarly the Levi-Civita connection V on (N, g) induces connections on the
bundles TM, T*M, T+ M , F*T N and products hereof. Since the precise definition
of these connections will be crucial in the understanding of the second fundamental
form, the mean curvature vector and later also of the evolution equations, we will
briefly recall them. The connection VI'™ on TM can be obtained in two equivalent
ways: either as the Levi-Civita connection of the induced metric F*g on TM or
else by projection of the ambient connection to the tangent bundle, more precisely
via the formula

DF(V¥MY) := V] DF(Y). XY €TM,

where T denotes the projection onto DF(TM) and DF(Y) is an arbitrary (local)
smooth extension of DF(Y). The connection VI™M on T*M is then simply given
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by the dual connection of V7™, Similarly one obtains the connection V* TN on
F*TN via the formula

V§*TN V.= VDF(X)V y

for any smooth section V € I'(F*T N and finally the connection V- on the normal
bundle is given by projection

Vyv = (Vg*TNv)J_

forv € T(TL+M) c T'(F*TN). Since the connections VI'M vT*M yF*TN
and their associated product connections on product bundles over M formed from
the factors TM,T*M, F*TN are induced by V, it is common (and sometimes
confusing) to denote all of them by the same symbol V. Since 7+-M is a sub-
bundle of F*TN, one can consider a section v € I'(T+M) also as an element
of I'(F*TN) and hence one can apply both connections V4 and V = V¥ ‘TN
to them, i.e. we will write Vxv (= V)I; *TN V), if we consider v as a section in
F*TN and Vf;v, if v is considered as a section in the normal bundle 7+ M . The
same holds, if we consider sections in product bundles that contain TLM as a
factor.

If we apply the resulting connection V on F*TN @ T*M to DF, we obtain — by
definition — the second fundamental tensor

A:=VDF eT(FFTNQT*M @ T*M).
It is then well known that the second fundamental tensor is symmetric
A(X.Y) = (VxDF)(Y) = (Vy DF)(X) = A(Y.X) (1)
and normal in the sense that
(A(X,Y),DF(Z2)) =0, VX, Y,ZeTM. 2)
Therefore in particular 4 € T(T*M @ T*M ® T*M).
Taking the trace of A gives the mean curvature vector field
N m
H :=trace A = Z A(ei,ei), 3)
i=1

where (e;);=1,..,m is an arbitrary orthonormal frame of 7M. Hence, since A is

normal, we obtain a canonical section H € I'(T+M) in the normal bundle of the
immersion F : M — N.
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2.2 Structure Equations

The second fundamental tensor is a curvature quantity that determines how curved
the immersed submanifold (M) given by an immersion F' : M — N lies within
the ambient manifold (N, g). According to this we have a number of geometric
equations that relate the second fundamental tensor to the intrinsic curvatures of
(M, F*g) and (N, g).

Let V be a connection on a vector bundle £ over a smooth manifold M. Our
convention for the curvature tensor RV € Q2(M, E) w.rt. V is

REY(X,Y)o := (VxVy —VyVx —Vixy))o, VX,Y eTM,occT(E).
Moreover, if E is a bundle with bundle metric (-, -), then we set
REV(u,0.X,Y):= (u, REV(X,Y)o), VX.Y €eTM,o,ucE.
We denote the curvature tensors R7M-V and RTN-V by RM resp. RY. Letting
(Vx )X, V) = Vx(AY,V)) — A(Vx Y, V) — A(Y, Vx V),
the Codazzi equation is
(Vx A, V) = (Vy A)(X, V)
= RN(DF(X),DF(Y))DF(V) — DF(RM(X,Y)V). 4)
Note that V denotes the full connection, i.e. here we consider A as a section
in F*TN @ T*M ® T*M and not in T*M ® T*M ® T*M. Later we will
sometimes consider A as a section in 7*M ® T*M ® T*M and then we will

also use the connection on the normal bundle instead, so that in this case we write
(Vj(-A)(Y, V)= ((VxA(, V))J‘. In terms of V- the Codazzi equation becomes

(VEA) (Y, V) — (VEA (X, V) = (RN (DF(X), DF(Y))DF(V))J_ . 6)
From
(A(Y,V),DF(W)) =0, YY,V,W € TM

we get
(VxA)(Y. V), DF(W)) = —(A(Y. V), A(X. W)) . (6)

From these equations we obtain Gauf} equation (Theorema Egregium):

RM(X,Y,V,W) = RN(DF(X),DF(Y), DF(V), DF(W)) (7
+ (A(X, V), A(Y, W)) — (A(X, W), A(Y, V)).
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Finally, we have Ricci’s equation. If v € TLM and X,Y € TM then the
following holds:

RY(X,Y)v = (RN(DF(X), DF(Y))v)*

Z v, A(X, ) A(Y, ei) — (v, A(Y,e))A(X. ), (8)

. . € €1
where (e;);=1,...m is an arbitrary orthonormal frame of TM and Rt = RT MYV
denotes the curvature tensor of the normal bundle of M. Note that the Codazzi
equation is useless in dimension one (i.e. for curves) and that Ricci’s equation is

useless for hypersurfaces, i.e. in codimension one.

2.3 Tensors in Local Coordinates

For computations one often needs local expressions of tensors. Whenever we use
local expressions and F' : M — N is an immersion we make the following general
assumptions and notations:

(1) (U,x,) and (V, y, A) are local coordinate charts around p € U C M and
F(p) € V C N suchthat Fiy : U — F(U) is an embedding and such that
FU)cV.

(2) From the coordinate functions

(ictom U= QCR™,  (y%)a=

we obtain a local expression for F,
yoFox1:Q—>A, F*:=y*cFox!, a=1,...,n.

(3) The Christoffel symbols of the Levi-Civita connections on M resp. N will be
denoted

j‘k’ i,jk=1,...,m, resp. ng, a,B,y=1,....n

(4) All indices referring to M will be denoted by Latin minuscules and those
related to N by Greek minuscules. Moreover, we will always use the Einstein
convention to sum over repeated indices from 1 to the respective dimension.

Then the local expressions for g, DF, F*g and A are

g = gaﬁdya &® dyﬁ,
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ad : oF“
DF:Faiay_a®dxl’ Fal = axi’

i j . B
F*g =gijdx' ®dx’, gij = gupFF";.
and

. . 0 . .
A= dyd ®dx = 4% 50 @ dx' @ dv,

where the coefficients A% ; are given by Gauf3” formula

Ao 9P F L OF¢  OFPQFY
U7 xioxs U gxk By dxi 9xJ -

€))

Let (g”) denote the inverse matrix of (gi;) so that gi*gy;, = & ; gives the

Kronecker symbol. (g’/) defines the metric on 7*M dual to F*g. For the mean
curvature vector we get

— 0 .
H:Haay_a, H(X = gl]A(Xij. (10)
Gaul}’ equation (7) now becomes
Rijit = Rapys F% FP FY FY) 4 gop(4% AP — a2, 4P 1) (1)

where the notation should be obvious, e.g.

R, —gM(0 9 9 0
ijkt = axi dxJ " 9xk’ dx!
and

R _ RN 0 ad d 9
0[/3)/8 - ayaa ayﬂ’ayl”aytg .
Note that the choice of the indices already indicates which curvature tensor is used.
In addition we write

o d i j k
VA=V;A jkay_“®dx ® dx’ ® dx*,
so that 3 3 4
Vs Al —,—)=V;4%, —.
( s )(3x1 3xk) 1Tk gy

Similar notations will be used for other covariant derivatives, e.g. V; V; Tkl will
denote the coefficients of the tensor V2T with T € I'(TM ® T*M) = End(TM).
The Codazzi equation in local coordinates is
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Vid® = VA%, = Raﬁyb’FﬂkFyist — RO FY (12)

where here and in the following all indices will be raised and lowered using the
metric tensors, e.g.

Raﬁyb’ — gaEReByb’ . Rkll] — gipgqukplq .

Finally, if (VA) g=1... kimnm> VA = uggyia, is a local trivialization of T+ M,

then 3 3
1 _.(pl\B
R (Wa_) va = (RD)%4;v5

and Ricci’s equation becomes
(RHP v = Raﬁy&‘)ﬁFyiFs_/' _gklReﬁySgEUvﬁFyistFUk
—8py 8" (VR AT AY — Vi AT AT (13)

Using the rule for interchanging covariant derivatives and the structure equations
one obtains Simons’ identity

VeViH® = AA% + (VeR 5+ V, R%p, ) FSFF FY P
+R%,5 (247 F Y 24P, P P
+H' FF P74 47 F% PO
_ (ka”l +VIR?, - VPRk,) Fe
+2R, A%, — RP, A%, — R? A%, . (14)

where R;; = gkl R;y ;1 denotes the Ricci curvature on M . If one multiplies Simons’
identity (14) with 2Aakl = 2gqcgkmgln A€, ., one gets

24, VZH) = A4 — 2|V AJ?
+2 (VeRapys + VyRaspe) F§FPLFVRFO 4%,
+2Ragys A (44 FY,FO 4 0O PP FY 4 A7) PP PP
+HARMU (Aj;, Agy) — ARV (A3, A1)

and then since
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ViAk = Vi-Agr + g79(Vi Ak, Fp) Fy
= Vi Ars — gP( Akt Vi Fp) Fy
= Vi Ak — g7 (Ak1, Aip) Fy

implies .
VAP = |VEAPR 4 (A7, A¥)(Aij, Arr)

we obtain with Gauf}’ equation the second Simons’ identity

24, VZH) = AlA]? — 2|VEAP?
+2(4Y, A (A, Ar) = HAN AT Ay Ak
—4(H. AT (A AF) + 44T A7 ) (A, 4
+4Rapys FOFP FYF ({47, AM) = M (aiP, a,7))
+2Ragys A (44, FYFO 4 P8 FY HO 4+ P A7) FP)
+2 (VeRapys + Vy Ruspe) F&FP FY F5 49k

The second and third line can be further simplified , so that we get

2(A,VZH) = AlAP — 2|Vt 4P (15)

(i ) = (Ai Ay [P+ |AaikAﬂjk - AﬂikAajk\Z
+2|(H. Ay — (A A5) [ = 2/(H, 4;)|
+4Raﬁy8FakFﬂ,'Fy[F8j ((Ai_/"Akl) _gkl<Aip’Apj))
+2Rapys A (44 FYFO 4 PO FY HY o+ a7 PP
+2 (VeRapys + Vy Ruspe) F&FP FY F5 49k

This last equation is useful to substitute terms in the evolution equation of |A|? (see
Sect. 3.2 below).

2.4 Special Situations

2.4.1 Hypersurfaces

If F: M — N is an immersion of a hypersurface, then n = m + 1 and one can
define a number of scalar curvature quantities related to the second fundamental
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tensor of M. For simplicity assume that both M and N are orientable (otherwise
the following computations are only local). Then there exists a unique normal vector
field v € I' (T M) — called the principle normal — such that for all p € M:

() pl=1v,eTyM,
(2) If ey, ..., en is a positively oriented basis of T, M, then

DF(€1), ey DF(em), v‘p

forms a positively oriented basis of Tr(,)N.

Using the principle normal v, one defines the (scalar) second fundamental form
hel'(T*M ® T*M) by

h(X,Y):=(AX,Y),v)
and the scalar mean curvature H by
H := traceh,

so that
—
A=v®h, H=Hv.

The map
b:TM —T*M, ViV, :=(V,)

is a bundle isomorphism with inverse denoted by
§:7T*M — TM.
This musical isomorphism can be used to define the Weingarten map
W € End(TM), W (X):= (h(X,)"

Since & is symmetric, the Weingarten map is self-adjoint and the real eigenvalues
of W are called principle curvatures, often denoted by A, ..., Az, so thate.g. H =
A1+ -+A,. Note, that in the theory of mean curvature flow H is not the arithmetic
means % 3" 1 Ai (which would justify its name) as is often the case in classical
books on differential geometry. In local coordinates we have

Aaij = v"‘hi j
and then the equations of Gaufl and Codazzi can be rewritten in terms of /;;. For
example, since |v|?> = 1 we have (V;v,v) = 0 and then

Viv = (Viv, F™Fpy = —(v, Vi F™) Fyy = —h, Fy .
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This implies
ViA“jk = Vi(v¥hjk)
=—h"hjF%, + Vihjv*.
Multiplying with v, yields
(Vidjg,v) = Vihji .
Interchanging i, j and subtracting gives

V,'hjk — thik = (ViAjk - Vinkv V)
12
(12) Rapysv FO FV FS. = RN (v, Fi Fi, Fj) .
Similarly we get Gaul} equation in the form

Rijki = RN (F;, Fj, Fi, Fy) + highji — hih i

and since the codimension is one, we do not have a Ricci equation in this case.

2.4.2 Lagrangian Submanifolds

Let (N,g = (-,+), J) be a Kdhler manifold, i.e. J € End(T N) is a parallel complex
structure compatible with g. Then N becomes a symplectic manifold with the
symplectic form @ given by the Kihler form w(V, W) = (JV, W). An immersion
F : M — N is called Lagrangian, if F*w = 0andn = dim N =2m = 2dim M.
For a Lagrangian immersion we define a section

vel(T*M QT*M), v:=JDF,

where J is applied to the F*TN-part of DF. v is a 1-form with values in 7+ M
since by the Lagrangian condition J induces a bundle isomorphism (actually even
a bundle isometry) between DF(TM) and TM. In local coordinates v can be
written as

. 0 .
V= vidx’ = vaié))z_“ ® dx'

with

0
v = JF; = J"‘ﬁFﬂiay—a, v = J% FP

Since J is parallel, we have

Vv =JVDF = JA.
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In contrast to hypersurfaces, we may now define a second fundamental form as a
tri-linear form

hX,Y.Z) = (v(X), A(Y, Z)).

It turns out that % is fully symmetric. Moreover, taking a trace, we obtain a 1-form
H € Q'(M), called the mean curvature form,

H(X) := traceh(X,-,-).
In local coordinates
h = hi_fkdxi &® dxj ® dxk, H = H,’dxi, H; = gklhikl .

—
The second fundamental tensor A and the mean curvature vector H can be
written in the form . -
o _ o _ k
Aij_hijvk, H = H%v.

Since J gives an isometry between the normal and tangent bundle of M, the
equations of Gauf} and Ricci coincide, so that we get the single equation
Rijkr = RV (Fi, Fj, Fi, F1) + higmh ;)™ = hitmh ;™ .

Since VJ = 0 and J? = —1Id we also get

Viv®, = V(% FP ) = 1% Vi PP = g AP = 1o n K = —n e

Similarly as above we conclude

Vihjxi —Vjihik = Vi{Ajk,vi) = Vj{Aig, vi)

eRETM) (G g e =V A vy)

12
(12 RN (vy, Fi, Fi, Fj).
Taking a trace over k and /, we deduce

ViH; —V;H; = RN (v, F*. Fi. F))

and if we take into account that N is Kahler and M Lagrangian, then the RHS is a
Ricci curvature, so that the exterior derivative d H of the mean curvature form H is
given by

(dH);j = ViH; = V;H; = —Ric" (v;, F}).

If (N, g,J) is Kihler-FEinstein, then H is closed (since Ric (v;, F;) =c-
w(F;, F;) = 0) and defines a cohomology class on M . In this case any (in general
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only locally defined) function o with dae = H is called a Lagrangian angle. In
some sense the Lagrangian condition is an integrability condition. If we represent
a Lagrangian submanifold locally as the graph over its tangent space, then the m
“height” functions are not completely independent but are related to a common
potential. An easy way to see this, is to consider a locally defined 1-form A on M
(in a neighborhood of some point of F(M)) with dA = w. Then by the Lagrangian
condition
0=F'w=F*d\l=dF*\.

So F*A is closed and by Poincaré’s Lemma locally integrable. By the implicit
function theorem this potential for A is related to the height functions of M (cf.
[74]). Note also that by a result of Weinstein for any Lagrangian embedding M C N
there exists a tubular neighborhood of M which is symplectomorphic to 7* M with
its canonical symplectic structure w = d A induced by the Liouville form A.

2.4.3 Graphs

Let(M,gM), (K, gX) be two Riemannian manifolds and f : M — K a smooth
map. f induces a graph

F:M—>N:=MxK, F(p):=(p, f(p).

Since N is also a Riemannian manifold equipped with the product metric
g = gM x g¥ one may consider the geometry of such graphs. It is clear that
the geometry of F must be completely determined by f, g™ and gX. Local
coordinates (xi)i=1,...,m, (zA)A=1,m,k for M resp. K induce local coordinates
(% a=1,...n=m+k on N by ¥y = (x, z). Then locally

d 9
Fi(x) = Py + f‘%(x)aZ—Aa

i

where similarly as before f4 = z40 f o x7! and f “% = %. For the induced
metric F*g = g;;dx’ ® dx’ we get

gij =g + gkt i s

Since this is obviously positive definite and F' is injective, graphs F' : M —
M x K of smooth mappings f : M — K are always embeddings. From the
formula for DF = F;dx' and the GauB formula one may then compute the second
fundamental tensor A = V DF. Since the precise formula for A is not important in
this article, we leave the details as an exercise to the reader.
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3 General Results in Higher Codimension
In this section we focus on results in mean curvature flow that are valid in any

dimension and codimension and that do not depend on specific geometric situations.

3.1 Short-Time Existence and Uniqueness

- -
Consider the mean curvature vector field H = H[F] as an operator on the class of
smooth immersions

& :={F : M — N : F is a smooth immersion} .

We want to compute the linearized operator belonging to 7{) To this end we need
to look at the symbol and therefore we consider the locally defined expression

g . OH®
BT apB”
ok
where F;; 8 is shorthand for 7557 B ~ and locally H H® 5% ya

Let gkl,j = 0gri/0x7. We start with

08kt,m 0 5
= 8sep O FSF, + gse(FL FS + FO FS)
aFg aFﬁ( €,0 e\ km tm)

= g (FS8'y + F481)).
From this we then obtain
8FI§ 1

;n — Eg”gﬁe ((Slkgjm + Slmgjk)Fet
OFf;

(8,8, = 88 VFS + (887, 808 )FS,)
Since by Gauf}’ formula
HE = g7 A%, = g7 (B — T Fo + T PR,

we obtain
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Ltg,tj — gkm (‘Saﬂyké’]m _ Egﬂgﬂe ((Slkgjm + Szm(g./k)Fet

+(8it8jm _ 8im8jt)F€k + (Sitgjk _ 8ik8jt)F€m)Fas)
— Saﬁgij _ g”gﬂegij Fet Fas _ (gkjgsi _ gkigsj)gﬂEFekFas )

For an arbitrary nonzero 1-form £ = £ dx’ we define the endomorphism L =
(Laﬁ)a,ﬁ=1,...,n by
L“ﬂ = LZ;"’S,-EJ-.

We compute
L% = (8% — gpeg” FSF%)IEI.

Applying this to a tangent vector F; = F b ; ayiﬁ we get

B _
L% F" =0.
Ifv =P 3)% is normal, then

gﬁeVﬁFet =0

and hence
LogvP = [E]Pv7.

Consequently L is degenerate along tangent directions of F and elliptic along
normal directions, more precisely for § € T; M we have

L= |§|27T|p )

where 7|, : Tp(p) N — Tj‘M is the projection of T ()N onto T;-M. The reason

for the m degeneracies is the following: Writing a solution F' : M — N of ﬁ =0
locally as the graph over its tangent plane at F(p), we see that we need as many
height functions as there are codimensions, i.e. we need k = n—m functions. On the
other hand the system H* = 0,«a = 1,...,n consists of n coupled equations and
is therefore overdetermined with a redundancy of m equations. These m redundant
equations correspond to the diffeomorphism group of the underlying m-dimensional
manifold M. This means the following:

Proposition 3.1 (Invariance under the diffeomorphism group). If FF : M X
[0,T) — N is a solution of the mean curvature flow, and ¢ € Diff(M) a fixed
diffeomorphism of M, then F : M x [0,T) — N, F(p,t) := F(¢(p),t) is
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another solution. In particular, the (immersed) submanifolds M, = I*:(M, t) and
M, := F(M,t) coincide for all t.

Thus the mean curvature flow is a (degenerate) quasilinear parabolic evolution
equation. The following theorem is well known and in particular forms a special
case of a theorem by Richard Hamilton [42], based on the Nash—Moser implicit
function theorem treated in another paper by Hamilton [41].

Proposition 3.2 (Short-time existence and uniqueness). Let M be a smooth
closed manifold and Fo : M — N a smooth immersion into a smooth Riemannian
manifold (N, g). Then the mean curvature flow admits a unique smooth solution on
a maximal time interval [0,T), 0 < T < co.

Besides the invariance of the equation under the diffeomorphism group of M
the flow is isotropic, i.e. invariant under isometries of the ambient space. This
property follows from the invariance of the first and second fundamental forms
under isometries.

Proposition 3.3 (Invariance under isometries). Suppose F : M x[0,T) — N is
a smooth solution of the mean curvature flow and assume that ¢ is an isometry of
the ambient space (N, g). Then the family F := ¢ o F is another smooth solution
of the mean curvature flow. In particular, if the initial immersion is invariant under
@, then it will stay invariant for all t € [0, T).

We note that the short-time existence and uniqueness result stated above is not
in the most general form. For example, it is not necessary to assume smoothness
initially, it suffices to assume Lipschitz continuity. We note also that in general the
short-time existence and uniqueness result for non-compact complete manifolds
M is open but there exist important contributions in special cases. Based on
interior estimates, Ecker and Huisken [30] proved — requiring only a local Lipschitz
condition for the initial hypersurface —, a short-time existence result for the mean
curvature flow of complete hypersurfaces. In that paper the authors also show that
the mean curvature flow smoothes out Lipschitz hypersurfaces (i.e. the solution
becomes smooth for # > 0). This short-time existence result has been improved
in a paper by Colding and Minicozzi [24] where one only needs to assume a local
bound for the initial height function. The smoothing out result by Ecker and Huisken
has been extended by Wang to any dimension and codimension in [89] provided the
submanifolds have a small local Lipschitz norm (which cannot be improved by an
example of Lawson and Osserman) and the ambient space has bounded geometry.
Recently Chen and Yin [14] proved that uniqueness for complete manifolds M still
holds within the class of smooth solutions with bounded second fundamental tensor,
if the ambient Riemannian manifold (N, g) has bounded geometry in a certain
sense. Chen and Pang [19] considered uniqueness of unbounded solutions of the
Lagrangian mean curvature flow equation for graphs.



Mean Curvature Flow in Higher Codimension: Introduction and Survey 249
3.2 Evolution Equations

Suppose F : M x [0, T) — N is a smooth solution of the mean curvature flow

d =

dt

In this subsection we want to state and prove evolution equations of the most
important geometric quantities on M, like the first and second fundamental forms.

To this end we will compute evolution equations for various sections o in vector
bundles £ over M. We will use the index notation introduced in Sect.2.3. In
particular, we will consider those cases, where ¢ is a section in a vector bundle
E; which itself depends on time 7. If for example v, is the principal normal vector
field of a hypersurface F : M — N, then v, is a section in E; := F*TN. In this
case the mere computation of the total derivative of v; w.r.t. ¢ will be insufficient
since this would only make sense in local coordinates (local in space and time). To
overcome this difficulty we just need to define a connection V on F*T N, where F
is now considered as a smooth map (in general no immersion) from the space-time
manifold M x [0, T) to N. A time derivative then becomes a covariant derivative in
direction of % , for example for a time dependent section v € F*TN we have in
local coordinates

v(x,t) = v"‘(x,t)ai
yot

dv® dF# 9 dv® )
Vav= +T¢ vl +T4HA ) —
& ( TEATE ) Iy ( dr P ) aye’

where ng are the Christoffel symbols of the Levi-Civita connection on N and (y%)
are local coordinates on N. On the other hand, if o is a section in a bundle E and E
does not depend on ¢, then the covariant derivative V 4.0 coincides w1th - 0. For

example for the induced metric F*g e '(T*M @ T* M ) we have
Frg = gij(x,0)dx' ® dx’

and

d . .
V% Frg = —gij(x,1)dx' ® dx’

dt
since T*M does not depend on ¢. Likewise, for the second fundamental tensor A
(cons1dered as a sectionin F*TN ® T*M ® T* M, which makes sense since for
M =M x[0,T) wehave T*M = T*M & T*R) we get

d dF# d
Va A% = o A%+ T, — AT = — A% + TR HP A (16)
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Lemma34. If F : M x[0,T) — (N, g) evolves under the mean curvature flow,
then the induced Riemannian metrics F*g = gij(x,t)dx' ® dx/ € T(T*M ®
T*M) evolve according to
d —
Vg 8ij =8 = —2{H. Aij). (17)
Proof. We have

gij = gup F4F?,

and thus
B dFY o« =B a B a B
Vg = Vygap T FIF? + gap (V%F,.FJAFF,»V%FJ.)
=0
_ v, pb | pay dr?
= Zup i~ SV a1
— gus (ViHaFﬂj_FFaiijﬁ)’ (18)

where we have used that V), g, = 0 (since V is metric) and Vg F% =V; d;;‘)‘.
dt

This last identity holds since the second fundamental tensor A e T(F*TN ®
T*M ® T*M) of the map F : M — N is symmetric, so that

(3 d dF® 9 9  -(d @
il 2 )=vie—"L v, e Z (S, 2.
(3x’ dt) Tdr aye T T oy (d: 3x’)

Now since gqg H"‘Fﬁj =0, we get

0= Vi(gpHF’))
= V)/gotﬁFyiHaFﬁj + ga,g(ViH“Fﬁj + HaViFﬁj)
= gap(ViHFP 4+ H AP )
since V; F/ B i = AP i If we insert this into (18), then we obtain the result. O

Corollary 3.5. The induced volume form du; on M evolves according to

d —
Va dpe = du = —|H|*dp . (19)

Proof. In local coordinates we have
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du; = VJ/detggrdxt A Adx™.

Since
d (det gx;) i 4 det
— (de = — gij | de
di 8kl 4 dr 8ij 8kl
the claim follows easily. O

Corollary 3.6. The Christoffel symbols Fllj of the Levi-Civita connection on M
evolve according to

d - N N
= rf = =g (Vi(H A + Y, (H A = Vi(H. 4)) . QO)

Proof. This follows directly from

1
Fl’; = Egkl (gil,j + gji1i — gij,l)’

the evolution equation of the metric and the fact that % Fikj is a tensor (though Fikj
is not). |

Next we compute the evolution equation for the second fundamental tensor A =
a0 i J
A e ® dx' ® dx
Lemma 3.7. The second fundamental tensor A evolves under the mean curvature
flow by

Vjt A% = ViVjHa—CiI; “k+R°‘8y€F8jHVFEi, 21
k _ d 1k
where Cij =7 Fij.
Proof. Since
P Fe k B py
a o o
Ay =g Tt et g B E

we get

d 2 H™ OH® OHP OHY
A% = rk +ng( F?, + F" )

dr "V T axioxs U gxk dxi T oxJ
d § B
T LG FS + g, sHF l.ij. (22)
To continue we need some covariant expressions. For a section V' = V“ayia €
' (F*TN) we have
vive =V e gy
I T By ™ j

and then
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a (ove 5 L [V 5
VivjVa = W (ax/ +F/3)/F V)/) _FU (3 A +FﬂyF VJ/

B v Y 8
+ngFi(3 + T F V‘)

Pve 5 B 9 FP g VY
= ST + g, s FGF Vy+rf”’a Ton VY + TG, Fr o P

1% VY
k B B Y -8
_Fij(f) e —i—FﬁVF Vy)—i-FﬁyF (_8 ; + s F V )

2ye v 1% 124
_ IV +T4, (a—FV Fﬂ.a—.)

Oxidx/ Yo 9xk ox! L ox/

2 FF k A s 5
8§ B
+ng,8FiF jV”

2ve L ave  [ovh 4 vy
= onions LU gk +Fﬁy<a FE e

a 17y 4B a B pa B € 8 /v a 8§ B v
+FﬂVV A i T (FﬂEFSV FﬁyFSG)FiFjV +Fﬂ7,5FiF jV ’
where we have used I'% = I'*, several times.
Applying this to V¥ = H® we conclude

d « o d k pa 8§ B )/
A% = ViV H — S TEE 4 T G HYFO
B B 8 5 5 B
Ty, HY AP — (rgérsy - ngr&) FSFS HY 18 (FSFP 1Y
d .k B
= ViV H* — T F — T, 0 A

B B 8
+ (T8, — T8, ~ T§.TY, + T§,T4.) FSF% H

d
= ViV, H* — = TKF% - rg HY AP+ R% FSF'HY.
The result then follows from (16). O

Corollary 3.8. Under the mean curvature flow the mean curvature satisfies the
following evolution equations:

Vg H = AH® - g CKFo + R, FSFY HY 4+ 204, H)a™! 3)
13

Sye
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Vg [HP? = A[HP = 2|V + 447, H)(4;;, H)
13

+2Rup,s HY FP HY FP

—

= A[HP = 2|VYH? + 2(47 H) (A, H)
+2Rypys HY FP HY FP

Proof. The first equation follows from H* = g/ A%.., (17), (21) and

ij

dt

Vg gl =-g"%g"V g gu.

253

(24)

(25)

The second equation then follows from |717)|2 = ZuB HYHB, gapF% H? =0

and
V%gaﬁ = VygaﬁHy =0.

Finally, (25) follows from
Vkﬁ = V]g‘ﬁ + gij (Vkﬁ, F)F;
= VEH — g (H. Vi F)F;
— L=
=ViH —g¢"(H, Awi) F;
and (VIH, F;) = 0,
From the evolution equation of A"‘ij we obtain in the same way
Vg |AP = 2(VZH, )+ 4(H, A7) (4, A )
t P
+2Rop,s A% FP HY FY,.
Applying Simons’ identity (15) we get

Vg |A]2 = A|A]? = 2|V+ A2
t

Ay, Arr) = (i, Aji)|* + A%, AP K — AP 4% K]

+2|(H, Aij) = (A A Y] —2|(H. A3)

+4Raﬂy8 FakFﬂijlFs_/‘ ((Aij, Akl) _ gkl (Al'p’ Apj>)

+2Ragys A (44, FY PO 4 PO FY HY + A7) FP)

(26)



254 K. Smoczyk

+2 (Ve Rapys + Vy Raspe) FFP FY F¥ 42K
+4(H, AT) (A, A1)
+2Rap,s A FP_HY F?,

= A|A]? —2|V+tA)?

+2|(Aj, Akl)|2 + \AaikAﬁjk - AﬁikAajk

|2

+4Ragys F FP Y FP (47, AM) — gkl (477 4,7))
kl B 8i B 8i

+2Rapys AK! (447 FY PO 4 PP A7) PO

+2 (Ve Rapys + Vy Raspe) F FP FY F¥ 49K,

Thus we have shown

Corollary 3.9. Under the mean curvature flow the quantity |A|? satisfies the
following evolution equation:

Vg |A]? = A|A]? = 2|V AP
t

+2[(Aj. Akl)‘z + |AaikAﬁjk - AﬁikAajk

‘2

+4Rapys F%FP 7 PP (A7, AM) = k(477 4,7))
+2Raﬂy8Aakl <4AﬁikF)/lF8i 4 F/SiA)/lkFSi)

+2 (Ve Rapys + Vy Ruspe) FSFP FY FO 4%k Q27)

These general evolution equations simplify in more special geometric situa-
tions. E.g., if the codimension is one, then A"‘i/. =v%h;; (cf. Sect.2.4.1) implies

[V-A412 = |Vh|?, |A)? = |h|? and
Vg |h|? = Alh|? = 2|Vh|* + 2|h|>(Jh|* + Ric(v, v))
—4(h7 R R,y = B R Rynig)
+2h7 (V; Ry + Vi Ry, (28)
where
Ruitj = Rapys Fo FP F" F%.. Ric(v,v) i= Ropysv® FOu7 F¥

and
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ViRy;' = VaRpyse F4vP FY, Fo Fel.
Equation (28) is Corollary 3.5 (ii) in [49]. Note that there is a plus sign in the last
line of (28) since our unit normal is inward pointing and the unit normal in [49] is

outward directed.

3.3 Long-Time Existence

In general long-time existence of solutions cannot be expected as the following well-
known theorem shows:

Proposition 3.10. Suppose Fy : M — R”" is a smooth immersion of a closed m-
dimensional manifold M . Then the maximal time T of existence of a smooth solution
F : M x[0,T) — R”" of the mean curvature flow with initial immersion Fy is finite.

Proof. The proof easily follows by applying the parabolic maximum principle to

the function f := |F|? 4+ 2mt which satisfies the evolution equation
d
—f=Af.
dt !
Hence T < ﬁ max | Fy|? and the inequality is sharp since equality is attained
for round spheres centered at the origin. O

This result is no longer true for complete submanifolds since for example for
entire m-dimensional graphs in R™*+! one has long-time existence (see [29]). In
addition, the result can fail, if the ambient space is a Riemannian manifold since in
some cases one gets long-time existence and convergence (for example in [38, 75,
76,78,84,87]).

The next well known theorem holds in any case:

Proposition 3.11. Let M be a closed manifold and F : M x [0,T) — (N, g) a
smooth solution of the mean curvature flow in a complete (compact or non-compact)
Riemannian manifold (N, g). Suppose the maximal time of existence T is finite.
Then
lim sup max |A|*> = oo .
t—»T M

Here, M; .= F(M,1t).

Remark 3.12. The same result also holds in some other situations. For example one
can easily see that under suitable assumptions on the solution one can allow N to
have boundary.

Proof. The theorem is one of the “folklore” results in mean curvature flow for which
arigorous proof in all dimensions and codimensions has not been written up in detail
but can be carried out in the same way as the corresponding proof for hypersurfaces.
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This has been done by Huisken in [48, 50] and is again based on the maximum
principle. The key observation is, that all higher derivatives V¥ A of the second
fundamental tensor are uniformly bounded, once A is uniformly bounded. This can
be shown by induction and has originally been carried out for hypersurfaces using
L?-estimates in [48]. For compact hypersurfaces there exists a more direct argument
involving the maximum principle applied to the evolution equations of |A|? in (27)
and | V¥ 4|2, The method can be found in the proof of Proposition 2.3 in [50] and
works in the same way in any codimension and in any ambient Riemannian manifold
with bounded geometry. O

A corollary is

Corollary 3.13. Let M be a closed manifold and F : M x [0,T) — N a smooth
solution of the mean curvature flow on a maximal time interval in a complete
Riemannian manifold (N, g). If sup;¢[o,7y maxp, |A| < oo, then T = oo.

Note that long-time existence does not automatically imply convergence. For
example, consider the surface of revolution N C R3 generated by the function
f(x) = 1+ e*. A circle y of revolution moving by curve shortening flow on
N will then exist for all # € [0, co) with uniformly bounded curvature but it will
not converge since it tends off to infinity. Some results on the regularity of curve
shortening flow in high codimension have been derived in [15].

However, in some geometries once long-time existence is established one can
use the Arzela—Ascoli theorem to extract convergent subsequences.

3.4 Singularities

If a solution F : M x [0, T) — N of the mean curvature flow exists only for finite
time, then Proposition 3.11 implies the formation of a singularity. The question then
arises how to understand the geometric and analytic nature of these singularities.
From Proposition 3.11 we know that

lim sup max |A|* = oo .
t>T M

One possible approach to classify singularities is to distinguish them by the blow-
up rate of maxy, |A|?. The next definition originally appeared in [50] in the context
of hypersurfaces in R™*! but can be stated in the same way for arbitrary mean
curvature flows.

Definition 3.14. Suppose F : M x [0, T) — N is a smooth solution of the mean

curvature flow with T < oo and

lim sup max |A|*> = co.
t—>T M
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(a) A pointg € N is called a blow-up point, if there exists a point p € M such that
lim F(p,t) =q. lim |A(p.t)|=o0.
t—>T t—>T

(b) One says that M develops a singularity of Type I, if there exists a constant ¢ > 0
such that c
max |A]> < —— .Vt €0, 7).
M, T—t

Otherwise one calls the singularity of Type II.

So if ¢ is a blow-up point then for 1 — T a singularity of Type I or Type II will
form at ¢ € N (and perhaps at other points as well).

In this context it is worth noting that the flow need not have a blow-up point in
the sense of Definition 3.14, even if the second fundamental form blows up, e.g. the
ambient space might have boundary or the singularity might form at spatial infinity.
For this and other reasons it is appropriate to come up with more definitions. In [81],
Stone introduced special and general singular points.

Definition 3.15. (a) A point p € M is called a special singular point of the mean
curvature flow, as ¢t — T, if there exists a sequence of times 7y — T, such that

limsup |A|(p, tx) = oo.

k—o0

(b) A point p € M is called a general singular point of the mean curvature flow,
ast — T, if there exists a sequence of times tx — T and a sequence of points
Pk — P, such that
limsup |A|(pg, tx) = oo.
k—o0
The reason to introduce the blow-up rate in Definition 3.14 is that for closed
submanifolds in euclidean space one always has an analog inequality in the other
direction, i.e.

max |42 > —S— (29)

M, T -1t
for some positive number ¢ (note that this does not necessarily hold, if the ambient
space N differs from R”). So in some sense singularities of Type I have the best
controlled blow-up rate of | A|2. Because of (29) one may actually refine the defini-
tion of special and general singular points for the mean curvature flow in R”, as was
originally done by Stone in [81]. Instead of requiring lim supy_, o, |4|(pk, tx) = o0
one can define a general singular point p € M such that there exists some § > 0
and a sequence (pg, ;) — (p, T) with

AP (pi, tx) > )
|4 (ke k)_T—tk
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A sequence (py, 1) with this property is called an essential blow-up sequence.
Although (29) gives a minimum blow-up rate for max,ep |A|?(p,?) in the
euclidean space, as t approaches 7', this does not rule out the possibility that, while
|A?(p.t) > % in some part of M, the blow-up of |A|> might simultaneously
occur at some slower rate (say like (T — )™, «a € (0, 1)) somewhere else. Such
”slowly forming singularities” would not be detected by a Type I blow-up procedure
(see below) since the rescaling would be too fast. It is therefore interesting to
understand, if this phenomenon occurs at all. As was recently shown by Le and
Sesum [58] this does not happen in the case of Type I singularities of hypersurfaces
in R™*1 and all notions of singular sets defined in [81] coincide. In particular they
prove that the blow-up rate of the mean curvature must coincide with the blow-up
rate of the second fundamental form, if a singularity of Type I is forming. We also
mention that there exist many similarities between the formation of singularities
in mean curvature flow and Ricci flow (see [32] for a nice overview on Type I

singularities in Ricci flow).

Type I: Let us now assume that ¢ € R” is a blow-up point of Type I of F : M x
[0,T7) — R” and that dim M = m. Huisken introduced the following rescaling
technique in [50] for hypersurfaces, but obviously it can be done in the same way for
any codimension in R”: Define an immersion F : M x [-1/21log T, c0) — R" by

. 1
F(.5) = QT =) YV2(F(,t)—q), s@t) = —5 log(T' = 1).

One can then compute that F satisfies the rescaled flow equation

d ~ S5 =
—F=H+F.
ds
Since by assumption |A|> < ¢/(T — t) the second fundamental tensor A of
the rescaling is uniformly bounded in space and time. To study the geometric and
analytic behavior of the rescaled immersions My = F(M,s), Huisken proved a
monotonicity formula for hypersurfaces in R” moving by mean curvature. The
corresponding result in arbitrary dimension and codimension is as follows: For

to € R let
N
(4m(ty—1)%
Then pjrm xr\ {1y} is the backward heat kernel of R™ at (0, fp) and the following
monotonicity formula holds

Proposition 3.16 (Monotonicity formula (cf. Huisken [50])). Let F : M x
[0, T) — R" be a smooth solution of the mean curvature flow and let M be closed
and m-dimensional. Then
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d
- J mp(F(p.t).t)du(p.1)

Frip.n|
2(to — 1)

where du(-, t) denotes the volume element on M induced by the immersion F(-,t)
and F~ denotes the normal part of the position vector F.

/ ‘H(p 0+ DN ). Ddup.1) .

The proof is a simple consequence of

d ( m T (F,H) )
—p= - - P

dt 2(tg —1t) 4t —1)%2 2(to—1)
and N
m |FT1>  (F.H)
Ap=|- + - P
2to—1)  4to—1)* 2(to—1)
so that by the divergence theorem and from % du = —|7{)|2d u we get
d d — — Ft P
— du = — Ap—|H|?p)du = — H+——| pdu.
ar J,, P /M(dtp+ p—|H["p)dp /M) 2w P

Though the proof is easy, it is not obvious to look at the backward heat kernel
when studying the mean curvature flow. This nice formula was used by Huisken to
study the asymptotic behavior of the Type I blow-up and he proved the following
beautiful theorem for hypersurfaces which again holds in arbitrary codimension

Proposition 3.17 (Type I blow-up (cf. Huisken [50])). Suppose F : M x[0,T) —
R” is a smooth solution of the mean curvature flow of a closed m-dimensional
smooth manifold M. Further assume that T < oo is finite and that 0 € R" is a
Type I blow-up point as t — T. Then for any sequence s; there is a subsequence
Sj,. such that the rescaled immersed submanifolds M j, converge smoothly to an

immersed nonempty limiting submanifold M. Any such limit satisfies the equation

- 1
H+F-=0. (30)

Note that by Proposition 3.3 it is no restriction to assume that the blow-up point
coincides with the origin. In general the limiting submanifold M need not have the
same topology as M, for example compactness might no longer hold. In addition it
is unclear, if all solutions of (30) occur as blow-up limits of Type I singularities of
compact submanifolds.

A solution of (30) is called a self-similar shrinking solution (or self-shrinker for
short) of the mean curvature flow. Namely, one easily proves that a solution of (30)
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shrinks homothetically under the mean curvature flow and that there is a smooth
positive function ¢ explicitly computable from the initial data and depending on the
rescaled time s such that

FI)S + c(s)FSJ‘ =0.

There exists another interesting class of self-similar solutions of the mean
curvature flow. These are characterized by the elliptic equation

H-FL=o0 31)

and are called self-expanders. In [29] Ecker and Huisken proved that entire graphs in
R™*1 (in codimension 1) approach asymptotically expanding self-similar solutions
if they satisfy a certain growth condition at infinity. Later Stavrou [80] proved the
same result under the weaker assumption that the graph has bounded gradient and a
unique cone at infinity. Furthermore, he gave a characterization of expanding self-
similar solutions to mean curvature flow with bounded gradient.

A classification of self-shrinking or self-expanding solutions is far from being
complete. However there are some special situations for which one can say
something. Self-shrinking curves have been completely classified by Abresch and
Langer in [1]. Though their proof has been carried out for the curve shortening flow
in R? the result also applies to arbitrary codimension since (30) becomes an ODE
for m = 1 and the solutions are uniquely determined by their position and velocity
vectors so that all 1-dimensional solutions of (30) must be planar. For hypersurfaces
there exists a beautiful theorem by Huisken in [51] that describes all self-shrinking
hypersurfaces with nonnegative (scalar) mean curvature. Later this result could be
generalized by the author in the following sense

Proposition 3.18 ([77]). For a closed immersion M™ C R, m > 2 are
equivalent:

(a) M is a self-shrinker of the mean curvature flow with nowhere vanishing mean

— - =
curvature vector H and the principal normal vectorv := H /| H | is parallel in
the normal bundle.

(b) M is a minimal immersion in a round sphere.

In the same paper one finds a similar description for the non-compact case.

Type I singularities usually occur when there exists some kind of pinching of
the second fundamental form and such situations occur quite often (cf. Sect. 4). It is
therefore surprising that there are situations, where one can exclude Type I singular-
ities at all. In [74, Theorem 2.3.5] it was shown that there do not exist any compact
Lagrangian solutions of (30) with trivial Maslov class m; = [H/m] = 0. Wang [86]
and Chen and Li [17] observed that finite time Type I singularities of the Lagrangian
mean curvature flow of closed Lagrangian submanifolds can be excluded, if the
initial Lagrangian is almost calibrated in the sense that * Re(dzp) > 0. The
condition to be almost calibrated is equivalent to the assumption that the Maslov
class is trivial and that the Lagrangian angle « satisfies cosa > 0. The difference
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of the results of Wang, Chen and Li in [17, 86] w.r.t. the result in [74] is, that the
blow-up need not be compact any more. Later Neves [64] extended this result to the
case of zero Maslov class, i.e. to the case where a globally defined Lagrangian angle
« exists on M, thus removing the almost calibrated condition. In [39, Theorem 1.9]
we proved a classification result for Lagrangian self-shrinkers and expanders in case
they are entire graphs with a growth condition at infinity. In these cases Lagrangian
self-similar solutions must be minimal Lagrangian cones.

Therefore when we study the Lagrangian mean curvature flow of closed
Lagrangian submanifolds with trivial Maslov class we need to consider singularities
of Type II only.

Type II: To study the shape of the submanifold near a singularity of Type II one
can define a different family of rescaled flows. Following an idea of Hamilton [45]
one can choose a sequence (pg, ) as follows: For any integer k > 1 let t; €
[0,T — 1/k], pr € M be such that

1 1
|Apic t)P(T = 3 =) = max |A(p, ) (T =+ —1).

PEM

Furthermore one chooses
Li = |[A(pr. t6)|.  ox = —Litx, o =Lg(T —tx —1/k).
If the singularity is of Type II then one has
ty, >T, Lp—>o00, ap—>—00, wp—00.

Instead of |A| one may use other quantities in the definition of these sequences,
if it’s known that they blow-up with a certain rate as ¢ — 7. For example, in [53]
the mean curvature H was used in the case of mean convex hypersurfaces in R”*1,

Then one can consider the following rescaling: For any k > 1, let My ; be the
family of submanifolds defined by the immersions

Fi( 1) = Lg(FC, Li®t + 1) — F(pr.tx)), T € o, ] -

The proper choice of the blow-up quantity (|A|, H or similar) in the definition
of the rescaling will be essential to describe its behavior. Besides this rescaling
technique there exist other methods to rescale singularities and the proper choice
of the rescaling procedure depends on the particular situation in which the flow is
considered. A nice reference for some of the scaling techniques is [28].

If M is compact and develops a Type II singularity then a subsequence of the
flows My . converges smoothly to an eternal mean curvature flow M. defined for
all T € R. Then a classification of Type II singularities depends on the classification
of eternal solutions of the mean curvature flow.
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In R? the only convex eternal solution (up to scaling) of the mean curvature flow
is given by the “grim reaper”

y = —logcosx/m .

The grim reaper is a translating soliton of the mean curvature flow, i.e. it satisfies

the geometric PDE
—_—

H=v"*
for some fixed vector V' € R”. A translating soliton moves with constant speed in
direction of V.

In [8] the authors constructed some particular solutions of the mean curvature
flow that develop Type II singularities. In R? examples of curves that develop a
Type 1I singularity are given by some cardioids [7]. Using a Harnack inequality,
Hamilton [46] proved that any eternal convex solution of the mean curvature flow
of hypersurfaces in R”*! must be a translating soliton, if it assumes its maximal
curvature at some point in space-time. In [20] the authors study whether such
convex translating solutions are rotationally symmetric, and if every 2-dimensional
rotationally symmetric translating soliton is strictly convex.

Various different notions of weak solution have been developed to extend the flow
beyond the singular time 7', including the geometric measure theoretic solutions of
Brakke [10] and the level set solutions of Chen et al. [21] and Evans and Spruck
[33], which were subsequently studied further by Ilmanen [55]. In [54] Huisken and
Sinestrari define such a notion based on a surgery procedure.

4 Special Results in Higher Codimension

In this chapter we mention the most important results in mean curvature flow that
depend on more specific geometric situations and we will focus on results in higher
codimension, especially on graphs and results in Lagrangian mean curvature flow.

4.1 Preserved Classes of Immersions

Definition 4.1. Let .# be the class of smooth m-dimensional immersions into a
Riemannian manifold (N, g) and suppose .# C .# is a subclass. We say that .% is
a preserved class under the mean curvature flow, if for any solution F; : M — N,
t € [0,T) of the mean curvature flow with (Fp : M — N) € % we also have
(F;:M — N)e 7 forallt € [0, 7).

Preserved classes of the mean curvature flow are very important since one can
often prove special results within these classes. Many classes can be expressed in
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terms of algebraic properties of the second fundamental form and in general it is a
hard problem to detect those classes. We give a number of examples

Example 4.2. (a) .#; := {Convex hypersurfaces in R”*1}

(b) .%» := {Mean convex hypersurfaces in R"*1 i.e. H > 0}

(¢) %3 := {Embedded hypersurfaces in Riemannian manifolds}

(d) .Z4 := {Hypersurfaces in R™*! as entire graphs over a flat plane}
(e) %5 := {Lagrangian immersions in Kdhler-Einstein manifolds}

To prove that classes are preserved one often uses the parabolic maximum
principle (at least in the compact case). Besides the classical maximum principle
for scalar quantities there exists an important maximum principle for bilinear forms
due to Richard Hamilton that was originally proven in [42] and improved in [43].

Another very important property is the pinching property of certain classes of
immersions in R”.

Definition 4.3. Let F : M — R” be a (smooth) immersion. We say that the second
fundamental form A of F' is §-pinched, if the inequality

A1 < §|H|?

holds everywhere on M .

From
2

1 1
0<|A——H®F*g| =|A?——|H
m m

with m = dim M we immediately obtain that § is bounded from below by 1/m.
For hypersurfaces in R”*1 it is known:

Proposition 4.4. Let § > 1/m. The class of closed §-pinched hypersurfaces in
R™*1 is a preserved class under the mean curvature flow.

Proof. This easily follows from the maximum principle and the evolution equation
for f := |A|*/H?>. O

It can be shown that an m-dimensional submanifold in R” is 1/m-pinched, if
and only if it is either a part of a round sphere or a flat subspace. Therefore
closed pinched submanifolds are in some sense close to spheres. In some cases
this pinching can improve under the mean curvature flow. To explain this in more
detail, we make the following definition: Let .% be a nonempty class of smooth m-
dimensional immersions F : M — R”, where M is not necessarily fixed, and set

Sz :=suplS €R: |Ap(p)]® = 8[HF(p)|>.Vp € M. V(F : M —R") € F},
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—
where Ar and H g denote the second fundamental form and mean curvature vector
of the immersion F : M — R”. Then §# > % and 8 & is finite, if and only if &

contains an immersion F : M — R” for which H r does not vanish completely.

Definition 4.5. Let .% be a preserved class of smooth m-dimensional immersions
with §# < oo and suppose § is some real number with § > §4. We say that .% is
8-pinchable, if for any € with 0 < € < § — §# the class

Fe={(F:M >R eZ:|Ar(p)? < 65 + )[Hr(p)?.Vp e M}

is a preserved class under the mean curvature flow.

Example 4.6. (a) It follows from Theorem 4.4 that the class .%(m,m + 1) of
smooth m-dimensional closed immersions into R™*! is §-pinchable for any
8 > 1/m = 8 2(n,m+1) and that the pinching constant 6 & m+1) is attained if
and only if the immersion F : M — R” is a round sphere or a flat plane (or
part of).

(b) A beautiful result recently obtained by Andrews and Baker [6] shows that the
class .Z(m,m + k) of smooth m-dimensional closed immersions into Rtk
is §-pinchable with § = 1/(m—1), if m > 4 and with § = 4/3m for
2 <m < 4. Here § #(m,m+k) = 1/m. They prove that §-pinched immersions
contract to round points. Thus for such immersions one has M = S™ and they
are smoothly homotopic to hyperspheres.

We will now show that the class £’ (m) of smooth closed Lagrangian immersions
into C™ is not §-pinchable for any §.

Theorem 4.7. Let £ (m) be the class of smooth closed Lagrangian immersions
into C™, m > 1. Then 8 () = 3/(m + 2) and £ (m) is not §-pinchable for any 8.

Proof. Given a Lagrangian immersion F : M — C™ we have

1 2 3 -
0 < |hjjx — m——i—2(Higjk + Hjgki + Higij)| = |A]> — m——i—2|H|2’

where H;dx' is the mean curvature form. This implies § ¢ () > m%rz On the other
hand equality is attained for flat Lagrangian planes and for the Whitney spheres.

These are given by restricting the immersions

r(l4ix™thy |

. pm+1 m [ 1 m+1y . _ m

F, R —-C", F.(x',....x )= I F (2 xL ..., x™), r>0
to S™ C R™1 ie F, := Fygm : S™ — C™ is a Lagrangian immersion
of the sphere with |A4]?> = m%rzﬁ-ﬂz. The number r is called the radius of the

Whitney sphere. This shows 8 ¢ (yr) = mi+2 It has been shown by Ros and Urbano
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in [69] that Whitney spheres and flat Lagrangian planes are the only Lagrangian
submanifolds in C™, m > 1, for which |A|> = mLHFI)P Now if Z (M) would
be §-pinchable for some §, then in particular the Lagrangian mean curvature flow
would preserve the identity |A4|?> = ,’144_2|717)|2 This is certainly true for the flat
planes but for the Whitney sphere this cannot be true. Because the result of Ros and
Urbano implies that under the assumption of §-pinchability a Whitney sphere would
then stay a Whitney sphere under the Lagrangian mean curvature flow and the radius
of the spheres would decrease. In other words, the Whitney sphere would have to
be a self-similar shrinking solution of the Lagrangian mean curvature flow. This is
a contradiction to the well-known result (first shown in [74, Corollary 2.3.6]), that
there are no self-shrinking Lagrangian spheres in C”, if m > 1. O

4.2 Lagrangian Mean Curvature Flow

In this subsection we will assume that F : M — N is a closed smooth Lagrangian
immersion into a Kihler manifold (N, g, J). It has been shown in [72] that the
Lagrangian condition is preserved, if the ambient Kéhler manifold is Einstein.
This includes the important case of Calabi—Yau manifolds, i.e. of Ricci flat Kéhler
manifolds. Recently a generalized Lagrangian mean curvature flow in almost Kihler
manifolds with Einstein connections has been defined by Wang and the author in
[79]. This generalizes an earlier result by Behrndt [9]. The Einstein condition is
relevant in view of the Codazzi equation which implies that the mean curvature form
is closed, a necessary condition to guarantee that the deformation is Lagrangian.
To explain this in more detail, observe that the symplectic form  induces an
isomorphism between the space of smooth normal vector fields along M, and the
space of smooth 1-forms on M. Namely, given € Q!(M) there exists a unique
normal vector field V € T(T+M) with § = o(-, V). If F : M x [0,T) — N is
a smooth family of Lagrangian immersions evolving in normal direction driven by
some smooth time depending 1-forms § € Q1 (M) we have

d d
ar ¢ (w(dt )

and consequently & must be closed. Since the mean curvature form is given by
H =o(, H)

we obtain that the closeness of H is necessary to guarantee that the mean curvature
flow preserves the Lagrangian condition, and it is indeed sufficient ([72, 74]). In
the non-compact case this is open in general, but in some cases (like graphs over
complete Lagrangian submanifolds with bounded geometry) this can be reduced
to the existence problem of solutions to a parabolic equation of Monge—Ampere
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type. The Lagrangian condition can be interpreted as an integrability condition. For
example, if M is a graph in C" = R™ @ iR™ over the real part, i.e. if M is the
image of some embedding

F:R" - C", F(x)=x+iy(),

where y = y;dx’ is a smooth 1-form on R™, then M is Lagrangian if and only
if y is closed. Consequently there exists a smooth function u (called a generating
function) such that y = du. Assuming that M evolves under the mean curvature
flow and that all subsequent graphs M; are still Lagrangian one can integrate the
evolution equation of y = du and obtains a parabolic evolution equation of Monge—
Ampere type for u. Conversely, given a solution u of this parabolic Monge—Ampere
type equation on R™ one can generate Lagrangian graphs F = (x, du) and it can be
shown that these graphs move under the mean curvature flow (cf. [74]). The same
principle works in a much more general context, namely if the initial Lagrangian
submanifold lies in some Kdhler—Einstein manifold and the Lagrangian has bounded
geometry. The boundedness of the geometry is essential for the proof since this
allows to exploit the implicit function theorem to obtain the existence of a Monge—
Ampere type equation similar as above.

This integrability property has one important consequence. In general, given
a second order parabolic equation, one would need uniform C2**-bounds of the
solution in space and uniform C !**-estimates in time to ensure long-time existence,
as follows from Schauder theory. For the mean curvature flow these estimates are
already induced by a uniform estimate of the second fundamental form A (see
Corollary 3.13), so essentially by C2-estimates. In the Lagrangian mean curvature
flow F : M x [0,T) — N one may instead use the parabolic equation of
Monge—Ampere type for the generating function # and consequently one just needs
C 1:%_estimates in space and C %% estimates in time for F which itself is of first
order in u. In some situations this principle has been used successfully, for example
in [76,78]. There it was shown that Lagrangian tori M = T™ in flat tori N = T2™
converge to flat Lagrangian tori, if the universal cover possesses a convex generating
function u. We also mention a recent generalization to the complete case by Chau
etal. [13].

The evolution equations for the Lagrangian mean curvature flow have been
derived in [74] (see also [72]) and can also be obtained directly from our general
evolution equations stated in Sect.3.2. Besides the evolution equation for the
induced metric the equation for the mean curvature form H = H,;dx' is perhaps
the most important and is given by

Vi H =dd?‘H+iH, (32)
dt 2m

where S denotes the scalar curvature of the ambient Kdhler—Einstein manifold, m

is the dimension of the Lagrangian immersion and d T H = V'’ H;. In particular it
S 4. . .

follows that the cohomology class [ He™2m"] is invariant under the Lagrangian mean
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curvature flow and in a Calabi—Yau manifold the Lagrangian immersions with trivial
first Maslov class m (we have m = %[H ]) form a preserved class. This also shows
that if the scalar curvature S is nonnegative, then a necessary condition to have long-
time existence and smooth convergence of the Lagrangian mean curvature flow to
a minimal Lagrangian immersion is that the initial mean curvature form is exact.
Exactness of the mean curvature form will then be preserved and a globally defined
Lagrangian angle o with da = H exists for all ¢. This last result also holds for
general scalar curvature S and after choosing a proper gauge for o one can prove
[73, Lemma 2.4] that « satisfies the evolution equation

d S

Ea—Aa—i-%a. (33)
It is then a simple consequence of the maximum principle that on compact
Lagrangian submanifolds M with trivial Maslov class in a Calabi—Yau manifold
there exist uniform upper and lower bounds for the Lagrangian angle given by its
initial maximum resp. minimum. In particular, the condition to be almost calibrated,
i.e. *Re(dzjpr) = cosa > 0 is preserved. Here dz denotes the complex volume
form on the Calabi—Yau manifold and it is well known that the Lagrangian angle
o satisfies

dzmy = e,

where dy is the volume form on M. Almost calibrated Lagrangian submanifolds in
Calabi—Yau manifolds have some nice properties under the mean curvature flow. As
was mentioned earlier, from the results in [17,64,74,86] we know that singularities
of the Lagrangian mean curvature flow of compact Lagrangian immersions with
trivial Maslov class in Calabi—Yau manifolds cannot be of Type I and therefore a
big class of singularities is excluded. So far one cannot say much about singularities
of Type II and in particular, one does not know if they occur at all in the case
of compact almost calibrated Lagrangians (though some authors have some rather
heuristic arguments for the existence of such singularities). It is worth noting that
there do not exist any compact almost calibrated Lagrangian immersions in R?”” (but
in T?™ they exist). In [75, Theorem 1.3] it was shown that there exists a uniform
(in time) lower bound for the volume of a compact almost calibrated Lagrangian
evolving by its mean curvature in a Calabi—Yau (and more generally in a Kihler—
Einstein manifold of non-positive scalar curvature).

An interesting class of Lagrangian immersions is given by monotone
Lagrangians. A Lagrangian immersion F : M — R?™ is called monotone, if

[H] = e[F*A]. (34)

for some positive constant € (called monotonicity constant). Here A is the Liouville
form on R?™ = TR™. In [39] we proved several theorems concerning monotone
Lagrangian immersions. ;From the evolution equations of H and F*A one derives
that monotonicity is preserved with a time dependent monotonicity constant € ().
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Gromov [40] proved that given an embedded Lagrangian submanifold M in R?™
there exists a holomorphic disk with boundary on M. On the other hand, from the
evolution equations of H and F*A we get that the area of holomorphic disks with
boundary representing some fixed homology class in M is shrinking linearly in time.
If the Lagrangian is monotone, then the shrinking rate for the area of holomorphic
disks is the same for all homology classes.

Unfortunately it is unknown, if embeddedness of Lagrangian submanifolds
is preserved under mean curvature flow (in general, embeddedness in higher
codimension is not preserved but self-intersection numbers might be). Suppose
F : M x[0, T) — R?™ is a Lagrangian mean curvature flow of a compact monotone
Lagrangian with initial monotonicity constant € > 0 and suppose 0 < 7, < T is the
embedding time, i.e. the maximal time such that F; : M — R?™ is an embedding
forall 0 <t < T,. Then we proved [39, Theorem 1.6 and Theorem 1.11] that
T, < é . Moreover

1
T==,
€

in case T, = T and if M develops a Type I singularity as # — 7. We note that this
result is rather unique in mean curvature flow. Usually it is not possible to explicitly
determine the span of life of a solution and to determine it in terms of its initial data.
In the same paper we also proved the existence of compact embedded monotone
Lagrangian submanifolds (even with some additional symmetry) that develop Type
II singularities and consequently it is not true that monotone embedded Lagrangian
submanifolds must develop Type I singularities, as was conjectured earlier by some
people.
Lagrangian submanifolds appear naturally in another context. If

f M—K
is a symplectomorphism between two symplectic manifolds (M, w™), (K,»X)
then the graph
F:M—MxK, F(p)=(p.f(p)

is a Lagrangian embedding in (M x K, (o™, —wX)).

If (M, oM gM, gM) and (K, ok, JK, gK) are both Kihler—Einstein, then the
product manifold is Kidhler—Einstein as well and one can use the Lagrangian
mean curvature flow to deform a symplectomorphism. In [75] symplectomorphisms
between Riemann surfaces of the same constant curvature S have been studied
and it was shown (Lemmas 10 and 14) that Lagrangian graphs that come from
symplectomorphisms stay graphs for all time. The same result was obtained
independently by Wang in [85] (the quantities r in [75, Lemma 10] and 7 in
[85, Proposition 2.1] are the same up to some positive constant). In [75] the
graphical condition was then used in the case of non-positive curvature S and
under the angle condition cosa > 0 (almost calibrated) to derive explicit bounds
for the second fundamental form and to establish long-time existence and smooth
convergence to a minimal Lagrangian surface. Wang used the graphical condition



Mean Curvature Flow in Higher Codimension: Introduction and Survey 269

in [85] to obtain long-time existence without a sign condition on S by methods
related to White’s regularity theorem and then proved convergence of subsequences
to minimal Lagrangian surfaces. Later he refined his result and proved smooth
convergence in [91]. In a recent paper by Medos and Wang [62] it is shown that
symplectomorphisms of CP™ for which the singular values satisfy some pinching
condition can be smoothly deformed into a biholomorphic isometry of CP™.

In a joint paper [78] (see also [76]) Wang and the author studied Lagrangian
graphs in the cotangent bundle of a flat torus and proved that Lagrangian tori with
a convex generating function converge smoothly to a flat Lagrangian torus. In this
case the convexity of the generating function u implies that the Monge—Ampere
type operator that appears in the evolution equation of # becomes concave and then
results of Krylov [57] imply uniform C?2*%-estimates in space and C!'*-estimates
in time and long-time existence and convergence follows. A similar result holds for
non-compact graphs [13].

4.3 Mean Curvature Flow of Graphs

As the results mentioned at the end of the last subsection show, mean curvature flow
of graphs behaves much “nicer” than in the general case. There are many results
for graphs moving under mean curvature flow. The first result in this direction was
the paper by Ecker and Huisken [29] where long-time existence of entire graphs
in R™*! (hypersurfaces) was shown. Convergence to flat subspaces follows, if
the growth rate at infinity is linear. Under a different growth rate they prove that
the hypersurfaces converge asymptotically to entire self-expanding solutions of the
mean curvature flow. The crucial observation in their paper was that the angle
function v := (v, Z) (scalar product of the unit normal and the height vector Z)
satisfies a very useful evolution equation that can be exploited to bound the second
fundamental form appropriately.

Many results in mean curvature flow of graphs have been obtained by Wang. For
example in [87] he studied the graph induced by amap f : M — K between to
Riemannian manifolds of constant sectional curvatures. Under suitable assumptions
on the differential of f and the curvatures of M resp. K he obtained long-time
existence and convergence to constant maps. In [84] the authors consider a graph in
the product M x K of two Riemannian manifolds of constant sectional curvatures.
A map f : M — K for which the singular values A; of f satisfy the condition
AiAj < 1foralli # j is called an area decreasing map. The main theorem in their
paper states long-time existence of the mean curvature flow and convergence to a
constant map under the following assumptions:

1. the initial graph of f is area-decreasing;
2. oM > |0K|, oM + 6K > 0anddim M > 2,

where o™, 6K denote the sectional curvatures of M resp. K. In particular area
decreasing maps from S” to S¥ are homotopically trivial for m > 2.
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In [60] graphs in Riemannian products of two space forms have been studied and
under certain assumptions on the initial graph long-time existence was established.
In [90] two long-time existence and convergence results for the mean curvature
flow of graphs induced by maps f : M — K between two compact Riemannian
manifolds of dimension m = dimM > 2 and dim K = 2 are given. In the first
theorem M and K are assumed to be flat, and in the second theorem, M = S™
is an m-sphere of constant curvature k; > 0 and K a compact surface of constant
curvature k, with |k, | < k;. The key assumption on the graph is expressed in terms
of the Gauf3 map, i.e. the map which assigns to a point p its tangent space. The latter
is an element of the bundle of m-dimensional subspaces of TN, N = M x K and it
is shown that there exists a sub-bundle & of TN which is preserved along the mean
curvature flow. The same author proved a beautiful general theorem for the Gaull
map under the mean curvature flow (see [88]).
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