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MEAN CURVATURE FLOW, ORBITS, MOMENT MAPS

TOMMASO PACINI

ABSTRACT. Given a compact Riemannian manifold together with a group of
isometries, we discuss MCF of the orbits and some applications: e.g., finding
minimal orbits. We then specialize to Lagrangian orbits in Kaehler manifolds.
In particular, in the Kaehler-Einstein case we find a relation between MCF
and moment maps which, for example, proves that the minimal Lagrangian
orbits are isolated.

1. INTRODUCTION

If a given submanifold ¥ in a Riemannian manifold (M, g) is not minimal, “mean
curvature flow” (MCF) provides a canonical way to deform it.

Ideally, the flow should exist until either a singularity develops, preventing fur-
ther flow, or the submanifold becomes minimal. In this sense, MCF should be a
useful tool in the search for minimal submanifolds.

A third, but exceptional, possibility that might occur is exemplified by the
“translating solitons” in R™: submanifolds which, under MCF, simply flow by
translation and thus never converge to a limiting object.

However, MCF is a difficult topic with many open questions. In particular, there
is no general theory which can explain what will happen to all ¥ C (M, g) under
MCF, or classify which singularities can arise. One is thus forced to study each
case individually, or at best to look for classes of submanifolds which, under MCF,
behave in the same way. Most often this leads to restrictions on the dimension (e.g.,
curves) or codimension (e.g., hypersurfaces) of ¥, or on properties of the immersion
(e.g., convex).

In general, the presence of symmetries in a problem reduces the number of vari-
ables, hopefully making things easier. Regarding MCF, the “best” case is when X
is the orbit of a group of isometries of (M, g). It is simple to show that, in this case,
all ¥; obtained by MCF are also orbits, and MCF basically reduces to solving an
ODE on the (finite-dimensional) space of orbits.

Group actions have been extensively studied. In particular, orbits of a (compact,
connected) Lie group G acting on a (compact, connected) manifold M can be
classified into three categories: “principal”, “exceptional” and “singular”. This
yields a simple and pretty picture of the geometry of the orbit space M/G.

The first goal of this paper is to fit MCF into this framework, analyzing “what
happens” to a principal (or exceptional, or singular) orbit under MCF.

The final picture, presented in Theorem [, constitutes, for several reasons, a
good “example zero” of MCF. It is simple; it generalizes the standard example of
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the “shrinking sphere” in R™; it is (co)dimension-independent; and especially, in
the orbit setting, “everything we might want to be true for MCF, is true”.

We then restrict our attention to Lagrangian orbits. Using moment maps to “get
a grasp on them”, we prove that the set L(M; G) of points belonging to Lagrangian
G-orbits constitutes a smooth submanifold in any compact Kaehler ambient space.
When (M, g) is a Kaehler-Einstein (KE) manifold, it was already known that the
Lagrangian condition is preserved under MCF; we give an independent proof of this
in the orbit setting, and are then free to apply Theorem Plto study how Lagrangian
orbits evolve under MCF. As a simple corollary, we find that “backwards MCE”
always leads to a minimal Lagrangian orbit.

Futaki proved that compact positive KE manifolds come with a “canonical”
moment map p. In Proposition f] we show that u is intimately related to the mean
curvature of Lagrangian orbits. As a corollary, we find that minimal Lagrangian
orbits (wrt fixed G) are isolated.

As already noted, MCF of Lagrangian submanifolds is not a new subject; there is
also some overlap, in the case of torus actions, with [G]. However, given the number
of known KE manifolds with large isometry groups, there seems to be no a priori
reason to limit oneself to tori. Our attempt is to develop a “complete” picture of
the general G case, relying only on the basic tools provided by the general theory
of G-actions, moment maps and transformation groups. In this sense, we are not
aware of any serious overlap with existent literature.

2. SMOOTH GROUP ACTIONS ON MANIFOLDS

This section is mostly a review of standard facts regarding manifolds with a
group action. We refer to [A] for further details.
We adopt the following conventions.

e M is a compact, connected, smooth manifold. Diff (M) will denote its group
of diffeomorphisms.

e (G is a compact, connected, Lie group acting on M; i.e., we are given a
homomorphism i : G — Diff (M). The action of g € G on p € M will be
denoted g - p.

The action is “effective” if 4 is injective. Notice that, since Ker(¢) is normal in G,
we may “reduce” any G-action to an effective G/ Ker(i)-action.

Whenever a group H is not connected, H° will denote the connected component
containing the identity element.

The action of G on M induces an action of G on TM. If X € T, M, it is defined
as follows:

9+ X = g.[pl(X) € Ty M

where g, denotes the differential of the map g =i(g) : M — M.

Letting g denote the Lie algebra of G, any X € g induces a “fundamental vector
field” X on M, defined as follows:

- d

X(p) = E[exp(tX) “Pljt=0

where exp(tX) denotes the 1-dimensional subgroup of G associated to X.
For all p € M, we define:
G-p={9-p:geG}C M “orbit of p (wrt G)”,
Gp:={9€G:g9g-p=p} <G “stabilizer of p (wrt G)”.
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Notice that Gy, is a closed subgroup of G and that G-p ~ G/G,. A generic orbit
will often be denoted O. Thanks to the compactness hypotheses, every orbit O is
a smooth embedded submanifold of M.

Notice also that G, = h - G, - b1 i.e., Gp, is conjugate to Gp. Thus, to each
p € M we may associate a conjugacy class of subgroups of G:

O — (Gp) := conjugacy class of the stabilizer of any p € O.

This class is called the “type” of O.

Let O be any orbit and p € O. Let V := T,M/T,O. The action of G on TM
restricts to an action of G, on T, M, and 1,0 < T, M is a Gp-invariant subspace.
Thus there is a natural action of G, on V.

This induces an action of G, on G x V, as follows:

he(g,v) = (gh™" h-v).

Let G xg, V := (G x V)/G) denote the quotient space. Then G xg, V is a vector
bundle (with fiber V') over G/G) ~ O and there is an action of G on G xg, V as
follows:

g1+ [92,v] = [g1 g2, ]
The following result shows that G'x ¢, V' contains complete information on the local
geometry of the group action near O.

Theorem 1. Let G, M be as above.

Then there exist a G-invariant neighborhood U of O in M and a G-invariant
neighborhood W' of the zero section of G xg, V' such that U is G-equivariantly
diffeomorphic to W.

Corollary 1. Let M, G be as above.

(1) For each fixed type, the union of all orbits of that type forms a (possibly
disconnected) submanifold of M.

(2) There is only a finite number of orbit types.

(3) There is an orbit type (P) whose orbits occupy an open, dense, connected
subset of M.

The types of the G-action can be partially ordered by the following relation:
a<pf<IH,K<G:a=(H),f=(K),H<K.

If a given orbit O has type (K), any nearby orbit O’ C G xg V can be written
0" = G- [1,v]; it is simple to show that the stabilizer of [1,v] is the stabilizer K,
of v € V wrt the K-action; so it is a subgroup of K. In other words, type(Q’) <
type(O).
In particular, the type (P) defined by Corollary Mlmust be an absolute minimum:
(P) < (K), for all types (K).

It is also clear that dim @’ > dim O (the dimension of orbits is a lower-semicontin-
uous function on M) and that orbits of type (P) have maximum dimension among
all orbits.

The final picture is thus as follows.

Given M, G as above, there are three categories of orbits:

(1) “Principal orbits”, corresponding to the minimal type (P).
They occupy an open, dense, connected subset of M.
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(2) “Exceptional orbits”, corresponding to those types (K) : K/P is finite.
Via the projection G x g V. — G/K, any nearby principal orbit is a finite
covering of the exceptional orbit G/ K.

In particular, exceptional orbits and principal orbits have the same di-
mension.

(3) “Singular orbits”, corresponding to those types (K): dim K > dim P.

Their dimension is strictly smaller than that of principal orbits.

Example 1. S! acts isometrically on S? := {22 + y? 4+ 2% = 1} C R3 by rotations
along the z-axis.

The orbits are the sets S? N 7., where 7. := {z = c}. The singular orbits, of
type (S1), are the poles; all other orbits are principal, of type (1).

Example 2. On S? there is also an isometric Zs-action that identifies antipodal
points. Since the two actions commute, the S*-action passes to the quotient RP? ~
S2 ) Zs.

There is one singular orbit, represented by S? Ny ; one exceptional orbit, repre-
sented by S?Nmy (the “equator”); all other orbits, represented by S?N7., 0 < ¢ < 1,
are principle.

Together, principal and exceptional orbits constitute the set of “regular orbits”.
Any regular orbit O = G - ¢,q € M"Y is the image of an immersion

¢:G/P— M, [g]—[g]-q

Notice that, if O is principle, then @ ~ G/P, i.e., ¢ is an embedding. If O is
exceptional, of type (K), then O ~ G/K and ¢ is a covering map of G/P over
G/K.

We may set MP" := {p € M : G- pis a principal orbit} C M and, analogously,
define Me®, M*®"9 M7 = MP" U Me*,

Each of these subsets, generically denoted M*, is a smooth submanifold inside
M and M*/G also has a smooth structure.

Thus the set M /G, which is compact and Hausdorff with respect to the quotient
topology, has the structure of a “stratified smooth manifold”, the smooth strata
being the connected components of M*/G. Once again, MP" /G occupies an open,
dense, connected subset of M/G.

An interesting application of all of the above is the following, simple, fact.

Corollary 2. Assume G acts on M, with principal type (P).
(1) If P is normal, then P < G,, Vp € M.
Thus, if the action is effective, P = {1}.
(2) If P° is normal, then P° < G,, Vp € M.
Thus, if the action is effective, P is finite.
In particular, assume a torus T acts effectively on M. Then (P) = {1}.

Proof. If P is normal, P < G, Vp € MP?". Since MP?" is dense in M, it is easy to
prove that P < G,, Vp € M.
The proof of (2) is similar. O

Our last goal, in this section, is to “understand” convergence of orbits.

Assume given a curve of principal orbits O; (corresponding to immersions ¢; :
G/P — M) which, in the topology of M/G, converges to some limiting orbit O.
We must distinguish three cases.
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(1) Assume O ~ ¢ : G/P — M is principal, i.e., has minimal type (P).

Since MP" is open in M, each orbit near O must also have type (P);
thus, wrt the local linearization M = G xp V based at O, P acts trivially
on Vand G xpV = G/P x V is the trivial bundle. In particular, this
shows that Oy — O smoothly in M, i.e., ¢y — ¢.

(2) Assume O ~ ¢ is exceptional. Then, near O, there are either exceptional
or principal orbits and they are coverings of O. It is still true that ¢ — ¢
smoothly, but the limit is not injective.

(3) Assume O is singular. Let K be the stabilizer of p € O.

Locally, M = G xg V, Oy = G - [1,v4] (for some v; € V) and K,, <
K is the stabilizer of [1,v:]. Since (K,,) = (P), all K,, have constant
dimension g. The corresponding Lie algebras ¢,, are thus points in the
Grassmannian Gr(q, ) of g-planes in ¢ := Lie(K). By compactness of
Gr(q,t), we may conclude the following: any sequence O,, C O, O,, — O,
contains a subsequence Oy, such that ¢,, — £y, for some & € Gr(q, ).

Let {X1,...,X,} span a complement of & in ¢, and let {Y7,...,Y,} span
a complement of € in g. Then 7,0 is generated by the fundamental vector
fields Y;, and T[l,vnk]Onk is generated by X; and }7] Since X; are smooth
on M and Xil@ = 0, we see that ||X|@k|\ — 0 (wrt any invariant metric
on M).

In other words, convergence to a singular orbit is described, up to subse-
quences, by the vanishing of certain fundamental vector fields; which fields
vanish depends on the particular subsequence.

3. MCF OF ORBITS

Let us now fix a compact, connected, Riemannian manifold (M, ¢g) and a com-
pact, connected, Lie group of isometries, G < Isomgy(M). (P) will denote the
minimal type of the G-action, and p the corresponding Lie algebra.

Recall that, to any immersion ¢ : 3 — M, we may associate a volume

vol () ::/Zvolqb*g.

Since any regular orbit O corresponds to an immersion ¢ : G/P — M, we get a
function

vol : (M/G)™™ — R, O vol(d).

The quotient map 7 : M — M /G yields a pull-back map 7*vol : M"Y — R.
We will often write vol(O) instead of vol(¢) and vol instead of 7*vol.

Proposition 1. The volume function has the following properties:

(1) vol : M9 — R is smooth.

(2) It has a continuous extension to zero on M9,
This defines a continuous function vol : M — R.

(3) The function vol?> : M — R is smooth.

Proof. For any regular orbit O = ¢ : G/P — M, ¢*g defines a G-invariant metric
on G/P. Let Zi,...,Z, be any basis of T};;G/P, induced by the projection onto
g/pofelements Z;, € g: Z; ¢ p. Let pu:= ZF A--- A Z be the induced left-invariant
volume form on G/P.
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Since both volume forms are G-invariant, vol, = c- p, for some ¢ = ¢(0O). Clearly,
¢ = 4/det g;;, where g;; := ¢*g[1](Z;, Z;). Thus

vol(O) :/ V0ol g :/ Vdet gi; - p = +/det g / L.
G/P G/P G/P

Now let O; be a curve of regular orbits, O; = ¢ : G/P — M. Assume that
Oy — O. If O is also regular, O = ¢ : G/P — M, then p; := ¢[1] — p := ¢[1].
Choose Z; € g such that the induced fundamental vector fields Z; span T,0. Then
Z; also span T, O;. Setting g5 = 9lpi)(Zi, Z;) and gij := g[pl(Zi, Z;), we find

vol(Oy) = /det gi; - constant — \/det g;; - constant # 0.

This shows that vol is smooth on M"¢9. If O is singular, we saw in section[2 that, for
any sequence O, C O; : O,, — O, we may choose Z; so that, for some subsequence,

certain Z; vanish. This shows that ,/det gfj — 0; so vol extends continuously to

zero on M™Y.

Since vol(O;)? = det gi; - constant, vol? is smooth on M. O

Corollary 3 (cf. [H]). Let G be any compact, connected Lie group acting by isome-
tries on a compact, connected Riemannian manifold (M, g).
Then there exists a regular minimal orbit of the G-action.

Proof. Since M is compact, the continuous function vol : M — R has a maximum,
which necessarily corresponds to a minimal (immersed) orbit. O

Example [2] of section Bl shows that the minimal orbit might be exceptional.

Let us now recall the notion of “mean curvature flow”.

Fix manifolds ¥ and (M, g), and an immersion ¢ : ¥ — M.

A smooth 1-parameter family of immersions ¢; : 3 <— M is called a “solution to
the MCF of (X, ¢)” if it satisfies the following equation:

iéﬁt = H(¢t)v
(MCE) {dt% 5

where H(¢:) denotes the “mean curvature vector field” of ¢;, defined as the trace
of the second fundamental form of the immersion. It is well known that H is, up
to sign, the “L2-gradient” of the volume functional on immersions:

d d
Evol(qbt)ﬁzo = — /Z(H, E(bt“:o)'

Locally, (MCF) can be written as a IT-order quasi-linear parabolic system of equa-
tions. In particular, solutions always exist for some short time interval ¢ € [0, €)
and are unique.

We want to focus on solving (MCF) under the assumption that (X, ¢) is an orbit
of a group of isometries.

Consider the map H : p — H,, that associates to each p € M the mean curvature
H,, of the orbit G - p. This defines a vector field on M.

The following lemma examines its continuity /smoothness.

Lemma 1. Let H be defined as above.

(1) H is smooth along each submanifold given by orbits of the same type.
It is also smooth on M"9.
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(2) H is G-invariant.

Proof. The smoothness of H along orbits of the same type is clear. Smoothness
on M™% comes from the convergence properties of regular orbits: basically, H is a
local object and does not notice the difference between principal and exceptional
orbits.

(2) is a consequence of the fact that all ingredients in the definition of H are
G-invariant. O

In particular, H descends to a vector field on M/G and is smooth along each
stratum. If O = ¢ : G/K — M and p := ¢([1]), we can consider the following
ODE on M:

(MCF") {5((3 - 5[}?(75)],

Notice that, given a solution p(t) of (MCF’), the G-equivariant map

o G/K X [076) — M, ¢([g]7t) = g~p(t)

solves (MCF) with the initial condition (£, ¢) = O. By uniqueness of solutions of
(MCF), this shows that MCF of an orbit gives a curve of orbits.

In other words, if (3, ¢) is an orbit, (MCF) is equivalent to the ODE on M/G
(or on M) determined by integrating H.

The reduction of the problem from a PDE to an ODE simplifies things enor-
mously. For example, MCF of orbits has the following properties:

e There exists a (unique) solution O; defined on a maximal time interval
(cr, B): this comes from standard ODE theory.

e (MCF) may be inverted; i.e., t — Q(t) := O(—t) solves the equation for
“backward MCF”:

d
dtQt Qi QO @)

This is true for any ODE of the type @ = f(«(t)), but is very atypical for
parabolic problems.

Another interesting feature of (MCF) on orbits is that it preserves types:

Proposition 2. For each orbit O, Hp is tangent to the submanifold determined
by the type of O.

In particular, if Oy is the solution of (MCF) with initial condition Oy = O, then
type (Oy) = type (O).

Proof. Let p € M and let G - p have stabilizer K. Locally near G-p, M = G xg V,
where V = T,,(G - p)* and K acts isometrically on V.

This determines a decomposition of V' into K-irreducible subspaces: V = @ V.
Since H is G-invariant, it is also K-invariant;so H € VO :={v € V : k-v =v,Vk €

Notice that G x g V¥ corresponds to the orbits near G - p of type (K). Thus H,
is tangent to the set of such orbits.

Since this is true for each p € M, (MCF) preserves types. O

Corollary 4 (cf. [HL]). Let (M,g) be as above.
If an orbit is isolated wrt all other orbits of the same type, then it is minimal.
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We now want to show that, on M"9, (MCF) is actually a gradient flow; i.e., for
some f € C®°(M"9), H=Vf.

Let p; be a curve in M9 and Oy := G -p;. We will let X denote both the vector
%pﬂt:() at po and the G-invariant vector field %Ot|t=0 along O.

Since H, X and the metric on M are G-invariant, (H, X) also is. Thus:

d d
_UOZ(Pt)\tzo = —UOZ(Ot)\tzo = —/ (H, X)volo = —vol(O) - (H, X )p,-
dt dt G/pP

This proves that

< yol - d
—% = —Elog vol (pt)|1=o-

In other words, H = —Vlog(vol) on M"9.

We now have all the information we need to understand how MCF fits into the
framework set up in section B.

Let O = ¢ : G/P — M be a fixed principal orbit and let O, = ¢, : G/P — M
be the maximal curve obtained by MCF, with initial condition O(0) = O and
t € (a, B). Let pr = ¢¢([1]), so that %pt = H|p:].

Since M is compact, there is a sequence {p,} C {p:} and p € M such that
pn — p. Thus O, := G -p, — O :=G - p.

In general, however, different sequences may have different limits; so we cannot
hope that Oy — O. The following example of this was suggested to the author by
T. Ilmanen.

(H7X);Do =

Example 3. Consider an embedding s : R — {(z,y) € R? : 22 + % > 1} that
tends towards S! = {22 + y? = 1} C R? as t — oo, spiralling around it.

Let S denote its image and f : S — R! be a positive, decreasing function on S
such that f(t) \, ¢ >0 as t — oco.

S may be “fattened” by a tubular neighborhood U (of decreasing width, as
t — 00). At each point s € S, f may be extended, with constant value f(s), in
the normal directions. This gives an extension of f : U — R such that Vfg is
tangent to S. A partition of unity argument now allows us to extend f to a smooth
function f : R2 — R. Clearly, Vﬁs = Vfs and ﬁsl =c

Since we are only interested in what happens near S', we may perturb f so that
it extends to some compact (X2, g) containing a neighborhood of S*. We have thus
built a smooth gradient vector field on a compact manifold whose flow does not
converge to a unique point.

Now let M := ¥ x S, with the obvious S'-action. For each p € X, let {p} x S*
have an S'-invariant metric h, such that logvol({p} x S*) = f(p).

For each (p,q) € M, let T), ;M have the product metric g[p] X hplg].

Since Ho = —Vlogvol(O) = =V f, MCF of any orbit {s} xSt with s = s(tg) € S
yields the curve of orbits {s(¢)} x S, t € [ty,00). By construction, these orbits
have no limit as t — oc.

We are thus interested in conditions ensuring the existence of lim;_.g O;.
The following lemma shows that, in the analytic context, things work nicely.

Lemma 2. Consider the ODE
p: _vfa p(O) = Do
with mazimal solution p(t), t € (o, B).
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Assume that, for some subsequence t, — 3, p(t,) — y and that f is analytic in
a neighborhood of y. Then p(t) — y.

Proof. Let s(t) := fg IVf(p-)|dr. Since ||Vf(p-)|| > 0, s is a diffeomorphism
between (o, 3) and some (o, ).

Since f(p;) is monotone, it also gives a diffeomorphism between («a, 3) and some
(a,b), where b = f(y). In particular, s can be written as a function of f € (a,b);
ie., s =s(f).

Since Z—J: =Vf % = _|Vf[% we find that g—é = —|Vf] and Z_; = _\V—lf\'

It is simple to prove that p(t) — y < 3’ < .

We may assume that f(y) = 0. When f is analytic near y, the “Lojasiewicz
inequality” asserts that there exists a neighborhood U of y and § > 1, ¢ > 0 such

that, on U, |f| < ¢|V£]°. Thus ﬁ <c-|f|7%, and so
, )] ) fpo) 1 fpo) 1
ﬁ:/ sfdf:/ —df:/ = df <oo.
f(Po) b V£l 0 IV

If (M,g) is analytic and vol(O;) > ¢ > 0, we may apply this lemma to f :=
logvol, proving that OF :=lim;_,3 O(t) exists and is regular. We may then apply
the following, classical lemma to N := M"Y,

O

Lemma 3. Let H be a smooth vector field on a manifold N.

Let p(t) : t € (o, ) — N be a mazimal integral curve and assume that there
exists ¢ € N such that p(t) — q ast — (.

Then 8 = oo and H(q) = 0.

Notice also that H = —3Viog(vol?) = —%Y}Z‘l’f. In the analytic context, this
shows that if Oy — O and O is singular, then ||Hp,|| — oo (in the smooth category,
following the idea of example [3], one could build examples for which such a limit

does not exist). The following examples show that O may be minimal or not.

Example 4. Let S' act on S? as in example [[ of section Bl Any O that is not
the equator or a pole flows, under MCF, to the closest pole, which is a singular,
minimal, orbit. This happens in finite time.

Example 5. The above action of S' on S? induces an action of S' on S? x S2.
Let O ~ S x S! be the product of a “small” orbit in S? (i.e., near a pole) and
a “large” orbit in S2. The flow O, becomes singular as soon as the smaller orbit
collapses onto the pole, but this limiting curve, p x S*, is not minimal: its flow
exists until the second curve collapses.

Summarizing, we have proved the following result.

Theorem 2. Let (M, g) be a compact, Riemannian manifold and let G be a compact
group acting by isometries on M. Let O be a principal orbit. Then:

(1) MCF preserves orbits and types.
Thus there exists a unique, mazximal, curve of principal orbits Oy, t €
(a, B), solution of MCF with Oy = O.
(2) Assume (M, g) is analytic and OF := lim;_.3 O; exists. Then:
o OF is a reqular orbit < =00 < ||H(t)| — 0.
In this case, OT is minimal.
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e O7 is a singular orbit < < oo < ||H(t)| — oco.
In this case, OF may be minimal or not.
If vol(Oy) > ¢ > 0, then OF always exists and is reqular.
(3) Assume (M,g) is analytic. Then O~ := limy_,o O always exists. It is a
minimal regular orbit, « = —oo and |H (t)|| — 0. In particular, “backwards
MCF” always leads to a minimal regular orbit.

To get an analogous statement for flows of exceptional or singular orbits, it is
sufficient to apply the theorem to the (smooth, compact) manifold M’ defined as
the closure in M of the set of orbits of the type in question: these orbits will be
the principle orbits of the induced G-action on M’.

Remark. Using “equivariant Morse theory” applied to the volume function, it would
be interesting to study the topology of Riemannian G-manifolds in terms of its
minimal orbits. In theory, Theorem [2 would be useful in this.

4. LAGRANGIAN ORBITS AND MOMENT MAPS

We now want to focus on Lagrangian orbits generated by isometry groups of
compact Kaehler manifolds. We start by recalling a few well-known facts concerning
transformation groups of Riemannian and Kaehler manifolds. We refer to [KI| for
proofs and further details.

Definition 1. Let (M, g) be a Riemannian manifold. A vector field X on M is an
“infinitesimal isometry” if Lxg = 0; equivalently, if the local flow generated by X
is a curve of isometries.

i(M) will denote the space of all infinitesimal isometries. When (M, g) is com-
plete, i(M) is the Lie algebra of Isomg(M).

Definition 2. Let (M, J) be a complex manifold. A (real) vector field X on M is an
“infinitesimal automorphism” if £x.J = 0; equivalently, if the local flow generated
by X is a curve of automophisms of (M, J), or if X —¢JX is a holomorphic section
of THOM.

h(M) will denote the set of infinitesimal automorphisms. It is closed wrt J and,
when (M, J) is compact, it is the complex Lie algebra of the group Aut;(M) of
automorphisms of (M, J).

Theorem 3. Let (M, J, g,w) be a compact Kaehler manifold. Then any infinitesi-
mal isometry is an infinitesimal automorphism; so Isomg(M)° < Aut ;(M)°.
This, in turn, implies that Isomg,(M)° < Aut,(M)°.

The following proposition, although very simple, is the key to understanding
Lagrangian orbits.

Proposition 3. Let (M?",J,g) be a compact Kaehler manifold and let G <
Isomg(M) act on M with principal type (P).

Assume there exists a regular Lagrangian G-orbit.

Then P is finite; so dim G = n and g, = Lie(G,) = {0}, Vp € M"9.

Proof. Assume O is a Lagrangian orbit. Then J gives an isomorphism TO+ ~
TO ~ g/p that is equivariant wrt the natural P-action. Notice that, for each
p € P, this action coincides with the differential of the map

p:G/P— G/P, plg]:= [pg] = [pgp ).
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In other words, the action of p on g/p is the differential of the adjoint action of p on
G/P. Taken all together, these maps form a group homomorphism P — GL(g/p);
the corresponding Lie algebra homomorphism is the map

p—’gl(g/p)v X = [Xa ]

If O is principal, the P-action on TO% is trivial. Thus P acts trivially on g/p (i.e.,
the action of each p € P on g/p is the identity). So the map p — gl(g/p) is trivial
(i.e., the action of each X € p is the zero map), i.e., p is an ideal of g. This implies
that P° is normal in G and Corollary 2] of section 2] proves that P is finite.

Now assume O is an exceptional Lagrangian orbit of type (K). Locally, M =
G xx V and K acts as a finite group on V' = g/¥¢; so a neighborhood of 1 € K acts
trivially on g/€. This shows that K acts trivially on g/t.

As above, K is normal in G. Since K = P°, P? is also normal and we may
conclude as above. (]

It is now convenient to introduce the concept of Hamiltonian group actions.
Again, we refer to |A] for further details.

Let (M,w) be a symplectic manifold. Recall that a vector field X on M is
“Hamiltonian” if w(X,-) is an exact 1-form on M; i.e., w(X, ) = d f, for some
f € C>®(M). We say that f is a “Hamiltonian function” for X.

Definition 3. The action of G on M is “Hamiltonian” if the following conditions

are satisfied:
(1) There exists g : M — g* such that (dpu[p](-),X) = w[p|(X,-), where
(-,-) denotes the natural pairing g* x g — R. Equivalently, VX € g, X is

Hamiltonian (with Hamiltonian function pux := p — {u(p), X)).
(2) p is G-equivariant wrt the G-action on M and the co-adjoint G-action on

g*. Equivalently, puxyy(p) = w[p](X,Y).
We say that p is a “moment map” for the action.
Remarks:
(1) Assume (M, J, g,w) is a compact Kaehler manifold and that, for some G <
Isomy (M), condition (1) above is satisfied. Then, VX € g,
dux = W(Xa ) = g(JXv )
This shows that Vux = J X , and so Vux is an infinitesimal automorphism
of (M, J).
(2) By definition, the differential d pu[p] : T,M — g* is the dual of the map
dulp)* s 9 — (T,M)", X — dpxp]
Thus Im d u[p] = (Ker d u[p]*)# = (g,)%, where g, = Lie(G)).
In particular, d u[p] is surjective iff G, is discrete.

Definition 4. ¥ C (M,w) is “isotropic” if wjs = 0; if dim ¥ = n and dim M = 2n,
then isotropic submanifolds are called “Lagrangian”.

We are mainly interested in moment maps for the following reason.

Lemma 4. Assume the action of G on (M,w) is Hamiltonian, with moment map
w. Let p € M. Then the following conditions are equivalent:

(1) w is constant on the orbit O = G - p.
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(2) O is isotropic.
(3) up) € [g. 97

We now have all the elements necessary to prove the following:

Corollary 5. Let (M,J,g) be a compact Kaehler manifold. Assume that G <
Isomg (M) acts in a Hamiltonian fashion. Then the set

L(M;G):={pe M™ :G-pis a Lagrangian orbit}
either is empty or is a smooth submanifold of M9, of dimension 2n — dimlg, g].

Proof. If there exists a regular Lagrangian orbit, then, by Proposition Bl P is
finite and dim G = n. Thus every regular isotropic orbit has dimension n and
is Lagrangian. Lemma [ now shows that, if we let .., denote the restriction of
wto M7, then L(M;G) = u;elg([g,g]#). Since gp = 0, preg is a submersion; so
L(M,G) is smooth, of dimension n + dim [g, g]#. O

Example 6. Assume G < Isomy(M) is semisimple. Then the G-action on M is
Hamiltonian (cf. [A]) and Lagrangian orbits are isolated.

Example 7. Assume that a torus T < I'somy(M) acts effectively on M and that
HY(M;R) = 0. Then the action is Hamiltonian (cf. [A]), P = 1, [g,g] = 0 and
every regular orbit is Lagrangian. In other words, L(M,G) = M"9.

In particular, there exists a minimal, Lagrangian orbit (cf. also [G]).

An example of this is provided by the standard T™-action on P".

5. MCF oF LAGRANGIAN ORBITS IN KE MANIFOLDS

In this section, we will assume that (M, J, g,w) is a KE manifold.
Since we are interested in group actions, we must recall (cf. [K1]) some basic
facts concerning their transformation groups.

Theorem 4. Let M be a compact KE manifold such that Ric=c-g, ¢ > 0.
For any (real) vector field X, let Z := X —iJX and ¢ := g(Z,-). Then
(1) (M) is totally real in H(M): i.e., if X € (M), then JX ¢ i(M).
(2) Xeh(M)=(=0f:feC®(M;C),Af =2cf.
In particular, fM f=0; so such an f is unique.
(3) X €i(M) < Re(f) =0.
If we set Eo. :={f € C®(M;R) : Af =2cf}, there is an isomorphism:
(4) B(M) = i(M) & Ji(M).
It is possible (cf. [K2]) to prove that positive compact KE manifolds are sim-

ply connected. This implies that every fundamental vector field induced by G <
Isomg(M) is Hamiltonian. From our point of view, however, much more is true:

Proposition 4 (cf. [E]). Let M be a compact positive KE manifold and G <
Isomg(M). Then the action of G on M is Hamiltonian.
Recall the correspondence and the notation from Theorem [ above:

X ci(M) — f:feC®(M;R), Af=2cf (=1idf.
Then pux = —%f defines a moment map for M, G.



MEAN CURVATURE FLOW, ORBITS, MOMENT MAPS 3355

Moment maps are usually not unique: if g is a moment map, u + ¢ also is, for
any c € [g,g]" < g*. The proposition above suggests the following.

Definition 5. The moment map defined in Proposition @] above will be called the
“canonical moment map” of the G-action.

Recall, however, that moment maps are uniquely defined on [g, g] because j(x,y]
=w(X, f/) Recall also Lemma [l Proposition Ml thus leads to the following result:

Corollary 6. Let M be a compact KE manifold such that Ric=c-g,c > 0.
(1) VX,Y €i(M), w(X,Y) € Fs..
(2) Vf € Es, f restricted to L(M;G) is G-invariant.

Putting everything together and using the fact that KE metrics are analytic, we
can now prove the following result:

Theorem 5. Let M be a compact positive KE manifold and let G < Isomg(M).
Assume L(M; Q) is not empty. Then H is tangent to L(M;G). Thus MCF

preserves the Lagrangian condition and may be studied as in Theorem [
Furthermore, there exists a minimal Lagrangian orbit.

Proof. Recall, for any Lagrangian submanifold ¥ immersed in Kaehler M, the
isomorphism
(TE)J‘ ~ AI(E), Ve~evi=w(V, ')‘2.

It is well known (cf. [IY]) that if oy € A'(X) denotes the 1-form corresponding to
the mean curvature vector field H under this isomorphism, then doy = pj5, where
p(X,Y) := Ric(JX,Y) is the “Ricci 2-form” of M.

When M is KE, p = ¢ - w; so this shows that op is closed.

Now let p € L(M;G). Then T,L = {X € T,M : du[p|(X) € [g,9]*}. So we
need to prove that d u[p](H) € [g, g]?.

Since H is G-invariant, oy also is; i.e., og € g*. Notice that dulp|(H) =
wlpl (- H) = —on .

Recall that, for any 1-form o € AY(3),

da(X,)Y)=XaY) - Ya(X) — aX,Y].

Thus 0 =dog(X,Y) = —ogy[X,Y], VX,Y € g, as desired.

The first claim is now obvious. The properties of vol show that there is a
Lagrangian orbit O of maximum volume (which is minimal in £(M; G)). Let Oy be
a curve in £(M;G) such that Oy = O and %O, = H. Then 0 = %vol(@t)‘tzo =
— [y (Ho,Hp); so Ho = 0. O

Remark. When M is compact Kaehler Ricci-flat, one can show that Isom,(M)° is
a torus. So example [7] shows that the analogous statement is trivially true.

When M is compact negative KE, I'som,(M)°? = {Id}. So these manifolds are
not interesting from our point of view. Cf. [KI] for details.

Our final goal is to explore the relationship between MCF and the canonical
moment map.

Proposition 5. Let M?" be a compact KE manifold such that Ric = c- g,c > 0.
Given G < Isomg(M), assume that L(M;G) is not empty. Let p : M — g*
denote the canonical moment map. Then, on L(M;G),

(1) VX €g, Ho-Vux =cpx.
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(2) Vp € L(M;QG), the natural (G-invariant) metric on G -p C M defines
metrics on g and g*. For the induced norm (which depends on p),

dl|ul*[p)(H) = 2¢]|u(p)]|*.

Proof. Let O ~ G -p/G, denote any regular Lagrangian orbit. Let e,...,e, € g~
T,0 be an orthonormal basis wrt the induced metric. To simplify the notation, we
will denote the corresponding fundamental vector fields also by e;. Then

(Ho,Vux) = (Vi e, Vix) = (Ve €5, Vix) = =(ej, Ve, Viix).
In section M, we saw that Vux is an infinitesimal automorphism of M. Thus
Vie;Viix = VyuyJej +[Jej, Vx| = J(Vouxe; + e, Vux]) = J(Ve, Viux).
The definition of the canonical moment map now shows that

2(HO7 V:U’X) = _(ej) vej V:U’X) - (‘]eja J(vej VMX))
= _(ejavejv/J/X) - (']ejavJej VMX)
= —divM(VuX) = AM/LX = QCILL)(.

This proves (1). Applying (1) to X = e;, multiplying by 2u., and summing wrt ¢
shows that

Ho - V|ul* = 2¢||ull?,
which is (2). O

We can now prove

Theorem 6. Let M?" be a compact KE manifold such that Ric =c-g,c > 0. For
G < Isomg(M), let p denote the canonical moment map and let Ezc(G) := {f €
Es.: f = px, for some X € g}.

Assume that regular orbits have dimension n. Then a Lagrangian orbit O is
manimal iff p(O) = 0. In particular, minimal Lagrangian orbits are isolated. Fur-
thermore, the following are equivalent:

(1) There exists a Lagrangian orbit.

(2) There exists a minimal Lagrangian orbit.

(3) 0 € pu(M).

(4) The set {p € M : f(p) =0, Vf € Ea2.(G)} is not empty.
Proof. By hypothesis, an orbit is regular iff it is n-dimensional. In particular, every
Lagrangian orbit O is regular. We may thus restrict our attention to M"9.

If O is minimal, Proposition [§ shows that u(O) = 0. Vice versa, assume that

1(0O) = 0. Let O; be obtained by MCF applied to O. Then Proposition [§ shows
that f(t) := ||u||*(O;) satisfies

d
1) =2cf, [(0)=0.

This implies that f(t) = 0; so O(t) € u~1(0). However, u is a submersion; so
= 1(0) is smooth of dimension n and, since P is finite, the elements of u=1(0)/G
are isolated. Thus O(t) = O, i.e., O is minimal.

Together with Theorem [ this shows that (1), (2) and (3) are equivalent. The
equivalence of (3) and (4) comes directly from the definition of . O
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Remark. In the toric case, one can show that p~1(0) is connected. So Theorem [@
implies that the minimal Lagrangian orbit is unique. This result was obtained also
in [G], by lifting the T™-action from M to its canonical bundle Kj; and studying
the induced geometry.
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