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Abstract. We study the volume preserving mean curvature flow of a sur-
face immersed in an asymptotically flat 3-manifold modeling an isolated
gravitating system in General Relativity. We show that, if the ambient
manifold has positive ADM-mass and the initial surface is round in a
suitable sense, then the flow exists for all times and converges smoothly
to a stable CMC-surface. This extends to the asymptotically flat setting
a classical result by Huisken-Yau (Invent. Math. 1996) and allows to con-
struct a CMC-foliation of the outer part of the manifold by an alternative
approach to the ones by Nerz (Calc. Var. PDE, 2015) or by Eichmair-
Koerber (J. Diff. Geometry, 2024).
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1. Introduction

In this paper, we study the evolution by mean curvature of closed surfaces in
a smooth Riemannian manifold which is asymptotically flat, according to the
following definition.

Definition 1.1. A complete Riemannian 3-manifold (M, g) is called C’; Lgmasym

ptotically flat for some ¢ € (0, %} if there exists a compact subset () # C C M,
a constant ¢ > 0 and a diffeomorphism # : M \ C — R3\ B;(0) such that

— — - — — — o —L_
[Bap — Bapl + |71 [0y Bap| + 217|040y Bap| <7727 (L.1)
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and in addition the scalar curvature S satisfies [S| < ¢Z|~37°. Here g° de-
notes the Euclidean metric, and the partial derivatives and the norms are the
Euclidean ones.

Manifolds of this kind have been extensively studied in General Relativity,
since they occur as spacelike time slices of Lorentzian manifolds modeling iso-
lated gravitating systems. A typical example is the well-known Schwarzschild
metric of mass m, given by

4
_S m —e
=1+ — 1.2

which fulfills the above definition with § = % For a general manifold as in
(1.1) one can define the ADM-mass mapas, see (2.1), which coincides with m
in the Schwarzschild case.

In this paper, we study the volume preserving mean curvature flow (VPM
CF) of closed surfaces immersed in M, namely we consider time-dependent
immersions F : 3 x [0,7) — M, with ¥ a closed 2-surface, which evolve

according to

OF

E(pv t) = 7[H(pa t) - h(t)] V(p7 t)' (13)
Here H and v are the mean curvature and the unit normal, while hA(t) is the
average of the mean curvature on ¥ at time t. If we denote by X; = F(X,t)
the solution at time ¢, then the volume of the domain enclosed by ¥; remains
constant, while the area of ¥; decreases with time, with strict monotonicity
unless H is constant. This suggests that, at least for suitable initial data, the
surface should converge to a limiting profile given by a stable constant mean
curvature (CMC) surface. However, this requires a nontrivial analysis in order
to exclude the formation of singularities in finite time due to curvature blowup,
and to show smooth convergence as time goes to infinity. Convergence results
of the flow to a CMC profile in various kinds of ambient manifolds, either
FEuclidean or Riemannian, have been obtained by many authors through the
years, we recall for instance [1,3,7,10,16,21]. More recently, the long-time
convergence has also been studied in the case of weak solutions of the flow, see
e.g., [19] and the references therein.

In the context of mathematical relativity, VPMCF was first studied by

Huisken and Yau [18] who proved the following result.

Theorem 1.2. Let (M,g) a Cj-asymptotically Schwarzschild 3-manifold, i.e.,

such that
4

-8+ > |7 [0* (Bap — E3p)| < | (14)
k=1
where g is the Schwarzschild metric for some m > 0 and 0% denotes deriva-
tives of order k. Let %; be the solution of (1.3) with initial data given by the
Euclidean coordinate sphere S,.(0), for a large enough radius r > 0. Then 3,
exists for allt € [0,00) and converges smoothly to a strictly stable CMC-surface
Yo C M ast — +o0.
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Huisken and Yau then showed that the union of the surfaces X7 as
r € (rg,+00) forms a foliation by stable CMC-surfaces of the outer part of M,
which is uniquely determined. Such a foliation is of interest for the physical
model because it defines a canonical system of radial coordinates and allows
for a geometric definition of the center of mass. In the following years, various
authors have introduced other methods to construct the CMC-foliation and
have weakened the hypotheses, as in the papers by Ye [31], Metzger [24] and
Huang [12]. An important reference for our purposes is the work of Nerz [26],
who strengthened the method of [24] and first proved the result under the
general decay assumptions of Definition 1.1, which he then showed to be op-
timal in [27]. We also mention the recent paper by Eichmair-Koerber [9], who
have constructed the CMC-foliation in asymptotically flat spaces of general
dimension and have included a survey of the previous results.

In the papers that followed [18], the authors no longer used a curvature
flow evolution to construct the CMC-surfaces, and employed instead more
classical tools of elliptic theory, such as the implicit function theorem, the
continuity method and Lyapunov-Schmidt reduction. This leads to the nat-
ural question of whether the leaves of the foliation can also be recovered by
the VPMCEF under the general assumptions of Definition 1.1. We give an af-
firmative answer in our main result, Theorem 4.14, where we describe a class
of initial data for which the flow has a global solution and converges smoothly
to a stable CMC limit as t — 400 at an exponential rate. Roughly speaking,
the class is characterized by the smallness of suitable integral norms of H — h

o [e]
and of A, where A is the trace-free part of the second fundamental form, and
by a bound on distance of the barycenter from the Euclidean center. Under
an additional mild symmetry assumption on the metric, we have the following
more explicit statement about the evolution of Euclidean coordinate spheres,
which extends Theorem 1.2 to a much more general class of ambient manifolds.

Theorem 1.3. Let (M,g) be a Ciré—asymptotically flat 3-manifold with mass
2

mapwm > 0, satisfying the Cll+5—ReggefTeitelboim conditions in Definition 2.1.
Then the solution of the flow (1.3) starting from a Euclidean coordinate sphere
S, (0) with large enough v > 0 exists for all times and converges smoothly to a
strictly stable CMC-surface as t — +oc0.

The uniqueness result of [26] implies that the limiting CMC-surface of
our flow coincides with a leaf of the foliation constructed there. Therefore
our analysis provides an alternative approach to the existence of the foliation,
which also gives a dynamical stability result for the surfaces under VPMCF.
We remark that, as in [18], our construction requires the hypothesis of positive
mass, which ensures that the CMC leaves are locally area minimizing. If the
mass is negative, there are small perturbations of the leaves with the same
volume and smaller area, which cannot converge to the CMC-surface under the
flow, since this decreases the area. In this case, one expects that the perturbed
surfaces drift away with the flow and do not converge. In contrast, the methods
of [9,26] work for nonzero mass of either sign.
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Our strategy of proof has some common ideas with the one by Huisken
and Yau [18]. As in that paper, we introduce a suitable class of round surfaces,
which are close to Euclidean spheres and are well-centered with respect to
the Euclidean coordinates, see Definition 2.4. The properties of the class are
quantitatively expressed in terms of an approximate radius ¢ and become
more restrictive as 0 — 400 according to the increasingly Euclidean behavior
of the ambient metric. The main part of the proof consists of showing that, for
suitable initial data, the solution of the flow remains in the roundness class as
long at it exists.

On the other hand, the more general assumptions on the ambient man-
ifold pose interesting new challenges in the analysis of the flow (1.3). For
instance, in the previous work on mean curvature flow in Riemannian man-
ifolds, e.g., [11,15,22], the convergence results depend on an explicit bound
on V Rm, the gradient of the curvature tensor of the ambient manifold. In
fact, this term occurs in the evolution equations for the second fundamental
form of ¥; under the flow. For this reason, hypothesis (1.4) in [18] included a
control on the decay of the derivatives of the metric up to fourth order. We are
assuming instead property (1.1), which gives a decay rate on Rm but not on
its derivatives, as it is more natural in the physical model. Therefore we use
an approach to the curvature estimates which is inspired by an idea from [24].
Instead of using the maximum principle to control the curvature quantities,
we consider suitable integral norms, and use integration by parts to transform
the VRm terms. The integral estimates allow in turn to obtain a pointwise
control on the curvature by using some regularity results from the literature:
in particular, the rigidity estimate for nearly umbilical surfaces by De Lellis
and Miiller [8], together with its LP version by Perez [28], and the bootstrap
for the second fundamental form of nearly CMC-surfaces by Nerz [26]. We ob-
serve that integral estimates have been often used to obtain convergence of the
mean curvature flow, starting from the pioneering paper [14]. Here, however,
we do not need to employ directly a Stampacchia iteration technique to obtain
L™ estimates, since this step is implicitly contained in Nerz’s estimate, which
uses a (simpler) integral iteration procedure in the elliptic setting.

Another delicate part of our procedure is the estimate of the possible drift
of the barycenter of ¥; along the flow, which is essential for the convergence
and, more importantly, to ensure that all parts of ¥; remain in a region where
the ambient metric is enough flat to ensure that the previous estimates apply.
In [18, Proposition 3.4], such a bound is obtained by a barrier argument, based
on the properties of the Schwarzschild model and not applicable to our setting.
We analyze instead the behavior of |[H — h|z2(x,), which controls the speed of
the barycenter, in addition to the deviation of ¥; from being CMC. The time
derivative of this norm has a simple expression, see (4.3), which involves the
stability operator L associated with ¥;. In particular, the decay of H —h along
the flow is related to the positivity of the operator. The spectral properties of
L have been analyzed in detail in [4,26] in the case of round surfaces which are
CMC, showing in particular that the smallest eigenvalue on functions with zero
mean has the same sign as the ADM-mass of M. Our evolving surfaces ¥, on
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the other hand, are not CMC but only satisfy a smallness assumption on the
oscillation of H. This gives rise to some non-negligible additional terms and
the positivity of L may fail. However, for our purposes, we only need to apply L
to the deformation H — h given by the speed of the flow, and we can show that
in this case the remainder terms admit a better estimate thanks to symmetry
properties. This leads to an exponential decay in L?-norm for the speed of the
flow, see Proposition 4.9, which gives the desired control on the barycenter
if the so-called translational part of H, see Definition 3.5, is enough small at
the initial time. By a careful combination of the curvature estimates and the
barycenter estimates, we finally obtain Theorem 4.13, where we describe a
class of initial data such that the surfaces >; remains round and well-centered
along the flow. From this, standard arguments imply the global existence of
the flow and the smooth exponential convergence to a CMC limit and lead to
our main Theorem 4.14. It is easy to check that, if the ambient space satisfies
a weak Regge—Teitelboim condition, the Euclidean coordinate spheres satisfy
the requirements of the previous theorems, and this yields Theorem 1.3.

We conclude by describing further related works in the literature. Other
convergence results for constrained mean curvature flows in asymptotically
Schwarzschild manifolds were obtained in [6] and recently in [11]. An interest-
ing modification of the definition by Huisken-Yau of the center of mass has been
given by Cederbaum-Sakovich [4] by considering the so-called space-time mean
curvature (STMC): by using a strategy similar to [26], the authors construct
a constant STMC foliation which allows to treat certain cases, described in
[5], where the center of mass via the CMC-foliation is not well-defined. In this
context, the second author [30] has considered the volume preserving STMC-
flow and has shown that it drives the CMC leaves constructed in the present
paper to a constant STMC limit, providing an alternative construction of the
foliation in the positive energy case. Very recently, Kroncke-Wolff [20] have
used an area preserving null mean curvature flow to construct foliations of
asymptotically Schwarzschildean lightcones by surfaces of constant STMC.

2. Preliminaries

2.1. Definitions and Basic Properties

Throughout the paper, (M, g) will be an asymptotically flat 3-manifold as in
Definition 1.1. We denote, respectively, by fg,y the Christoffel symbols, by

V the Riemannian connection, by Rm, Ric the Riemann and Ricci curvature
tensors and by S the scalar curvature on (M,g). We call Euclidean coordinate
spheres the surfaces of the form #~1(Sg(0)) for some R > 0; by an abuse of
notation, we denote them simply by Sz(0).

The ADM-mass of (M, g), first introduced in [2], is defined as

1
m = lim — 085 — 058 7 d 2.1
MADM Rgﬂoo 167 /SR(O) ( gap ﬁgaa) veoap, (2.1)
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where v is the unit normal vector and dp is the measure on Sg(0) induced by

g.

We also introduce a weakened form of a symmetry assumption originally
stated by Regge and Teitelboim [29]. We remark that this property will only
be used in Theorem 1.3 and Lemma 3.14, while it is not needed in the other

results of the paper.

Definition 2.1 (C1, 5-Regge-Teitelboim conditions). Let (M, g) be a C’§+6—asym

ptotically flat manifold. We say that this manifold satisfies the C] | s-Regge—
Teitelboim conditions if there exists ¢ > 0 such that

C
|§|1+6

|80 (@) — Bap(—T)| + 12| |Tap(@) + Ta(~7)| < (2.2)

for every T € M\ C.

In the following, we will consider smooth immersed 2-surfaces ¢ : ¥ —
M\ C. We will always assume that ¥ is closed, connected and orientable.
On ¥ we can consider the physical metric g := ¢*g and the Euclidean metric
g€ :=1*g®, where g° is induced by the diffeomorphism #. We will use the apex e
on each geometric quantity when it is computed with respect to the Euclidean
metric, and we write 3¢ as a short notation for (X, g¢). We use the latin indices
i,j,k,--+ € {1,2} to denote the coordinates on X, while the coordinates in the
ambient space are indicated with the greek letters o, 3,7, --- € {1,2,3}.

We denote by V the connection on X, by S the scalar curvature and by du
the volume form. We denote by v the unit outer normal, by A = {4;;} and by
H, respectively, the second fundamental form and the mean curvature, and by

Ki, 1 € {1,2} the principal curvatures. In addition, we denote by A := A — gg
the traceless part of the second fundamental form. We recall the identities

° 1 1
[A]? = KT + K3, H? = (k1 + ra)?, Al = \A|2—§H2:§('€1—’f2)2~

The property of asymptotic flatness allows to estimate the difference between
these quantities and their counterparts computed with respect to the Euclidean
metric. We collect the relevant properties in the following lemma, which can
be proved by standard computations, see e.g., [23, Lemma 1.5], [4, Lemma 11].
2
3+6
flat 3-manifold M. Then there exists C > 0, only depending on the constant ¢
in (1.1), such that

1 3
lg—9ly<ClF~=7° TG —()y <clF=’

Lemma 2.2. Let ¢ : ¥ — M be a surface immersed in a C5 | .-asymptotically

|dp — dpe| < ClE| =2 dp,
v —1vf, <ClE"27%,  |Vu—Vr, <ClF 5,
A=A, < C (7737 + @73 70)A% )

IVA—VeA|, < c(\f|—%—5+|f\—%—5|vme|). (2.7)
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In addition, if |A] < 10|Z]71, we have
|H—H|<Cl&#~27°%  |A—A°|,<C|E 7. (2.8)

We introduce some more notation. We denote the average of the mean

curvature by
1
h = —/ H du,
1%l Js

where |X| = [{, dp. In addition, we define the barycenter of X as

= d
& z|/b .

that is, the average of the (Euclidean) position vector with respect to the
physical metric. This definition differs slightly from the one in [4,26], where
the average is taken in the Euclidean metric; however, the two definitions have
the same qualitative properties.

Definition 2.3. Let ¢ : ¥ — M be a surface immersed in an asymptotically flat
3-manifold M. Then we set

2]

4’

We call these values Fuclidean radius, Fuclidean diameter and area radius,
respectively.

re=min|Fu@))l, Ry =maxlFu@)l,  osi=

As in [4,26] we consider the Sobolev norms on ¥ with a radius-dependent
weight as follows

[fllworsy = 1flerw),  Ifllwerew) = [fllze +oslVilwesr ),
for p € [1,00] and k > 0 integer. As usual, we use the notation H* = W2,

2.2. Round Surfaces

We now introduce a class of surfaces, which are close to a Euclidean sphere
of radius o in a quantitative way measured by some parameters. The aim is
to find a class which is invariant under the volume preserving mean curvature
flow for an appropriate choice of the parameters and for large enough radius,
or at least such that the possible deterioration of the parameters along the
flow can be estimated. Other classes of round surfaces, which are related to
the methods used there, have been introduced in [18,24,26]

Definition 2.4 (Round surfaces). Let (M, g) be a C3 L s-asymptotically flat man-
ifold and let ¢ : ¥ < M be a surface. ’

(i) For a given approximate radius o > 1, and parameters 7, By, Bs > 0, we
say that «(X) is a round surface in (M, g), and we write (X) € W1 (By, Ba), if
the following inequalities are satisfied:

[A(1)] < \/gol, Kq(t) > % (2.9)
Ry,

—< (2.10)

=~ w
»-lk\U\

7 T
—71o? < |8| < 5ro?, <2<
2 o
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Al Laz) < Bio™ ', (2.11)
no N\ H — bl Lagsy + IVH| Lasy < Bao™57%. (2.12)

(ii) For given o > 1 and 1), By, Ba, Been > 0, we say that «(X) is a well-centered
round surface, and we write +(X) € BY(By, B2, Been) if it satisfies the above
properties and in addition

25| < Beeno' 0. (2.13)

At first sight it may look redundant to introduce a further scale parameter
o, in addition to the ones in Definition 2.3, since condition (2.10) implies that
each of these values controls the others. However, this choice is practical in
the study of the curvature flow evolution, where 3 depends on time. Then the
radii of Definition 2.3 change with time, and it is convenient to describe the
size of the evolving surface in terms of a fixed parameter o.

Remark 2.5. The decay rates in conditions (2.11)—(2.12) are modeled on the
ones of the Euclidean coordinate spheres. In fact, by Lemma 2.2, it is easy
to check that if By, By are large enough, depending on ¢ in (1.1), then S,(0)
belongs to B!(Bji, Ba, Been) for r large enough and r/o enough close to 1.
Conversely, we will see in Lemma 2.7(iv) that a round surface is close to a
sphere in Euclidean coordinates; in particular, it is embedded and has genus
zero. It is also easy to see that a round surface in our sense also belongs to the
class of asymptotically concentric surfaces defined in [26, Def. 4.3].

On the Notation for the Constants. Throughout the paper, when deriving
estimates on geometric quantities on a surface 3, we denote by C,C1,Cs, . ..
constants which only depend on properties of the ambient manifold, such as
¢, 0 in (1.1) or the mass mapm and by ¢, ¢1, ¢a, ... constants which in addition
depend on the constants By, B, Been in the previous definition. We say that a
constant is universal if it is independent on any other parameter of our problem.
As usual, the letters ¢ or C will often denote constants which may change from
one line to the other, but each time depending on the same parameters.

Let us first observe some easy consequences of the properties of a round
surface.

Remark 2.6. (i) Property (2.10) implies that the three radii of Definition 2.3
are comparable among each other and with o. In particular this property
implies, because of the asymptotic flatness of M in (1.1), the bound on the
Riemann tensor

[Rm| < C(€)o~ 2% on 2. (2.14)

(ii) The Michael-Simon inequality in Euclidean space, together with the curva-
ture bound in (2.9) and the error estimates in Lemma 2.2, implies the existence
of a universal Sobolev constant C's > 0 such that

Cs
1Vll2sy < 7||7/1||W171(2), Ve Wh(E), (2.15)
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on any round surface ¥ with radius ¢ > o9 = 0¢(¢,4) > 0. From this, the
other Sobolev inequalities can be deduced. In particular (see e.g., Lemma 12
in [4] and the references therein) we have, for every p > 2,

2(p—1) _2
[VllLe(my) < 27772 Cso™ P [|9]|lwir(s), Vip € WHP(E), (2.16)

and also
[0l poe(s) < 32C%0 MYl 2s), Vo € HA(D). (2.17)

In the next Lemma, similar to [26, Proposition 4.4] and [4, Proposition
1], we collect some properties of round surfaces which follow from the integral
bounds (2.11) and (2.12) by applying the regularity results by De Lellis and
Miiller [8] and by Nerz [26].

Lemma 2.7. Let (M,g) be a CE+6—asymptotically flat manifold. Fixz any n, By,
2

By > 0. Then there exists g = o¢(B1, B2,1,¢,0) > 0 such that any surface
(3, 9) which belongs to W1 (B, B2) for some o > oq satisfies the following
properties.

(i) There exists a constant ¢ = ¢(Bg,n) > 0 such that
|H = h||p~ < co279. (2.18)
(ii) There exists ¢ = ¢(By, Ba,m,¢) > 0 such that

2 .
‘h— <co30, (2.19)

(2>

(iii) There exists a constant Boo = Boo(B1, B2,1,¢€,0) such that [|Al|p~(s) <
BOOO'_%_(S.
(iv) There exist constants ¢ = c¢(By, Ba,1,¢,08), co = co(Bi1,6,6), Zp € R3,
and a function f: Sy (Z0) — R such that
se = graph(f),  [flwa~ <o}, |G- <ot (2.20)
(v) There exists a constant ¢, = ¢, (¢,0) such that
1 = hllzaesy < cpllAllzses) +epo ™77
We point out that the interest of part (v) lies in the fact that cp is
independent on the constant By which appears in (2.12).

Proof. (i) The estimate follows from property (2.12) and the Sobolev immer-
sion (2.16).

(ii) We first observe that (2.10), (2.11) and (2.12) imply,

IA|| L2z < 1027, |H = hll gy < cao 279, (2.21)

where ¢; = ¢1(B1) and ca = ca(n, By). Then we recall the estimate by De Lellis
and Miller in [8] for surfaces in Euclidean space, which states that

1
A — e
O’Eeg

o

Ae

<c¢pm
L2(x¢)

)

L2(3€)
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where cpys > 0 is a universal constant and oxe is defined by 4rod. = |2¢|.
Passing to the physical metric, using Proposition 2.2 and properties (2.9),
(2.10) we deduce

N
59
AN
Q
Q
|

A +C@)0 7 <com 0, (2.22)
L2()

<c¢pm

1
|-
L (%)

%

for some ¢ = ¢(By,¢). On the other hand, we have

2 h 1
V2rmoy |h — ‘ = Hg— —g
oy 2 oy L2(%)
h H H 1
27 27l 112 12(3) 75" [l 2 (m)
1 ° 1
=—|h—H] +HA +’Ag
V2 L) L2(%) 9% llL2(m)

Taking into account (2.10), (2.21) and (2.22), we obtain (2.19).

(iii) Assumptions (2.11) and (2.12), together with the properties in Remark
2.6, allow to apply the bootstrap regularity for the second fundamental form
by Nerz [26, Proposition 4.1], which give the assertion.

(iv) The result of De Lellis-Miiller quoted above [8, Thm. 1.1] also gives the
existence of a conformal parametrization ¥ : S,..(2)) — 3¢ for a suitable

center Zy € R® such that 052 ||¥ — Id||g2(sse) < C||A¢||p2(s2¢) for a universal
constant C. Using (2.21), (2.17), and Lemma 2.2, we find

W —Td||oc < Col|A] 2y < coo ™,

for some ¢y = ¢o(¢,d, By). It follows
|72 — 2| < ][ W —1d| dp® + coo? 0 < ¢z 0,
>

for a possibly different ¢y depending on the same values.

In addition, using the L* bound on |j4)1| from part (iii), we can apply [26, Cor.
E.1] which states that ¥ can be also written as a graph over the same sphere
Sese (%0), where the graph function f satisfies || f|lw2.<(s, ) < coz % for a
constant ¢ depending on the same parameters as Bo,. Using Lemma 2.2 we
see that |0y — 0| < Coz7% and that f satisfies an analogous W2 estimate
when considered as a map on S, (Zy) with the metric g.

(v) The estimate follows from the p > 2 generalization of De Lellis-Miiller’s
estimate due to Perez [28, Thm. 1.1], with a remainder term coming from the
Riemannian asymptotically flat metric. O
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3. Spectral Theory
3.1. Mass and the Stability Operator

In this section, we study the spectral properties of the stability operator asso-
ciated to a round surface and collect other auxiliary results that will be needed
in the analysis of the flow afterward.

Unless explicitly stated, in this section we consider closed surfaces X
belonging to a roundness class WJ(B1, Bs) for fixed parameters 7, By, By and
a general large 0. It is tacitly meant that the constants ¢ and oy which appear in
the statements only depend on 7, By, B and on the constants ¢, ¢ in Definition
1.1.

We begin by recalling the definition of Hawking mass of a surface.

Definition 3.1. Let (M, g) be a 3-dimensional manifold, and ¢ : ¥ — M be a
closed surface. The Hawking mass of ¥ is defined as

o (5) = \/E'r (1 - 16% [ dﬂ) . (3.1)

Using the equivalent definition of ADM-mass in terms of the Einstein
tensor [25] and the Gauss-Bonnet theorem one can show that the Hawking
mass of a round surface X is asymptotic to the ADM-mass of M for large
radius. More precisely, the results of [26, Appendix A] give the following:

Proposition 3.2. There exist ¢ and o¢ such that, for any ¥ € W!(By, Bs) with

o > 09, we have
5

|mH(Z) —WADM| <co°.
We now introduce the stability operator, which occurs as the second
variation of the area functional.

Definition 3.3. Given a surface:: ¥ < M and f € H%(X), the stability operator
associated to X, L¥ : H?(X) — L?(X), is defined as

L¥f = —A%f — (JAP + Ric(v,v)) .

where A is the Laplace-Beltrami operator on ¥. We simply write A, L instead
of A¥  L* whenever the choice of the surface ¥ is not ambiguous.

In [26] and [4] the spectral properties of L are studied under the as-
sumption that ¥ is a round surface with constant mean curvature, showing
that L is invertible if Mapm = 0 and positive definite on functions with zero
mean if Mmapy > 0. Here we generalize this analysis to round surfaces where
we only assume that H has a small oscillation as in (2.12). We will see that
the positivity property of L* when apy > 0 is no longer true, but that the
error terms admit an estimate that will be enough for our purposes.

We first recall some properties of the Laplace-Beltrami operator on a
round sphere S,(0) C R? with the Euclidean metric. On a general closed
surface, the eigenvalues of A are all positive, except the first one which is zero,
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with eigenspace given by the constant functions. For the Euclidean sphere, the
first nonzero eigenvalue has multiplicity three and is given by

2

o2’

A =

«

a=1,23.

An orthonormal basis for the eigenspace is given by the normalized coordinate
functions restricted on S, (0)

. /3
fa(l‘) = m.ﬁa, o = 172,3.

The remaining eigenvalues satisfy the bound

x>0 = =

3 Vizd

Given a round surface ¥ € W (B, B2), we know from Lemma 2.7(iv)
that 3 can be written as a graph over a Euclidean sphere. Similarly to [4], we
can use this map to identify functions on ¥ with functions on S, (0). We recall
the statement of Lemma 2 of [4], which measures how much the first eigenvalues
and the corresponding eigenfunctions of the Laplace—Beltrami operator on a
round surface in the physical metric differ from the ones of the approximating
sphere in the Euclidean metric.

Lemma 3.4. There exist c,00 > 0 such that, for any ¥ € WJ(By, Ba) with
o > 09, there is a complete orthonormal system in L*(X) consisting of eigen-
functions {fo }22, such that

—Afa = /\afa, with 0 = Xg < A1 < Ay < ..
Moreover, after possibly a rotation in the Euclidean coordinates we have, for
a=1,23,

5 e 1
Ao — | Sco O N fa = fellweas) < com270,
b
where f§ = ﬁxa defined on R3. In addition, for o, 3 = 1,2,3 we have
)
360(5 focfﬂ _5_5§
Via,Vfz) — + dp < co~27°, 3.2
Jolwsvi - i+ 2 2
The remaining eigenvalues satisfy
5
Ao > —, Va>3. (3.3)
o

P

We observe that in [4] the above statement is given under the addi-
tional requirement that ¥ has constant space-time mean curvature; however,
the proof works in the same way under the assumption that H has a small
oscillation as in (2.18).

As in [4,26], we introduce a spectral decomposition for functions on .
We write (u,v)s for the L?(X) scalar product of functions u,v : ¥ — R.
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Definition 3.5. Given a surface ¥ € W1 (B, Bz), let {fo}, @« =1,2,3, be as in
the previous lemma. For every w € L?(X) we define

3
whi= Z(w, fo)ofos wei=w—w'. (3.4)
a=1

We call w the translational part and w? the difference part of w.

To proceed in the analysis of the stability operator L, the next step is to
estimate the contribution of the term containing Ric(v, v).

Proposition 3.6. There exist ¢,00 > 0 such that, for any ¥ € W1 (B, Ba) with
o > g we have for every a, § € {1,2,3}, with a # 3,

_ H?2 — 12 )
/ <Ric(1/, V) — ) fals d,u‘ < co 379,
2 4
and for every o € {1,2,3}

2 3 - H2_ 2
Aoy — hf _ %3() _/E (Ric(y7 v) — h) fg dﬂ’ < co 379,

4

Proof. The proof follows the same strategy as in [26, Lemma 4.5] and [4,
Lemma 3], so we will only highlight the differences due to the fact that our ¥
has not constant mean curvature. We recall that, by Lemma 2.7, we have the
bounds

H-h=0(c"3%), H>-h2=0("37), |42 =0("*%), (3.5)

where the O(0®) notation means that the quantity is bounded in absolute value
by co®, with ¢ depending on the usual parameters described at the beginning
of the section.

By an application of the Bochner-Lichnerowicz formula we obtain, as in
formula (41) in [4], the estimate

A2bup — / SV fa, V5) du‘ < o079,
>

Using the Gauss equations and the bound in (3.5) on || A4]|?, we deduce

2
MNSup — / (S— 2Ric(v,v) + };> (VfasVia) du' < co079,
>

By writing H? = h?+ (H?—h?) and using the properties of the eigenfunctions,
we find

2 2 _ 32
'(Ai —)\a%) 5a5—/2 (g—Qm(y,u)—i— H 3 h ) (Vfa,Via) dp' <eco 0,

which in view of (2.14), (3.2) and (3.5) implies

h2 o H? — 2\ [ 36 fof
2 e _ - : aB  JaJB
‘(Aa Aaz)‘sw /(S 2Mic(v.v) + = )(@m og)d“’

< co P70, (3.6)
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Compared to the proof in [4,26], we have the additional term with H? — h2.
One part of this contribution can be estimated observing that

H? — 12 30ag 30ap 2 —5-28
| dn = e [T mp= 0@, @)
since [(H? — h?)dp = [(H — h)?du. The term containing (H? — h?) f, f3, on
the contrary, cannot be absorbed in the O(c~°~?) remainder and will be left
as it is. The remaining terms in (3.6) can be rewritten in the following way
using Gauss-Bonnet theorem and the definition of m g, as shown in [4,26],

<)\i — )\ah2> 5(1[3 - / (§ - 2%(1/7 V)) ( 350‘ﬁ faZfﬁ) d'u
2 b

U%|Z| oS

2
= 02% (/\a - f;) Sap — 1277:;;(”5&5 - 02% /Eﬁ(u, V) fofs dp+O(c™57?).
(3.8)
Combining formulas (3.6), (3.7), (3.8) and simplifying the factor 2/0% we con-
clude
2 2 _p2
which yields the thesis. O

We can now describe the behavior of the bilinear form associated to the
stability operator.

Proposition 3.7. There exist c,00 > 0 such that any surface ¥ € W1(By, Bs)
with o > aq satisfies the following: for any u, ¢, w € H*(X) with u € span{fi,
fay f3}, @ € (span{ fo, f1, fo, fg})J‘ and w with zero mean value, we have

GmH(E) 3h _3_
(s = T fulf+ 5 [ (=] <ol (39)
by

2
(Lo, p)2 > 07||¢||§7 (3.10)

by

5

[(Lu, w)a| < co™ 2~ |Julla]jwl|2. (3.11)

Proof. Let u,v € span{fi, f2, f3}. Using the bilinearity of L and Proposition
3.6 we find

(Lu, v)s = (%2 + Gmf;@)) (1, v)2 —/Z (|A|2 + H24_h2) ww dp

os

+0(0 ) Jull2]v]l2

6mp (S ° 3(H? — h? 3o
= 8 s = [ (1A + DY wwdt 060~ ulla ol
o b

Since by (3.5) we have |;1\2 = O(07372) and H2—h? = 2h(H—h)+0(c73729),
we find

6 b)) 3h
(Lu,v)y = %()<u7v>2—7/(H—h)uvdu+0(a—3-25)||uH2||v||2. (3.12)
b >
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By choosing u = v, we obtain (3.9).

We now recall that, by Proposition 3.2, the Hawking mass mg(X) is
bounded uniformly in ¥ for o large. Since ||H — h| sy = O(o7379), we see
that (3.12) implies

(L, v)a] < co= 35 ulla o]l (3.13)

Suppose now that ¢ € (span{ fo, f1, f2, fg})l. Then

(Lo, )2 > (M — sup ||A[* + Ric(v, V)!) / ©* dy,
> >

by the characterization of A\y. We have Ay > % by Lemma 3.4 and ||A?
+Ric(v,v)| < % for o large by (2.9), (2.10) and (2.14) and so we obtain
(3.10).

To prove the last assertion, we observe that, since w has zero mean
value, we can write w = w; + we with wy; € span{fi, fo, f3} and wy €
(span{ fo, f1, f2, f3})". Then we have (u, wy)y = (Au,ws)s = 0, which implies

2

(Lu, wa)s = / (f\A|2 — Ric(v,v)) uwa dp = / (7|A|2 — Ric(v,v) + %) uwadft.
= =
Since [A]? — B = |A]2 + 212 with |A]2 = O(03°) and H? — h2 =
O(o~379), we obtain
(L, wa)s] < co™ 72 ullo[wa |-
Combining this with (3.13) with v = wy, we obtain (3.11). O

Remark 8.8. We point out that the last term in the left-hand side in (3.9) is
in general of order O(c—29)||u||2 and cannot be absorbed by the term with
the mass which is of order O(c~3)||u||3. Therefore, even if we are assuming
the positivity of the mass, we cannot expect that the stability operator is
positive definite on the translational eigenspace for the surfaces of our class
Wi(By, By).

We conclude this part with an auxiliary estimate.

Lemma 3.9. There exist c,09 > 0 such that on any surface ¥ € W1(By, Bs)
with o > o¢ we have for a =1,2,3

<L(H —h), Vi‘> < o3 (3.14)
o /123
where vy = g(1,€4), with {€4}a=123 the canonical basis in the Fuclidean

coordinates.

Proof. Let fS, with a = 1,2, 3, be the Euclidean eigenfunctions of —A on the

sphere of radius oy which satisfy, according to Lemma 3.4, || fo — f5|lw22(n) <
1_

Co~ 279, Then we have

fe . 3 T — ﬁ Ve
« N\ drol ™ Dl
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where we have set v = g°(v°, €, ). Using Lemma 2.2 we find
1
Ve — V;HHI(E) < Col|lvg — V2||W1,oo(2) < (Coz J
Therefore

b D) . . 1_
- Bl o= ol + e — vl ey < ot

Hl(E)

(3.15)

Since ’ |A|? 4+ Ric(v,v)| < co™2, by definition of L we have, for any u,v €
H(S),

[(Lu,v) 2| < [Vull g2l Vol e + co™2[lull 2ol 22 < 072 ||ull g lv]l . (3.16)

Using this, together with (3.15),(3.11) and (2.21), we find

<L(H - h)7 |§‘fo¢ - Va> + <L(H_ h)7 |2fa>
L2 L2

\/ |3£|fa — Vo

(L(H = h),va) |

IN

< co || H = hll g
1
teo 370\ B s
<com?0,
which implies the assertion. O

3.2. The Translational Part of the Mean Curvature

We analyze now an important property of the translational part of a function
(see Definition 3.5). To explain it heuristically, consider first the case of a
Euclidean round sphere S, (0) C R3 and take any u € span{f{, fs, f$1, i.e.,
u = Z?Zl o %o for some coefficients a,. Then, the integral of any odd power
of u on S,(0) vanishes for symmetry reasons. This allows to obtain a strong
bound on the corresponding integral when we consider a round surface in an
asymptotically flat space. We focus here on the case of a third power, which
is the one that we need in the sequel.

Lemma 3.10. There exist ¢,o0 > 0 such that on any surface ¥ € W1(By, Bs)
with o > og we have, for any u € span{ f1, fa, f3},

X du‘<ca 9] 2 .
b

Proof. As before, we write X as a spherical graph over a Fuclidean sphere and
we identify correspondingly functions on ¥ and on S, (0). By Lemma 3.4 and
the Sobolev immersion (2.17), we have

e — e _3_
1 fa = felloemy < Co Y fa = féllmzm) < co™ 270 (3.17)
If we denote by du and du®, respectively, the Riemannian and Euclidean
measure on X, and by du§ the Euclidean measure on S, (0) we have that

dp — dp® = O(o~27%)dyu, by Lemma 2.2 and also du¢ — dug = O(o=2%)dp,
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by the W2 bound on the spherical graph function in Lemma 2.7(iv). It

follows that du — duS = O(c~27%)du as well. We now define the auxiliary

function
3

=Y (u, fa)r2(s) fS,
a=1
which is a combination of the Euclidean eigenfunctions fS with the coefhi-
cients (u, fo)r2(s) occurring in the Riemannian decomposition of u. Since
[(u, fa)r2s)| < [lullzz(s) and [|f§]lze ) < co~!, we have

]| oo sy < o™ Hull 2y, lillz2csy < cllullzzcs),
3

Z<U7 fa)res)(fo — f3)

a=1

By (3.17), we deduce

lu—al =

3
< ullzos) D 1fa = £El-

a=1

~ _3_
||u—u||Leo(E) <co 2 5||u||L2(E).

Then we can compute

_ 3 _ _
=) ] < Sl il (Nl + i)

<o 03 ). (3.18)

When considered as a function on S, (0), the function 4 satisfies for

symmetry reasons
/ @ dpf = 0.
S

P>}

It follows
/ﬂ?’ d,u‘ = /ﬂgdp—/ a® dys SCJ*%*‘S/ || dp
by by Soy by
35~ s
< co? 6”“”%«:(2) <co 2 5”“”%2(2)7
which implies the assertion, thanks to (3.18). O

In particular the above estimate can be applied to the translational part
of the mean curvature. Observe that by definition H* = (H — h)’; we use the
longer expression (H — h)! because it makes more explicit the relation with
the speed of the flow studied in the next section and the property of zero mean
value.

Corollary 3.11. There ezist ¢,00 > 0 such that on any surface ¥ € W1(By, Bs)
with o > oq the translational part of the mean curvature satisfies

[ =nyy du’ < co D (H — 1) s,

Proof. By (2.21), we have |[(H — h)t||12 < |H — h||z2 < co~27%. Then the
assertion follows from the previous lemma. O
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Remark 3.12. Observe that this result is sharper than the one we would obtain
by simply estimating one factor of (H — h)* with ||H — bl () = O(a_%_‘s).

The next lemma provides an approximation of ||[(H — h)|| 2 which will
be useful in the sequel.

Lemma 3.13. There exist c,00 > 0 such that on any surface ¥ € W1(By, Bs)
with o > o¢ we have, for any e > 0,

3 2
™ t)12 Ve
(H — 1) |2y — <H—h,—>

a=1

< co

TR H = Bla,

+el| (H = h)' |22 (x)
Proof. We have

3 2
4 Vo
TG = 0By = = (7= n 22 )

a=1 o2/ L2(®)

3 47 vy \ 2
zz< (H b)) — <H—h,o‘> )
oz 123

I
I Mw Il

4 o
<H hoy )28 fa—> <H—h, ;fa+;> .
L2(5) REELS)

y (3.15), we have

Vo
<H h, \/ —fa - > < H = hll2(s) \/ a2
L2 (%)

< co 2 0(H — h)| p2(sy-

L2 (%)

We further observe

4
<H—h,\/ﬂfa—|— V‘“>
3 oy
L2 ()
[4m Vo [4m
<Hha 3fozo_2> +2 ?<H7hvfo¢>[l2(2)a

12(%)
which implies, by definition of (H — h)t,

<H A S "“>
3 oy
£2(s)

_1_ 47
<co 2 (sH(H_h)HL%E)+2\/§||(H_h)t||L2(2)~

Putting together the above inequalities we obtain the assertion. O

We conclude the section by observing that the translational part of the
mean curvature of a coordinate sphere satisfies an improved estimate if our
ambient manifold satisfies the weak Regge—Teitelboim conditions.
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Lemma 3.14. Let (M,g) salisfy the Cll+5—ReggefTez'telboim conditions (2.2).
Consider the Fuclidean coordinate sphere 3 = S,.(0) for some r > 1. There
exist ro,C > 0 depending only on ¢ in (1.1)—(2.2), such that, if r > ro, then
|(H — h)t|2L2(E) < Cog?™.

Proof. In this proof, we denote by oy, the area radius of the Euclidean sphere
Y = S,(0), which is asymptotic to r by Lemma 2.2. A direct computation
shows that conditions (2.2) imply, for any o = 1,2, 3,

va(Z) — va(—2)| < Cr~'7°, |H(z) — H(-2)| < Cr 27",

where v, := g(v,€,). From this it also follows |H (Z)v,(Z) + H(—Z)ve(—Z)| <
Cr=279. Since by (2.2) dpu is antipodally symmetric on ¥ up to O(r'+9)du, we

deduce
/ Vo dit / Hv, du
S,-(0) S.-(0)
which implies

/ (H_ h)Voz du / Vg d,u
S,-(0) S,-(0)

Using again the asymptotic equivalence of r and oy, we obtain

<H —h, ”“> < Cog' .

< Crl_‘s, < C’r_‘s,

< Hy, du < Cr—o.

S, (0)

+h

Since by Lemma 2.2 |[(H — h)||p2(x) < 005%76, we obtain from Lemma 3.13
with e =1

4
SN =) [Gags) < Cog®™ 4 o> 4 |[(H =)' [F2n)-

From the proof of Lemma 3.13 one sees that in the case of a Euclidean coordi-
nate sphere the constant ¢ in the above inequality only depends on ¢ in (1.1),
and this implies the assertion. O

4. Volume Preserving Mean Curvature Flow

4.1. Definition of the Flow and Evolution Equations

Definition 4.1. Let (M, g) be a Riemannian manifold, and let ¢ : 3 < M be
a closed hypersurface. A time-dependent family of immersions F} : ¥ < M,
with ¢ € [0,T) for some 0 < T < 400, which satisfies

SE() = —(H(,1) = h(t)v(1) (4.1)
F():L |

is called a solution to the volume preserving mean curvature flow, with initial
value ¢.



C. Sinestrari and J. Tenan Ann. Henri Poincaré

It is well-known that this flow is parabolic and it has a smooth solution
at least locally in time. In the following, we always assume that the ambient
manifold (M, g) is 3-dimensional and C% L s-asymptotically flat. We write X, :=
F(X) to denote the immersed surface 2at time ¢, and we call for simplicity ¥
the “solution of the flow” (4.1) without mentioning explicitly the immersions
F;. We call g(t) the induced metric on ¥ at time ¢, by du; the corresponding
measure and by A(t) the second fundamental form of ¥ at time ¢. Since in
what follows we will frequently use complicated integral expressions involving
these quantities associated with ¥;, we will in such cases abbreviate g(t), du,
A(t), etc. simply by g, du, A, etc., leaving the dependence on ¢ implicit in the
domain of integration ;.

We recall the evolution equations satisfied by the main geometric quanti-
ties on X;. We choose at each fixed time a frame €, on the ambient manifold M
such that €7, €5 are tangent vectors on X and €3 = v. Then the main geometric
quantities on X; satisfy the following equations along the flow, see e.g., [17].

Lemma 4.2. Let {F;}icjo,r) be a solution of the flow (4.1). Then we have the
equations

(i) 2% = —2(H — h)Ay;
% = VH;

Si(dpe) = —(H — h)Hdpy;

£ Aij =ViV,;H+ (H — h) (—Air A¥ + Rmjs;s) ;
G¢ = AH + (H — h)(|A]? + Ric(v,v)).

Observe that the right-hand side of (v) can also be written as —L(H —h),
where L is the stability operator associated to ¥;. As an immediate conse-
quence of the above equations we also have

d
2 = —IH = hliags,), (4.2)

d

- MZ2en,y = —2(L(H — h), H — h) — g H(H — h)3dpu. (4.3)

We can rewrite the term V;V,;H in the right-hand side of (iv) by means
of the Simons identity, as in [24],

AAij =V;V,;H + HAéAlj — |A|2Aij + Aﬁ%kﬂd + A““m“jk
+Vj (ﬁieyf) + V, (%Eilea) . (44)

In this form of the equality the derivatives of the Ricci and the Riemann tensor
are taken with respect to the connection of X, in contrast to the formula used in
[18], where they are taken with respect to the ambient space. This allows to deal
with these terms inside integral quantities by partial integration on ¥. Using
Lemma 4.2 and Simons identity we obtain, by straightforward computations,
the following result.
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Lemma 4.3. Along a solution of the volume preserving mean curvature flow we
have

o 2 H — o
|A|2 AJAP = 2|VAP + ﬁh{|A|4 — Htr(A%)} +2|A]? (Hh) |Al?
+2(H - h)Aij%kiljkal -2 (Aéﬁkjkl + Alkﬁlijk> Aij (45)
—2 (VJ (misl/g) + VZ (ﬁsijlys)) AU
|VH|2 A|IVH|? = 2|V2H|? + 2(H — h)AYV,HV ; H

+2(|AJ? + Ric(v,v))|VH|? — 2Ric*(VH,VH) (4.6)
+2(H — h)(V|A|*, VH) + 2(H — h)(V (Ric(v,v)),VH),

where Ric” is the Ricci tensor on % and (-,-) = (-, ).

4.2. Evolution of Integral Quantities

In this subsection, we study the evolution of the integral quantities which ap-
pear in the definition of round surfaces, with the aim of studying the invariance
of the class along the flow. In our statements we will assume that our evolving
surfaces satisfy properties (2.9) and (2.10); in some of the results, we further
require

e

At) < Boo 379, (4.7)

L (%)

_3_
|H — hl|pe(s,) < o0 2 ’,

for suitable coo, Bso. On the other hand, we do not require a priori properties
(2.11) and (2.12). It will be important to keep explicit track of the dependence
of the constants which appear in the estimates: in this way we can later fix the
parameters of our roundness class in order to have invariance under the flow.

We start by estimating the L* norm of |A|. For this result, we can replace

hypothesis (4.7) by a milder assumption on |H — h|.

Proposition 4.4. Let ¥y be a solution of the flow (4.1) fort € [0,T] satisfying
properties (2.9) and (2.10) for some o > 1. Suppose in addition

1

H - h| g~ < —
|| ||L (3¢) = 200
for allt € [0,T]. Then there exist a constant C = C(¢,0) > 0 and a radius
o9 = 00(c,0) > 0 such that if o > o¢ then

(4.8)

1 ° _6—
o |A|4 dy < 2/ JAPRIVAP? dy — 02/ JA[* dpu+ Co™6749. (4.9)
3t

As a consequence, if |A|* dp < Byo %% for some By > 2C, then |Al*dp
EU Zt
< Bio=*% for every t € [0, T).
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Proof. From Equation (4.5), we deduce, using integration by parts

& At = [t a2 [ jAR (S1A7)
dt ¢ 3¢ 3¢ ot

— [ arEM - B du—z/ V4122 d,u—4/ APIVAP? du (4.10)
poM P 2t

+4/ |§1\2ﬁ(|A|4 - Htr(A3))d,u+4/ |A2 (1 - ﬁ) |§1\4 du  (4.11)
N H N H
+4/ (H — h)|APAY R v ! dys — s/ Roni210] A du (4.12)
poM P3P
4 / (V; (Ricier®) + Vi (Rimesjiv®)) A9 AL dp, (4.13)
P
where we have used the identity

-2 (Aé%kjkl + Alk%lijk) AY = 74|A|2R7m1212,

which follows from the symmetries of the Riemann tensor.
To estimate the above terms, we first observe that (2.9) and (4.8) imply

Loy V5 ‘ h
o o
In addition, we recall the identity

|A|* — Htr(A®) = —2k1 k2] A|?.

Using again (2.9), we can estimate the positive terms in lines (4.10)-(4.11) as
follows

ALH(— ) dp 4 [ AP (A~ Her(4%)) di
3y

s [ ap (1—) A dy
M
1 4 4
<(3-2, At 2 [ 1A

(4.14)

¢

We now consider the contribution of (4.12). Using (2.14) we find, for any
a >0,

4/ (H — h)|;1|2Ain7mkiljl/le d,u — 8/ R7m1212|;1|4 d/,L
P p
<cf o-5-9ap du—&—C/ 53| A1 dy

1
< C’/ < —|—07575) |A|4 e 078 45) du,

where we have used Young’s inequality and C denotes as usual a constant
which can change from line to line, but only depends on ¢, d.
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To estimate the term in (4.13), we use integration by parts and find
4 /E (V, (Ricer?) + Vi (i) AY|AP du
_ 4/E (Riciguavj(ffijZl|2)—|—RIn6iﬂuEVl(/fij|Z|2)) du
¢
< C/E Rml|VA|A]? dps < C/Z o 50V A AP dy

<2 [ |VAPIAPR du+ Co 572 | |A]? du
I P

o o o 1
< 2/ |VA|?|A|? du + C/ <a0_2|A|4 + aa_8_46> dp.
P ¢

The |V AJ?|A|? term can be absorbed by the corresponding negative term
in (4.10). Therefore, by choosing a suitably small and o large (both depending
only on ¢,4§) we conclude

d % 21w 412 AT 646
Gl <=2 [ JAPIVAR du = 5 1Al + Co (4.15)

The last claim in our statement follows by a standard ODE comparison argu-
ment. g

We next estimate the rate of change of the volume preserving term h(t)
and of the L* norm of H — h.

Lemma 4.5. Let ¥; be a solution of the flow (4.1) for t € [0,T], satisfying
properties (2.9), (2.10) and (4.7). Then there exist a constant ¢ = ¢(¢x0,¢) > 0
and a universal constant C1 > 0 such that

|h(t)| < co 472, (4.16)

d
&/ (H —h)* du < —12/ (H — h)?|VH* du
M 3¢

+Cla_2/ (H —h)* dp+ co™ 35, (4.17)
pan

provided o > oq, for a suitable 0o = 00(C, Coos Boo)-
Proof. Similar to [21, Lemma 14] we compute,

- OH
[Selhlt) = | - dp+ H*(h—H)du+h [ (H—h)?du
St 3¢ St

:/Zt(H—h) (|§1|2+m(u7y)) dp—/zt(H—h) (H;—Hmh?) du

:/Zt(Hfh) (|;1|2+m(1/,1/)) dﬂ*é/zt(H*h)?) du,
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using the property that / (H — h) dp = 0. By (2.14), we have |Ric(v,v)| <
PP
Co~ 379 where C' = C(¢). Then we can estimate

2

After simplifying the |X;| factor, the lower order term on the right-hand side
is cooCo~479, and the other terms can be included in this one if o is large de-
pending on B, ¢s, C. This proves that (4.16) holds for some ¢ only depending
Oon Co, C.

We now compute, using Lemma 4.2 and integration by parts,

d/(H R)* du :—12/ (H — h)?|VH|* du
dt s,

; : 1
Et|h<t>|<|zt|(cma-%-5<32 525, g3y 1 L oo 36).

+4/E (H — h)*(|A]? + Ric(v,v)) du

f4h/ (H—h)®du— | H(H—h)® dpu.
M p

By (2.9), and (2.14) we deduce that | |A|* 4+ Ric(v,v)| < 3072 if o is large
enough. In addition,(4.7), (2.10) and (4.16) imply

h / (H — h)? du’ < ¢Coo, )53 . (4.18)
P

From this we obtain the conclusion, also observing that |H(H — h)| < 502
view of (2.9). O

We now analyze the evolution of the L* norm of |VH|.

Lemma 4.6. Let 3; be a solution to the volume preserving mean curvature flow
(4.1) fort € [0,T), which satisfies properties (2.9) and(2.10). Then there exists
a universal constant Co > 0 and a radius o9 = 0o(¢,0) such that if o > og
then

d

o |VH|4 dp < 3/ |V2H||VH|? dp+ Coo™ /(H—h)4 dp

POy
—|—C’20_2 \VH|* dp.
P

Proof. From (4.6) we obtain, after integrating by parts,
d

I |VH|4 dp = /|VH|4 (h — H) dp — 4/ |V|VH|| dp

|V2H]*|VH|? du+4/ (H — h)AYV,HV ;H|VH|* du

P pa

—4 / Ric™(VH,VH)|VH? du
I

—4/ (H — h) (JA]* + Ric(v,v)) V- (|VH|?VH) dp.
PV
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By (2.9), we have that H,|H — h| and |A| are all bounded by Co~!. Us-
ing the asymptotic flatness (2.14) we also obtain that |Ric*| < Co~2 and
||A]? + Ric(v,v)| < Co=2 for o enough large. Then we have, for € > 0 arbi-
trary,

d
d—/ |\VH|* dp < —4/ |VZH|*|IVH|? du+CJ_2/ |VH|* du
tJs, 2, 2,

+CJ’2/ |H — h||VH|*|V?H| dp
Xy

< (5074)/ V2H|VH? du+ca*2/ VH[* du
2 » 3

t t

C
+—a*4/ |H — h|?|VH|? dpu.
2e poR
The assertion follows choosing € = 2/C and estimating the last term as follows

0—4/ |H — h]*|VH|? du < 0_6/ (H—-n)du+o72 [ |VH* dpu.
PN PN 3¢
O

We can now estimate the weighted W*-norm of H — h which appears
in condition (2.12). We first prove separately a simple auxiliary inequality.

Lemma 4.7. Let > C M be a closed surface. Then we have, for every ¢ > 0
and o > 1,

7074/(1117 R VHP dy < f%/ v H dms?/ V2HP|VH]? dp.
by 20° Jx by
Proof. Since h is constant, we can write
0*2/ IVH|* du = 0*2/<V(H —h),VH) |VH|? du
> p

- o2 / (H = B)(AH)VHP dy — 20~ / (H = h)g Y, Hg"'" NV HV H dp
> b
V242
2

o

_ 2
[ = nirwar o<z [ (VR avtag) vafa
> >
which implies the assertion. O

Lemma 4.8. Let ¥; be a solution to the volume preserving mean curvature
flow for t € [0,T], which satisfies properties (2.9), (2.10) and (4.7). Suppose
in addition that (2.11) holds for t € [0,T] for some By > 0. For n > 0, let us
set
ay(t) = no~Y|H — hl|za(s,) + VH||7as,)-

Then we can find a universal constant ny > 0, a constant ¢ = ¢(B1,¢,0) and a
radius 09 = 09(Bso, B1, oo, 9,C) > 1 such that, if Bo > ¢ and o > oo we have
the implication

ay, (0) < Boo ™84 — a, (t) < Byo 3% for every t € [0,T).
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Proof. From the previous Lemmas, we have that

IN

an(t) —3/ IVZH||VH|? du+020—6/ (H — h)* d,u,—l—C'gcf_2/ |[VH|* dp +
poM poM poM

—12no—* / (H — h)?|VH|? du + Cino—5 / (H — h)* dp + ne(coo, @0~ 2 =59
Iy IS¢

IN

(12ne* — 3)/ |V2H|]2|VH|? du + (C2 — 6775)0’2/ |VH* dp
P

PP

+(nC + 02)0_6/ (H = h)* dpp + ne(coo, 0)o™ 2 59,
P

with C7, Cy universal constants. If we now choose
4 3
n=iwi=g0,  e=10 (4.19)

the inequality becomes

i(t) < —Coo? /

\VH|* dp+ (nCy + 02)0*6/ (H —h)* du
3¢

P

He(cne, D)o~ 8

< —Cy0%a,(t) + C (U—ﬁ/ (H — h)* du + 0—10—45> 7
P

for another universal constant C' > 0, where we have also used that

C(CM,E)07%756 < o—10—48

if o > o for a suitable 0y(cso, ¢). Now we use point (v) of Lemma 2.7 together
with (2.11), to obtain that there exists a constant ¢, = ¢, (¢,) > 0 such that

/Et (H—h)* dp < cg (”12”%4(&) + 0446> < cf;(Bi1 +1)o~ 474,
for o > oy for a suitable oy = 09(Bw). We conclude that
ay(t) < —Ca0%a,(t) + C (ch(Bf +1) +1) o107
= —Cao 2 (ay(t) — 2o *71),
for ¢ = ¢(B1,7¢,9). The conclusion follows by an ODE comparison argument.

O

From now on, when considering the roundness class W2(B1, By), we fix

the parameter n equal to the value n,, given by the previous Lemma, and we

will no longer need to specify the dependence on 7 of the constants in the
estimates.

4.3. Evolution of the Barycenter and Convergence

An important assumption in the previous results was the comparability be-
tween ry and o in (2.10), in particular the lower bound on ry which shows
that ¥; stays enough far from the coordinate origin to ensure the desired de-
cay of the ambient curvature. To justify this assumption, we study now the
evolution of the barycenter under the flow. We start by proving an important
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decay estimate on the L2-norm of H — h, which relies on the spectral analysis
of Sect. 3.

Proposition 4.9. Let (M,g) be a (2 L s-asymptotically  flat  manifold
2

with Mapym > 0. Given By, By > 0, there exists oo = o0o(B1, Ba,¢, 8, MaADpM)
such that, if ¥; is a solution to the volume preserving mean curvature flow
(4.1) which satisfies £, € W2 (By, Ba) for some o > og, then

d AMADM 2
—|H = hlF2s,) < ——5—I(H = 1)'72m,) — = I(H = B)[72(5,)-
dt o5, o3,

Proof. Let us consider the stability operator associated to H — h. To avoid
confusion, we point out that in the following formulas the superscript ¢ refers to
the spectral decomposition of H — h from Definition 3.5, while the dependence
on time will not be written explicitly except in the domain of integration. By
writing H —h = (H — h)t + (H — h)? and applying Proposition 3.7, we obtain

(L(H — h), H — h)s

> S (11— = 5 [ (T B = 'Y d e Y

+%H(H—h) 18— eo B0 W) Lall (B — 1
> SED 7 -y - 5 [ = W~ )R o~ ),
b} P b))

for o large enough. Here we write for simplicity oy instead of oy, for the area
rdius of X;. Since by Proposition 3.2 mpy () > ™42 > 0 for o sufficiently
large, we find by (4.3)

SNH — B3 = ~2(L(H — h), H ~ h)s — | H(H ~ 1) du

pap

-SR03 3h [ = W)~ ')

3
fsz(H—h)dn%fh/
o5

P

(H —h)® du + co*”‘s/ (H — h)? dp,

St

where we have used |H — h| < ¢ooo™ 279 from Lemma 2.7(i). We want to show
that the contribution of the H — h integrals can be bounded by the remaining
negative terms. By writing again H — h = (H — h)* + (H — h)¢ we obtain

3 [ == du= | (=) d
—o / ((F — h)")® d - / 3(H — h)'((H — h)%)? dp— / ((H — )3 dp.

The first integral was considered in Corollary 3.11. The remaining ones can be
estimated as follows

[ 8 = = " e () du]
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< 1B — h)t + (H — 1) / (H — h)")? dp < cot9 / ((F — b)) dy

since also [|(H — h)¥| pee sy = [(H — h) = (H — h)|| poe () = O(o=279%). Com-
bining this with Corollary 3.11, and using h = O(c~1) we get

d 3 5
3 = BlIE < co ™ T2NH = h)'[I5 + co™ > |I(H — h)“[13

SMADM 3
————I(H = b3 = —5 I(H = h)’|3
! 2
4mapm
< ————I(H - 1)'|I5 - MH h)|I3
o3
for o large enough. U

Remark 4.10. An immediate consequence is that, if o is sufficiently large, we

have
4mADM

d
aﬂH—MES— |H — b3 (4.20)
2
Let us now define
3 U2
I1(¢) := H—h, = .
( ) (;< o >L2(Et)

Since the L2-norm of “2 is uniformly bounded on a round surface for o large,
we obtain that TI(t) < C||H — k|2 for some universal constant C'. We observe
that, by Lemma 3.13, TI(¢) allows to estimate the L?-norm of the translational
part of H — h up to a constant factor. For our purposes it suffices to consider

the statement of the Lemma for e = 1

0.2

4
AT = )2 — SoT00?] < I(H = B2 4 co 2,
3 o

where we have also used (2.21). Using (2.10) to obtain a rough estimate of
o/os; we deduce that, for any ¢ > 0 we have, for o large

|(H = h)!|p2 <co 170 = TI(t) < 3co!7? (4.21)
and similarly
(t) < co 170 = ||(H = h)!||p2 < co'7°. (4.22)
We can now start our study of the barycenter of the evolving surface.

Lemma 4.11. Let 3, be a solution of the flow (4.1) which belongs to W (B, Bz)
for allt. Then we have

d

‘dt'&‘ < Co Y H — hl|ge, (4.23)
iH(lt) <co B (4.24)
dt - '

for a universal constant C' and for a suitable ¢ = ¢(By, Ba), provided o is large.



Volume Preserving Mean Curvature Flow

Proof. Let us write for simplicity z(t) = 2%,. A straightforward computation,
see for example [6], shows

0 =150
By Lemma 2.7(iv), we have
h=205'+0(c"27%),  F(z)—Z(t) = ox,v+ 0(c27?).
which implies H(F,(z) — Z(t)) = 2v + O(6~2~°%). Then we can estimate

/Zt(h—H) [v+ H (Fi(x) — Z(1))] du’ < lg/zt(h_H)y dy

(h— H) [v+ H (Fy(z) — Z(¢))] dp. (4.25)

+0(c=27% [ |h— Hl|dp
¢
< 30TI(t) + co 20|, |2 || H — 2.

Since |X¢| = , we see that (4.25) implies

and the right—hand side is smaller than Co~!||H — hl|z2 for o large, with C
universal constant, which yields (4.23). To derive (4.24) we first compute, by
using Lemma 4.2,

% <H —h %>L2(Zt)

< Co 'I(t) + co™ 3| H — hl| 12,

= l/ (—L(H — h))va d,ufl/ hve dp
o Js, g

Xt
+l/ (H—h)(VH,ea>edu—l/ (H — h)’Hve dpu.
o Js, o s,
Using (2.21), (3.14) and (4.16) we conclude that the right-hand side is
0(0—3—26)

O

The next result, which is similar to Proposition 3.4 in [18], gives a bound

on the possible change of area of the surface along the flow as long as it remains
round.

Lemma 4.12. Given By, Bs, there exist constants ¢ > 0 and og > 1 such that,
if 0 > 0¢ and Xy is a solution of the flow (4.1) with ¥, € W1 (By, Bs) for all
t €10,T] then

0<ox, —0ox, < coz 0

for every t € [0,T].

Proof. By the area-decreasing property (4.2) we have oy, > oyx,, so we only
need to prove the latter inequality. By (2.10), we have ry, < 0/2 and so the
Euclidean coordinate sphere S¢ (0) is enclosed by ¥; for all ¢. By definition of
our flow, the compact region between ¥; and Sg (0) has constant volume. We
call this region ;. We have, using (1.1),

Vol (€) — Vol ()| < Co2 2.
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On the other hand, we know from Lemma 2.7(iv) that ¥; can be written as a
graph over a Euclidean sphere of radius o, with the radial function of order
O(o279). It follows

ar . 5_
Vol () — ?(U%t —73)| <coz 0,
Since Voly () is constant, we deduce |03, — 03, | < co 379, which implies the
assertion. O

We are now ready to prove that, by an appropriate choice of the parame-
ters of the class B (B, B2, Been) of well-centered round surfaces, see Definition
2.4, and under suitable conditions on the initial surface, the solution of the flow
remains inside the class for arbitrary times. Observe that, in order to control
the possible drift of the barycenter, our assumptions on the initial data include
an additional smallness requirement on the L?-norm of the translational part
of the mean curvature.

Theorem 4.13. Let (M, g) be a CEH—asymptotically flat manifold with mapn >
0. Let By be chosen as in Lerrzlma 4.4 and n, By be chosen as in Lemma
4.8. Then, for any cin > 0 there exists B = E(cin,mADM) > 0 and o0 =
o (¢, 8, By, Ba, B,mapm) > 1 such that the following holds. Let Fy : ¥ — M be
a family of surface immersions which solve the volume preserving mean cur-
vature flow (4.1) for t € [0,T], and set &y = F¢(X). Suppose that the initial
surface Yo = Fo(X) satisfies, for some o0 > & and Been > B:

(Z) Yo € Bg(Bl,Bz,Bcen) with o = 0% »

(ii) [|[(H — h)t||2 < cino™ 7% on %g.

Then %y € B1(By, Ba,3Been) for allt € [0,T].

Proof. Let n, B1, Bo be fixed as in the statement and let ¢y, > 0 be arbi-
trary. We need to prove that, if ¥ satisfies (i) and (ii) for suitably large Been
and o, whose size will be specified during the proof, then it also satisfies the
conclusion.

We argue by contradiction and denote by 7" the first time at which the
conclusion is violated, that is, 77 € (0,7 is such that

(3,9(t)) € BY(B1, B2, 3Bcen) for t € [0,T),
(3,9(t)) ¢ B2(B1, B2,3Been) for t =T'. (4.26)
This means that at least one inequality in the definition of B2(B1, B2, 3Been)
becomes an equality at time ¢ = T’. The theorem will be proved if we can
exclude each of these possibilities.
We first observe that, by Lemma 4.12, we have |0y, — 0| < co2~9 for

t € [0,7"]. In addition, using the spherical graph representation in Lemma 2.7
(iv), we have at any point of 37,

T=Zy+ (ox+ flv=2t) +ov+ 0029,
which implies, by (2.13), that

2] - o] < co™
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for some ¢ = ¢(B1, B, Been, €, 0). From this it follows that, if o is large enough,
the strict inequalities (2.10) hold also at time ¢ = T”. Then, by parts (i)-(ii)-(iii)
of Lemma 2.7, we deduce that (2.9) holds as well.

Again parts (i) and (iii) of Lemma 2.7 show that assumptions (4.7) and
(4.8) are satisfied. Then we can apply first Lemma 4.4 and then Lemma 4.8
to prove that inequalities (2.11) and (2.12) remain strict at time t = T".
We conclude that the only property of B? (B, B2, 3Bcen) that can become an
equality at time ¢ = T” is the barycenter estimate (2.13), and therefore we
have

|Z(T")| = 3Beenc' °. (4.27)

The rest of the proof will be devoted to exclude this last possibility, and
this will require a longer work. We first observe that, by (4.21) and assumption
(ii), we have

I1(0) < 3cipo 179, (4.28)

Let us now denote by ¢* the smallest ¢ € [0,7”] such that one of the

following properties holds:

(a) TI(t) = (3cin + 1)o 179,

(b) [[(H = 1)}z < [I(H = )"z,

() |2(t)] = 2Beenc 0.

Such a t* exists, since at least property (c¢) must hold at some ¢ < T” because
of (4.27). We remark that it is possible that t* = 0, because property (b), in
contrast with (a) and (c), is compatible with our assumptions on the initial
data.

Claim. If B, and o are large enough, then at time ¢ = ¢* the solution satisfies

Z(t*) < 2Beenc' 0, (4.29)

IH = hl12s,.) <co™ ', (4.30)
for a suitable ¢ = ¢(By, Ba, €, Cin)-

If t* = 0 the claim is immediate. In fact, in this case the initial surface
satisfies (b) and (4.30) is a consequence of hypothesis (ii) of the theorem, while
(4.29) follows from (i). Therefore we assume that t* > 0. By definition of ¢*,
we have ||(H —h)%||a > ||(H—h)!||2 for t € [0,¢*). Then Proposition 4.9 implies

d 2 2 a2 1 2 1 a2
gl = HIB < =IO = R < = IO = )13 = = ',

I p

for t € [0,¢*]. By (2.10), we have that 0%, > (4/5)02. Then we can integrate
the inequality and obtain

1H — hl|22(s,) < [1H = hl|22(, e 52" < o™t~ Pe 50" (4.31)
for every t € [0,t*]. Therefore, by Lemma 4.11,

t* t*
|Z(t*)|f\z*(())|§/0 ca’lHH—hHdetg/O co™ 80T 5mt dt < cor .

S0 if Been > ¢ then |Z(t*)| < 2Beeno? %, proving (4.29). This also shows that
case (c) of the definition of ¢* cannot occur, and that either (a) or (b) must
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hold. We prove (4.30) dividing the two cases. Suppose first that (a) holds.
Then we have, by Lemma 4.11,

d

-
o 170 < TI(tY) — TI(0) < / dtH(t)‘ dt < co™3720t%,
0

which implies ¢* > ¢~ 'o?*9. Substituting in (4.31), we find

(75
HH — h”%z(zf) S 60'7172667T

so that (4.30) is satisfied if o is large enough. If instead (b) holds at time
t = t*, then (4.30) follows directly by using (4.22) to obtain

IH = hllr2(s,.) < 20(H = B)"||12(x,.) < 2(3cin + 1o 70.

So we have proved our claim that (4.29)-(4.30) hold at at time ¢t = t*.
To conclude the proof, we study the behavior of the solution for ¢ €
[t*, T']. We can estimate o3 < 20° using (2.10) and deduce from (4.20), (4.30)

— 2T (g —2— — 2T (gt * il

IH = hl|Z2cs,) < I1H = hl|z2g, e« T <o e 4070 e 17,1,
(4.32)

where we have written for simplicity m = mapn. Using Lemma 4.11, we then

get

' 4 T’

—Z(t)] dt < / co Y |H — h|y dt

dt f

5

AT — 2(t)] < /

t*

Tl m *
< / co2 05 () gy
t

0'3 gk kol ald
<co 20 = (e_r%t — e_o%T) < col™.
< — <
If Been > ¢ then |Z(T7)] < |Z(t*)| + co'™% < (2Been + ¢)0'™% < 3Beeno' ™%, in
contradiction with (4.27). This shows that (4.27) cannot happen if B, and
o are large enough, and so it concludes our proof. 0

Theorem 4.14. Let (M,g) be a C%+6-a3ymptotically flat manifold with mapym >
2

0. For any given ¢y > 0, let the parameters By, Ba, 1, Been, o be chosen as in
Theorem 4.13. Then, for any initial data satisfying hypotheses (i) and (ii)
of that theorem, the solution to the volume preserving mean curvature flow
(4.1) ezists for every t € [0,00), satisfies ¥y € B1(B1, Ba,3Been) for every
t € [0,00) and converges exponentially in C™ to a strictly stable CMC-surface
Yoo € Bg(B]_, Bs, 3Bcen)-

Proof. Let us consider an initial surface 3¢ which satisfies assumptions (i) and
(i) of Theorem 4.13. By the local existence theory, there exists a solution of
the flow defined on some maximal time interval [0, T,ax). Then, Theorem 4.13
shows that 3; belongs to B7(B1, By, 3Bcen) for all t € [0, Tiax). This implies
that ¥; is confined in a compact subset of M, and therefore Rm and each of its
derivatives are uniformly bounded on ;. Since the intrinsic curvature of ¥,
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is uniformly bounded by (2.9), well-known estimates based on parabolic regu-
larity, see e.g., [15], show that all derivatives of A are also uniformly bounded.
Then a standard continuation argument implies that Ti,.x = +00.

From estimate (4.32) we see that [[H — h|[z2(x,) decays exponentially
as t — +o00. Since the derivatives of any order of H are uniformly bounded,
interpolation estimates imply that they also decay exponentially. Then Sobolev
immersion implies that |[H — h||p(x,) decays exponentially as well. Since
H — h is the speed of our flow, this shows that the immersions F(-,¢) converge
smoothly to a limiting map Fi (). By standard arguments, see Lemma 8.2 in
[14], one can show that F..(-) is also a smooth surface immersion and that
there is exponential convergence in C*° of the curvature. In particular, the
limit surface Yo, := F(X) satisfies H = h. Then Proposition 3.7, or also
Proposition 4.7 in [26], show that the CMC-surface X, is strictly stable, i.e.,
the stability operator on Y, is positive definite on functions with zero mean.
Finally, the estimates in the proof of Theorem 4.13 for arbitrary 7" > 0 show
that the requirements in the definition of BY (B, B2, 3Been) still hold as strict
inequalities on Y. O

We conclude by considering the explicit example of a Euclidean coordi-
nate sphere S,(0) as initial surface for our flow. To ensure that hypothesis
(ii) of Theorem 4.13 is satisfied, we have to strengthen the assumptions on
our ambient manifold by requiring the C7, j-Regge-Teitelboim conditions in
Definition 2.1. Then Theorem 1.3 stated in the introduction is an immediate
consequence of the previous results.

Proof of Theorem 1.3. By Lemma 2.2, a Euclidean sphere S,.(0) satisfies hy-
pothesis (i) of Theorem 4.13 if r is enough large and, if M satisfies the C{ 4-
Regge—Teitelboim conditions, it also satisfies (ii) by Lemma 3.14. The conclu-
sion then follows from Corollary 4.14. O

Remark 4.15. Once the exponential convergence of the flow starting from
spheres of large radius is established, the property that the limiting surfaces
form a CMC-foliation can be obtained by a similar strategy as in the previous
literature, e.g., [12,18,24]. In fact, a classical application of the implicit func-
tion theorem (see for example [13] for a detailed explanation) allows to define
a smooth map F : S§% x (0,hg) — M such that ¥ := F(S? h) is the limit of
the flow starting from a sphere S, for a suitable » = r(h), and is the locally
unique CMC-surface with H = h. One can then show that these surfaces do
not intersect and form a CMC-foliation of the outer part of M, proceeding as
in the last part of the proof of [26, Theorem 5.1], see also [4, Lemma 9]. A
crucial ingredient in these arguments is the invertibility of the stability oper-
ator on the limiting surfaces ", which follows from the spectral analysis in
Sect. 3.

Remark 4.16. We point out that our main convergence result, Theorem 4.14
is independent on the Regge—Teitelboim conditions, which are only needed to
prove that large coordinate spheres satisfy assumption (ii) of Theorem 4.13. In
this way we provide a flow-based approach to the construction of the foliation
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alternative to the one of [26], although under slightly stronger assumptions.
If we instead take as already known the existence of the foliation from [26],
then Theorem 4.14 gives a dynamical stability result for the leaves, with no
need to require Regge—Teitelboim conditions: in fact, we show that any small
perturbation of the CMC-surfaces, satysfying conditions (i)—(ii) of Theorem
4.13, converges under VPMCF back to a leaf of the foliation.

We observe that Regge—Teitelboim conditions (in a stronger form) have
been often used in the previous works on CMC-foliations. In particular, see
[5,9,26], the C? s version of these conditions is needed to prove the existence
of the geometric center of mass, i.e., the limit of the barycenters limy_ o Zsn,
where ¥" is the leaf with H = h. This has some analogy with our case where,
roughly speaking, assumption (ii) of Theorem 4.13 is used instead to study the
limit as t — oo of Zx,, with ¥; a solution of VPMCEF with fixed scale.
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