Some stochastic process without birth, linked to
the mean curvature flow

A.K. Coulibaly

Abstract

Using Huisken results about the mean curvature flow on a strictly con-
vex hypersurface, and Kendall-Cranston coupling, we will build a stochastic
process without birth, and show that there exists a unique law of such pro-
cess. This process has many similarities with the circular Brownian motions
studied by Emery, Schachermayer, and Arnaudon. In general, this process is
not a stationary process, it is linked with some differential equation without
initial condition. We will show that this differential equation has a unique
solution up to a multiplicative constant.

1 Tools and first properties

Let M be a Riemannian compact n-manifold without boundary, which is smoothly
embedded in R"*, and n > 2. Denote by Fy the embedding function:

Fy: M — R"
Consider the flow defined by:

OF(t,x) = —H,(t,x)v(t,x)
{ F(0,2) = Fy(x). (1.1)

Let M, = F(t, M), we identify M with My and Fy with Id. In the previous equation
(1.1), v(t,x) is the outer unit normal at F(¢,x) on M,;, and H,(t,z) is the mean
curvature at F'(t,xz) on M; in the direction v(t,x), (i.e. H,(z) = trace (S,(x))
where S, is the second fundamental form, for definition see [20]).

Remark : In this paper we take this point of view of the mean curvature
flow (see [14] for existence, and related result). Many other authors give a differ-
ent point of view for this equation. The viscosity solution (see [11],[9],[10],[12],[8])
generalizes the solution after the explosion time and gives a uniqueness solution
which is also contained in Brakke family of solutions and passes the singularity.



We will just look at the smooth solution until the explosion time.

As usual we call M; the motion by mean curvature. For self-completeness, we
include a proof of the next lemma, although it is well-known.

Lemma 1.1 Let (M, g) be a Riemannian manifold isometrically embedded in R™*.
Denote v the isometry:
(M, g) <= R™ .

then:
Vee M, Auzx)=—H,(x)V(z). (1.2)

Where A is the Laplace-Beltrami operator associated to the metric g.

proof : By the flatness of target manifold, we have

At (z)
Au(z) = :
Abn-i-l (Q?)
and Ad(z) = Y0, o (7i(t)), where ~,(t) is a geodesic in M such that
7(0) = x and 4;(0) = and A; is a orthogonal basis of T, M. By definition of a

geodesic we obtain:
Au(z) L T ((M)),

so there exists a function § such that Au(x) = G(z)v(z). We compute [ as follows:
p(x) (A(x), v(x))

0 gt (). 7))
= ST )] )
o
o

e

— —((yi(1)), VL: |t _,» metric connection
) (T 2,
= — trace (S,(x)).

To give a parabolic interpretation of this equation (1.1), let us define a family
of metrics g(t) on M which is the pull-back by F(t,.) of the induced metric on M.
Using the previous lemma we rewrite the equation as in ([14]):

O F(t,x) = A F(t,x)
{ F(0,2) = Fo(x) (13)

where A, is the Laplace-Beltrami operator associated to the metric g(t).
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Remark :  Sometimes we will use a probabilistic convention, consisting in
putting % before the Laplacian (which just changes the time and makes the calculus
more synthetic), sometimes we will use geometric convention.

We call T, the explosion time of the mean curvature flow, let T" < T,, and g(t)
be the family of metrics defined above. Let (W*);<;<, be a R"-valued Brownian
motion. We recall from [4] the definition of the g(¢)-Brownian motion in M started
at x, denoted by g(t)-BM(z):

Definition 1.2 Let us take a filtered probability space (Q, (Ft)i>0, F,P) and a C*2-
family g(t)¢co,rp of metrics over M. A M-valued process X (x) defined on §x [0, T
is called a g(t) Brownian motion in M started at v € M if X (x) is continuous,
adapted and for every smooth function f,

1 S
FX@) = 1) = [ Bef (Xutwi
0
15 a local martingale vanishing at 0.

We give a proposition which yields a characterization of mean curvature flow
by the ¢(t) Brownian motion.

Proposition 1.3 Let M be an n-dimensional manifold isometrically embedded in
R™*L. Consider the application:

F:[0,T[xM — R""!

such that F(t,.) are diffeomorphisms, and the family of metrics g(t) over M, which
is the pull-back by F(t,.) of the induced metric on My = F(t,M). Then the fol-
lowing items are equivalent:

i) F(t,.) is a solution of mean curvature flow

it) Voo € M, VT € [0,T.[, let i = 297 and X*(x0) be a (§{ )icjor-BM(x0),
then:
Y = F(T —t, X/ (x0))

is a local martingale in R™1,
proof : By definition we have a sequence of isometries:
F(tv ) : (M7 gt);Mt — Rn+1
Let 29 € M and T € [0,T.[ and X7 (z¢) a (g )tepo,r1-BM(z0). We just compute the
Ito differential of: ‘ '
Y;Tﬂ = FZ(T - taXtT(xO))’
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that is to say:

;") = —g (T = £, X[ (x0))dt + d(Fp_ (X[ (x0))
T "ol (T =t X (@o))dt + 5 0q Fr_ (X (x0) et
= G FUT =t X[ (w))dt + Ay, Py (X[ (w0))dt
d%/l 0.

Therefore Y,” is a local martingale.
Let us show the converse. Let 2 € M and T € [0, T,[ and X” (2¢) a (3} )tejo,r1-BM (o),

Y;T’Z is a local martingale so almost surely, for all ¢ € [0, T:
0

——FYT —t, X[ (z))dt + A

9gr—t

so that for all s € [0, 7], by integrating we get

/ —QF”(T —t, X[ (x0))dt + A
0

9Tt

the continuity of every ¢(t)-Brownian motion yields,
0 i i
—aF (T, ZL'()) + AgTFT(xO) = 0.
U

In order to apply this proposition, we give an estimation of the explosion time. It
is also a consequence of a maximum principle, which is explicitly contained in the
¢g(t)-Brownian Motion.

The quadratic covariation of Y,* is given by:

Proposition 1.4 Let Y,'' be defined as before, then the quadratic covariation of
YT for the usual scalar product in R™ 1 is:

<dY;T7 dY;T> = 2n1[07T] (t)dt

proof . Let //& be the parallel transport above X/, it is shown in [4] that it is an
isometry :
//&t : (TXOM?g(O)) — (TXtMag(t))'

Let (€;)1<i<n be a orthonormal basis of (Tx, M, g(0)), and (W");<;<, be the R"-
valued Brownian motion such that (e.g. [4], [2]):

*dW, = //OT,’t_1 *dX],



and in the Itd’s sense:
T T ;
t = //o,teithZ-

Hence
(dY,",dY;") = (d(Fr—(X{ (x0))), d(Fr—(X{ (20))))
(d(X] (20)), d(X] (20)))gr .,
(d(X{ (z0)), (Xf(xo))hgt
(> e //o,tede@E] 1//0t6] 723,
Z?=1<//E)F,teia //g:tei>29tdt
= > r,2dt
= 2ndt.

To go from the first to the second line, we have used the fact that Fpr_; is a isom-
etry, for the last step we used the isometry of the parallel transport. O

Remark : Up to convention we recover the same martingale as in [21].
An immediate corollary of Proposition 1.4 is the following result, which appears in
[14] and [11].

Corollary 1.5 Let M be a compact Riemannian n-manifold and T, the explosion
; 2
time of the mean curvature flow, then: T, < w

proof :  Recall that the mean curvature flow stays in a compact region, like the
smallest ball which contain M, this result is clear in the strictly convex starting
manifold and can be found in a general setting using P.L Lions viscosity solution
(e.g. theorem 7.1 in [11]).

For all T' € [0, T,| take the previous notation. So by the above recall that:

1Y ||< diam(My),
then Y,T is a true martingale. And
Y7 =y, Y7,
is also a true martingale. Hence:
E[| Y5 %] +2nT < diam(M,)*,
we obtain

< diam(My)? .
- 2n



2 Tightness, and first example on the sphere

We now define (§7*)ej0,r,-BM in a general setting. When the initial manifold M,
is a sphere we use the conformality of the metric, to show that after a deterministic
change of time such process is a | — 00, T.] Brownian motion on the sphere (for
existence and definition see [6] and [1] ). In the next section, we will give a general
result of uniqueness when the initial manifold M, is strictly convex.

Definition 2.1 Let M be an n-dimensional strictly conver manifold (i.e. with a
strictly positive definite second fundamental form), F(t,.) the smooth solution of
the mean curvature flow, (M, g(t)) the family of metrics constructed by pull-back
(as in 1.3) and T, the explosion time. We define a family of processes as follow:
Ve €]0, T

xo if 0 <t <e
Xi (o) =
BM (e, z0): if e <t <T.

where BM (€, x0): denotes a %g(TC — t) Brownian motion that starts at xqy at
time €, and

F(T.,—¢ex) if0<t<e
Y (o) =
F(T,—t,X{(x0)) ife <t <T..

Remark : We proceed as before because, at the time T, there is no more metric.
Huisken shows in [14] that in this case:

ID e R"™, st Vao € M, lim F(s,x9) =D

s—T,

Proposition 2.2 With the same notation as the above definition, there exists at
least one martingale Y in the adherence (for the weak convergence) of (Y (z0))eso
when € goes to 0. Also, every adherence value is a martingale.

proof :  We have:

d}/f(l'o) =0if ¢t S €

dYf(zo) =dM if t >e.

Where dM is an Itd differential of some martingale. This defines a family of
martingales. With the same computation as in proposition 1.4, we get:

(Y, Y pner = 201y (H)dt < 2ndt.
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Also by the above remark Yy is tight, hence (Y(zo))eso is tight. As usual,
Prokhorov’s theorem implies that one adherence value exists. We also use Huisken
[14] (for the strictly convex manifold) to yield:

| V< ||< diam(My). (2.1)

By proposition 1-1 in [16] page 481, and the fact that (Y¢) are martingales we
conclude that all adherence values of (Y¢) are martingales with respect to the fil-
tration that they generate. O

Remark :  The above proposition is also valid for arbitrary M that are isomet-
rically embedded in R"!. Just because the bound 2.1 is also a consequence of
theorem 7.1 in [11].

We will now derive the tightness of X from those of (Y¢). This purpose will be
completed by the next lemma 2.4.

Recall some results of [14], if M is a strictly convex manifold then M, is also
strictly convex, and VO < t; < ty < T, My, C int(M,,), where int is the interior of
the bounded connected component. Hence there is a foliation on int(My):

where | | stand for the disjoint union.

Definition 2.3 We note:
CT(0, L, R™™) = {7 € C(J0, T, R"™), .. 4(t) € Mrp,—}.
Noted that C/(]0, T.], R") is a closed set of C(]0, T,], R™) for the Skorokhod topology.

Lemma 2.4 Let M an n-dimensional strictly convex manifold, F(t,.) the smooth
solution of the mean curvature flow and T, the explosion time. Then

F0,T[xM — LIte[O,TC[Mt 5
is a diffeomorphism in the sense of manifold with boundary. And,

v.C/(0, T RY) — €0, T, M)
vy — t FYT. —t,7(1))

1s continuous for the different Skorokhod topologies. To define the Skorokhod topol-
ogy in C(]0,T,], M) we could use the initial metric g(0) on M.



proof : It is clear that F' is smooth as a solution of a parabolic equation [14],
and this result has been used above. Its differential is given at each point by:

V(t,z) € [0, T [xM, YveT,M

o 0
@’U) — aF(t, z) @& DFy(z)(v)

where (%F(t, x) = —H(t,2) 7V (t,z), here @ stands for + and means that we cannot
cancel the sum without cancelling each term. Since there is no ambiguity we write
H(t,x) for H,(t,z). Recall that H(t,z) > 0.

For the second part of this lemma, we remark that for 0 < < T,

DF(t,)(

F'o || My — 0,8 x M
te[0,0]

is Lipschitz (use the bound of the differential on a compact).

Recall also that a sequence converges to a continuous function for Skorokhod
topology if and only if it converges to this function locally uniformly. We will
now show the continuity of ¥. Take a sequence «,, in C/(]0,T.],R"*!) and o €
C’(]0, T],R"*1) such that «,, — a for the Skorokhod topology.

Then for all A compact set in ]0,T], || oy — @ ||a— 0, where || f ||a= sup,c4 |
£ I

Let A be a compact set in ]0,T,], then there exists a Lipschitz constant Cy of

F~Vin | |, 4 M, such that for all t in A,

dyo)(F ™ (am (1), FH (1)) < Ca || v (t) — a(t) |,

where dy,)(z, y) is the distance in M beetwen x and y for the metric g(0). We also
define dyeo), a(f, 9) = sup,ca dgo)(f(t), g(t)), where f, g are M-valued function. We
get:

dy(o),A(V (), U(a) < Caf| com — v la .

So ¥(ay,) — Y(«) uniformly in all compact, so for the Skorokhod topology in
C(]0,T.], M). O

Let:

Ve =Y =Y5) + (Yo Lz (1) + Lo () F(Te = 1, 20)).
Proposition 2.2 gives the tightness of Y, =Y, and Y L 1y(t) + Ljo,q () F (T —t, o)
is a non-random sequence of functions that converges uniformly, hence Yeis tight.
For strictly positive time ¢,

Xt =FYT.—t,Y)).
The previous lemma 2.4 yields the tightness of X¢. Hence we have shown that:

Xjom)

Vo = (er)e — 0, 3IX7 .

10,727 = X{oz, for an extracted sequence.
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J0.1.]- Then

Proposition 2.5 Let ¢ = (e)r — 0, and X]“S’Tc],s.t. Xy

X}ﬁ,Tc] s a %g(Tc — t)-BM in the following sense:

Ve>0 X7

L
[e,T.] — BM (e, X?)

proof : Let € > 0 then for large k:

X is a BM (e, Xt*) after time € , by Markov property

and let X be a BM (e, X¥) after time €
We want to show that X = X¥ after ¢ . So for sketch of the proof:

X ¢k i> X%

k—o0

L
so X% — X¥
€ €
k—o00

we use the Skorokhod theorem, to have a Ls-convergence in a larger probability
space:
X ek L27_>a'5' X'
¢ kooo €’
with X £ X and X.® £ X?. We use convergence of solution of S.D.E with
initial conditions converging in Ly (e.g. in Stroock and Varadhan [22]), to get:
BM (e, X/*) 5 BM(e, X.%),

k—o00

BM(€7 Xéek) é X[Eéch}’

BM(X.#) £ BM(e, X¥).

We use that
X £, x¢

k—o0
to conclude, after identification of the limit:

X = BM(e, X¥?) £ XF -

Hence the process X7 is a %g(Tc — U)uelo,r,-BM in the above sense, we call it
"without birth" .
(|

We now show that, in the sphere case, the %g(Tc — U)yelo,r,)-BM is, after a
change of time, nothing else than a BM (¢(0))}-cc,, this will give uniqueness in
law of such process.



Proposition 2.6 Let g(t) be a family of metrics which comes from a mean cur-
vature flow on the sphere. Then the g(u) = 29(T, — u)uejor,)-BM is unique in
law.

proof :  Let Ry be the radius of the first sphere. Then T, = B and by direct

om0
computation we obtain:
 R2 — 2nt
F(t,z) = Y2 "¢
(t.0) = Y
R —2nt

ol1) = = =0(0)

So for all f € C*°(S) we have:

and

VIOdf (X3, X;) = fij = Thi(s, ) fu
fij — T5;(0,.) fx because the metrics are homothetic
VIO df (X, X;).

Let X be a $9(T. — u)uejor)-BM. For all f € C=(S), u €]0,T.] and for all
T. >t > u we have:
FX0) = F(X) =3 [, A f(Xo)ds
L[V df (+d X, +dX)

L P90 df (xd X, #d X))

i< iz <

| E v gf (xd X, #dX),

N | —

df (X)o,r.

hence Xjo 1) is a g(0)- martingale. From [4]:

PO = (T, JodandV + 3850l (22)

with abusive notation (because we have no starting point, to get sense we have
to take the conditional expectation at a time before t).
It follows from (2.2):

1 R?

4 (Xu(@) = VPO K@) ot 4B+ 5 (g =3,

)0 f(Xi(2))dt,
where B, is some real-valued Brownian motion. With help of the first computation,

R2 1, R?
A(X) =22 VIO F(X0) gy dBy+ 550

SO0 A F(X ).
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Now consider the solution of:
¢ (t) Ry = n(ip(t)) such that ¢(0) = T...

i.e. the function )
o(t) = Tee?.

We get that X, = (BMgy)):- According to the usual characterization of a
Brownian motion [7].

So by this deterministic change of time, and by the uniqueness in law of a
(BM(0))]-s0,0] 01 the sphere, we get the uniqueness in law of a £ g(T,—u)yejo,r.)-BM
on a sphere. O

We have essentially used the conformality of this family of metric, that does not
change the martingale family. Even if the beginning manifold is strictly convex,
this is not the case in general. But we will see, in the next section, that the result
is also true.

3 Kendall-Cranston Coupling

In this section the manifold M is compact and strictly convex. The goal in this
section is to prove the uniqueness in law of the ¢(7,. — ¢)-BM. This section will
be cut in two parts, the first will be a geometric result inspired by the work of
Huisken, the second will be an adaptation of the Kendall-Cranston coupling. We
will, by a deterministic change of time, transform a g(7,. —t)-BM (the existence of
which comes from proposition 2.5) into a §(t);—c,0-BM which has good geometric
properties.

Remark : In the two last sections in [14], Huisken considers, like Hamilton
for the Ricci flow, the normalized mean curvature flow. That consists in dilating
the manifolds M, by a coefficient to obtain constant volume manifolds. He obtains
a positive coefficient of dilation () that satisfies the following property.

Theorem 3.1 [14] .
For allt € [0,T.[, define F(.,t) = ¢(t)F(.,t) such that [ djiy = |Mol|, and
t(t) = fg Y2(7)dr, then there exist several positive constants 6,C such that:

i) T, = o0
i) Humao(t) — Hypin (1) < Ce™t
iii) |2gi;(f)] < Ce™?

w) §ij(t) — Gij(c0) when t — oo uniformly, for the C*° — topology, and the
convergence is exponentially fast.
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v) g(o0) is a metric such that (M, G(c0)) is a sphere.
We will now give the change of time propositions.
Proposition 3.2 Let ¢ : [0, T.[—]0, c0[ as above, t defined by:

t:[0,T.] — [0,00]
t — fgi/JZ(T)dT

for all t € 0, 00], define
g(t) = (E (1)t (1),

where g(t) is the family of metrics coming from a mean curvature flow, and X; is

g(t)-BM . Then:
t— Xiay is a g(t)-BM defined on [0, oo[.

proof :
~ Let f € C®(M):

(X)) = 3 fo o Agis) f )dS
=3 Ao d Kiea)E) (5)ds
= 2f0 tl()gtl(s f(th )
Using
PEH ) (s) = 1,
we obtain: 1 )
) =)
(|

Proposition 3.3 Let X/, with t €]0,T,], be a g(T.—t)-BM. Let T be defined by:

7:0, 7. — ]—~O0,0]
t — —t(T —1).

Let g(t) be defined by:
9(t) = (T = 771 () g(T. — 771(t)) Yt €] = 00,0].
Then:

t X[y, is a §(t)-BM.
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proof -
Let f € C*(M) and s < t,

1t
3 fT—l((s)) Ag(r—u f(Xy¢)du
t _
%fs Ag(Tc—Tfl(u))f(Xz’fl(u))(T Hu))'(s)du
1 1t T.
5 fs A(T,f),(u)g(Tc*T_l(“))f(XT_l(U))du'

FOXe ) = F(X )

i< i i

We have —(T, — 77'(u)) = u, and

(N (wX(T. — 7 () = 1.
We obtain

M

1 t
Te Te Te
FX o) = F(X5) = 5 / ATt (w)g(Te—r—1 ) [ (X750 )du

1.e.
FXTE ) = X ) Z 5 [ Dgunf(X]E,))du.

O

Remark : By the above theorem 3.1, we know that g(¢) tends to a sphere metric
as t goes to —oo. The above proposition transforms “two” g(7,. — t)-BM into “two”
g-BM so we will use the standardization of the metric into sphere metric and also
the large time interval to perform the coupling.

Let 7, be a plane in T, M and ¢(t) be a metric over M, we denote by K (t,7,)
the sectional curvature of the plane 7, according to the metric g(t). We will now
give a few geometric lemmas that will be used later, for simplicity we will take
positive times.

Lemma 3.4 Let g(t) be a family of metrics on a manifold M, and g(co) a metric
that makes M into a sphere, suppose that:

i) g(t) — g(o0) uniformly, when t — oo for the C*° —topology exponentially
fast, i.e.: ¥Yn € N,V multi-indices (iy, ..., i) such that > i = n,3C,, 0, >
0, such that:

0” an
gt = —— .. < ot
|8X21sz g”( ) 0X,1sz Yij (OO)| = Cne

i) 36,C" > 0 such that |2 g;(t)] < Ce

iii) voly(y (M) = voly(o)(M)
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Then:
for all € > 0, there exists T € [0,00[, 3C,cst,cst; € RY and ¢,(cst, V) > 0
such that, Vt € [T, 00| the following conditions are satisfied:

i) for all x in M and for all plane 7, C T, M, | K(t,7,) — cst |<e.

i) |pt — poolarsar < cstie™

iii) p)(z,y) == Lp(z,y) < C in a compact CC of M x M,

where the constant cst, comes from the radius of M with respect to g(o0), pi(z,y)
is the distance between x and y for the metric g(t), and

™

CC ={(z,y) € M x M, s.t. ,Cn(est, V), vt > T},

proof :

Let us prove i).
Curvatures are functions of second order derivatives of the metric tensor. We give
the definitions of curvatures tensors, to make this point clear. Conventions are
as in [20],[18],[17], in particular, we use Einstein’s summation convention.. For
a metric connection without torsion (Levi-Civita connection), we recall standard
definitions:
-the Christoffel symbols:

1 0 0 0
Ik = Z g D+ =gy — —— G
1] 29 (8xlgjl+ 8ﬂf]gl axlg])

-the (3,1) Riemann tensor:
R(X,)Y)Z =VxVyZ —VyVxZ -V xy|Z
-the (4,0) curvature tensor:
Rn(X,Y,Z,W) = (R(X,Y)Z,W)

-the sectional curvature:

K(X.y) = Fm (XYY )
XY R - (XY

We see that the sectional curvature depends on the metric and its derivatives up
to order two, so Vo € M, for all plane 7, C T, M,

lim K(t,7,) = cst.

t—o00
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Also, for all € > 0, there exists T such that V¢t > T, for all x in M and for all plane
T C T, M,
| K(t,7,) — cst |[< e.

For the third point iii):
for (z,y) € CC, where CC is defined above, we will show that we have the unique-
ness of minimal ¢(t)-geodesic from z to y, for all time ¢ > T, because we have
the well-known Klingenberg’s result (e.g. [13] page 158) about injectivity radius
of compact manifold whose sectional curvature is bounded above. To use Klin-
genberg’s lemma, we have to bound the shortest length of a closed geodesic. We
will use Cheeger’s theorem page 96 [3]. Since by the convergence of the metric, we
have the convergence of the Ricci curvature, we obtain that they are bounded by
the same constant. We obtain, using Myers’ theorem that all diameters are then
bounded above. The volumes are constant so bounded below, all sectional curva-
tures of M are bounded in absolute value from above. So by Cheeger’s theorem
there exists a constant ¢,(K,d,V) > 0 that bounds the length of smooth closed
geodesics. Hence, for large time, using Klingenberg’s lemma, we get a uniform
bound , in time, of the injectivity radius (i.e min(wﬁ, cn(est, V).

So for all t > T, there exist only one g(t)-geodesic between z and y, we denote

l‘g . Let E(y fo ) yds be the energy of the geodesic where Ls) =
657( s), Pt(if Z/) E(y ) We compute

at|t toE(’Yt)

fo 8)> 7 lt=to9( t)ds

2f0 Dt‘t t038’7t< )785 ( >>g(to)d8
)
"

2(le=topr(,9)) (pe(, )

\ @

+
» o

= fO S) %t tog t)ds
+ 2f0 Sat|t to”Y 3) ( )> (to)ds

Let X = 2|,-,7'(s) be a vector field such that X(z) = OTZM,X(y) = Or, 5
because we do not change the beginning and terminal point. The covariant deriva-
tive is computed with the Levi-Civita connection associated to g(ty). Hence we
obtain:

! 0 t 9 to ' 0 to
] <Dsa|t:t07 (5)7$7 (S)>g(to)d‘9: o <V"yt0(8)X7 %7 (S)>g(t0)d37

also:

0 0 0
<V tO(s ' Ds 7 ( )> (to) — §<X7 %Vt(}(‘s»g(to)’

because the connection is metric and 7% is a g(tg)-geodesic. Hence
1
0 0 0
| 52 5 6ot = X, 5y ol = 0
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Finally, we obtain:

0 1

ah:topt(ﬂ?,y): )/ Wto(s)v7t0(3)>%\t:tog(t)ds' (3.1)

2pt0 (33' 1Y) Jo

We will now control the second term in the previous equation. By the exponential
convergence of the metric, we could assume that the time is in the compact interval
[0,1]. The manifold is compact, so we have a finite family of charts (indeed, we
may assume that we have two charts, because the manifold has a metric which
turns it into a sphere). The support of this chart could be taken to be relatively
compact, and in this chart we can take the Euclidien metric i.e (0;,0;)p = 55 . This
is not in general a metric on M. For the simplicity of expression, after taking the
minimum over all charts we may assume that we just have one chart. Let S; be a
sphere in R™ with the Euclidean metric. The functional:

0,1] xS xM — R
(t,v,2) —  g;(t, x)v0;

reaches its minimum C' > 0, so:
IT||e < CHIT ||y, Yt € [0,1],VT € TM.
Hence, for the equation (3.1) we get the estimate:

— 1 . .
st O™ Jy [ (310(5). 4% (5) ] ds

mcl(c)fleﬁto 01 (7*0(5), 7 (8))g(to)
1CH(C) e,

% |t=t0pt ('Ta y)
ds

(VAN VAN VAN

This expression is clearly bounded.
For the second point ii),
let z,y € M take 7 be a g(oo)-geodesic that joins = to y. Then we have, on the
one hand,
P, y) = P2z y) < fy (Baols ): Foo($))a(0)-a( oo)ds
Ciste™ [ 400 ()12 oo
Cste™ 5tdzam ooy (M )

IA A IA

where the constant changes and depends on the previous constant. On the other
hand, we have:

Pi(r,y) = pRy) < fo (3 (5)) g(00)—a(t)ds
i fo P ()12

C'ste~%diam? (M)

cstie %,

g(t)

VANVANVANRPAN
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for some constant cst; , and we use Myers theorem for the last inequality to get
a uniform upper bound of the diameter (because all Ricci curvature are uniformly
bounded).

We get exponential convergence of the length.

O

We will now show uniqueness in law of a g(7T. —t)-BM. By proposition 3.3, this
uniqueness is equivalent to uniqueness in law of a §(t);—cc,0-BM. This family of
metrics, §(t), satisfies:

g(t) — g(—o0) for the C*°-topology.

Let Z',Z? be two g-BM)_oog and N << T where T is the time of the lemma
3.4, i.e the time up to which all bounds of the lemma are under control. Geometry
before this time is similar to the geometry of the sphere. So the result of uniqueness
in law for Brownian motion defined in a product probability space, indexed by R
in a compact manifold (e.g. [6],[1]) could give the heuristics to our results. As
we can see in [4] the g(t)-stochastic development and the g(t)-horizontal lift of a
g(t)-BM is well defined.

We will consider a new process Zy, equal in law to Z? after N and equal to Z°
before. In the sequel we will note Z} for Z]?{Ct. The construction, after time N, will
be given by localization in a stochastic interval.

Let T = N, and for all t < N, Z3,, = Z}.

1) we will let Z? evolve independently of Z}! i.e. Z2 is a g(T3" +.)-BM which starts
at Z:?;é\, and the R™-valued Brownian motion that drives Z} will be independent

with the one that drives Z}.
T Cn(d,K,cst—e)
Let TY = (N + ) ANinf{t > T}, p(2},2}) < Y<=——2} AT. The
constant € is just taken to be small enough.
Let Cy =inf{t > N, Z} = Z}}.
2) At time T}V:

x Cn(d, K, cst—e)

o if pry (Z%IN,Z%N) < et 2 , these two points (Z%N and Z%lN) are
close enough to make mirror coupling. The distance between these two points
is strictly less than the injectivity radius i, (A/), hence we have uniqueness
of the geodesic that joins these two points. After TV and before Cly, we build

Z} as the g(T!Y + .)-BM that starts at Z3,y, and solves:
1

*dZy = U} x d((U) " 'miy Uy eidWy)

and after Cly,
Z7P=7! Oy<t,

17



where U} is the horizontal lift of Z32, to be correct we have to express a system
of stochastic differential equations as in Kendall [19], U} is the horizontal lift
of Z!, and dW/ are Brownian motion that drives Z/, the mirror map m/,
consists in transporting a vector along the unique minimal g(t)-geodesic that
joins z to y and then reflecting it in the hyperplane of (7,,M, ¢(t)) which is
perpendicular to the incoming geodesic.

By isometry property of the horizontal lift of the g(¢)-BM (see [4]),
(UF) " migy 53Uy dW,

is an R"-valued Brownian motion.
T /\Cn(d,K,cstfe)

Let T3 = (TY + ) Ninf{t > T, p(Z},2}) > L=t 2 AT ACy.

T Cn(d,K,cst—e)

3 cstte 2 N _ N
ZTIN) > e then T," =1T7".

Ny
Tl

Iterate step 1 and 2 successively (changing T by T2 and TN by T in step 1,
changing T by T3" and T} by T} in step 2 ..., after time 7" if we have no coupling,
we let Z3 evolve independently of Z! until the end), we build by induction the
process Z7 and a sequence of stopping times. We sketch it as:

° lfCN<T

independent coupling independent coupling Z3=7]}
Ty TR N TS Ny IR N TN L Oy TS0

o if Cy>T

independent coupling independent coupling independent
/N i B Ay i A A |

Proposition 3.5 The two processes Z3 and Z? are equal in law.

proof : It is clear that before N the two processes are equal so equal in law.
After:
78— 72,

xdZ} =, Ube;x dB', when t € [Ty), Ty 1] and Ty, < Cy
xdZp =, UP * d((Uf’)_lmtzg,zthtl)eithz, when t € [T, ,, Toy.), and Tyy , < Cy
Z}=7},Cy <t
We write: 5 - s
Zy = Yo ﬂ[T,y,T,ﬁl](t) * dZ
= Zk:even et Zk:odd

18



Let f € C°°(M) then we have:

for even k:
dM

df (L oy 1 () * dZ}) () Ag00) f(Z7)dt

1N N
[T Tt

N | —

for odd k:
1
AUy 0+ dZ8) = Sl Do (2t

So Z3 and Z? are two diffusions with the same starting distribution and the
same generator, hence they are equal in law. For the gluing with Z! after Cy this

is just the strong Markov property for (¢, Z). O
Proposition 3.6 There exists a > 0 such that:

1
IP’(TlN—N<§)>oz

proof : By the C*°-convergence of the metric we get:

Vt < T, |A§(t)f — Ag(_oo)f| < éeét

where the constant comes from Theorem 3.1, and the derivative of f up to order
two. We also obtain, by lemma 3.4, for a constant €5 that will be fixed below:

Pt = Poo| < €2
Over the sphere (M, g(—o00)), we have by ordinary comparison theorem:
Ag(—o)p-o0() < (n)cot(p-oo()).

We can suppose after normalization that the radius of the sphere (M, §(—o0)) is
one, Radius_oo(M) =1 (i.e. est =1) in 3.4. We deduce from above that:

Agps(@) < (m)cot(p_o(a)) + Ce™.

Cn(d,K,cst—e)
2

s

SO:

In [N, T}, we have p,(Z}, Z}) > Y]

T A Cp(d,K,cst—e)
o 4 : _62Spt(Ztlvzg)_@Sp*oo(Ztl’Zb =7
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T Cn(d,K,cst—e)

We can choose ¢, €; such that, L+——722 — €3 > 3> 0. We obtain:

cot(p_oo(Z}, Z3)) < cot(p),

and
Njp-oo(Z, )(Z}) < (n)eot(B) + Ce',

(recall T << 0) The progression of Z? and Z' are independent between [N, T7V]
hence: .

(Z!, Z?) is a diffusion with generator §(Ag(t)71 + Ag),2)
ie.
1 1 3 3\ (71
5 (Bawp-oo(Zs NZ0) + Dgiyp—oo (- 27)(Z;) )t
where M, is a local martingale, so

dp-oo(Z}, Z7) = dM, +

dp_oo(ZY, Z3) < dM, + (cot(g) + et

Let us compute the quadratic variation of this local martingale, i.e:
(M, M), = dp_oo(Z;, Z)dp-oc(Z}, Z7),
with:
dp_oo(Z}, Z2) = dp_oo(Z}, ) % dZ2 + dp_oo (., Z2) % dZ}. (3.2)
Let v_oo(Z2, Z1)(s) be the minimal §(—o0)-geodesic beetwen Z? and Z} that exists

and is unique almost everywhere because Cut_,,(M) is a null measure subspace.

We denote: . -
1 '7—00(Zt , Zi )(0)

vV, = — .
b -2, Z)(0)ll(-o0)

We complete v} with vl to get a §(—oo)-orthonormal basis. We rewrite xdZ} as:

xdZ} = Z Ule; * dB'
= Z(Ufei,vg)g(_m)v{ * dB"

i,J
Hence by Gauss lemma, we obtain:
dp_oo(Z}, ) % dZ3 = de_ ,)Ule; * dB°
— de oo(Z}, N UPes, v])5(— ooyt * dB'

= de,oo (Z¢, ) (Ui o) g(—ooyvy * dB'

= Z(Uf’ei, U )g(—o00) * AB".

%
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It follows that:

(Ap-oolZL,) % AZ3)(dp-wa(Z1,) % dZ2) = S (Ules, 0l)2 oyt
By the exponential convergence of the metric,
(Ules, v))5-00) = (Upes, 0] )50 — CT,
hence:

Z(Utei, vt1>§(700) > Z<Ut€i; Ut1>§(t) —2CeT Z(Utei,vbg(t) + n(Ce’T)?

HUtlH?;(t) — 20 Z<Ut€i7 v s +n(Ce’T)?

v} 12 — 2C€” nl[v} |30 + n(Ce’™)? Schwartz

> ([ lg(-o0) = CeT)? = 20 n([[0f [|(—o0) + Ce’T)
+ n(CeT)?
> 1—CeT(2 = CeT +2(n +nCe®T) — nCe?)
1
> — for a small enough T.
2

The independence of Z} et Z? gives,

d(My, My) = (dp-oo(Zy,.) * dZ7)(dp-oo(Zy ) * dZ})
Hdp-oo(-; Z7)) * dZ;) (dp-oo(-, Z7)) * dZy)

hence
d{M;, M) > 1dt.
s Cn(d,K,cst—e)
For simplicity write § = ~+——2 , it follows from (3.2) that:
N ].

P(Tl —N< 5)

=Pt € [N,N+1/2] st. p(Z},Z}) <0

>P3t € [N,N +1/2]st. p_oo(Z},22) <0 —¢3)

>P(3t € [N,N +1/2] s.t. 7+ M, + (cot(8) + Ce®T)(t — N) < 0 — &)

>a>0.

For the last step, we use the usual comparison theorem for stochastic processes
(e.g. Tkeda and Watanabe [15]). O
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We will now show that the coupling can occur between [T7¥, T3] in a time smaller
than 1.
2

Proposition 3.7 There exists & > 0 such that:
1
P(Cy < (T + 5) AT > a

proof : Between the two times 7" and T.', we have mirror coupling between Z}
and Z2. Asin [19, 5] we have:

1 n
dp( 2}, 2}) = (20, Z))dt + 2B, + 5 D 1T JTj)dt
=2

«dZy = U} x d((U)"'mip 5aUyeidWy),
Where:

-0; is a standard real Brownian motion.

v(Z}, Z})(s) the minimal §(t) geodesic between Z} and Z3.

-(9(Z¢, Z$)(0), ei(t)) a g(t)-orthonormal basis of T M.

- J(s) the Jacobi field along 7 for the metric g(t), with initial condition Jf(0) =
ei(t) and JH(p(Z}, Z3)) = ) ’%21 236 ei(t) i.e. the parallel transport for the metric
g(t) along 7, that is an orthogonal Jacobi field .

-I' is the index bilinear form for the metric g(t).

Between the times T} and T2V, we have:

Cr(d,K,cst—e)

T_ A
pt(Ztl,ZE> S \/cst-i—e 2 2

So by 3.4, there exists a constant C' such that:
pi(z,y) < C.

We have to show that between the times T}" and T4,

Zﬁ (J, Jh

is bounded above. We note r = p,(Z}, Z}), and v for . Let G(s) be a real-valued
function and K} be the orthogonal vector field over v defined by:

Ki(s) = G(s)(J7"ei(t))(s)
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where G(0) = G(r) = 1. We have:
IV K ()50 = (G)*.
By the index lemma (e.g. [20]), we deduce:
I'(J}, Jf) < I'(KY KD,

and
(KL KD = / (D!, DuK g0y — Rongt (B0 34 K,
0

where R, 5 denote the (4,0) curvature tensor associated to the metric g(t).
Hence:

n n r

S IKLEY = 3 [ (DKLDK st~ Fongio (K77 KD
=2 i=2 /0
= 3 IV Ky = B (L35 KOs
1=2

_ /O (0= 1)(G)? — (G Ricy(3,4)ds

< <n—1>/0r<<é>2—<a>2<1‘6

n—1

))ds.

For performing the computation, we impose to G to satisfy the O.D.E:

G0) = G(r) = 1
G+(:=)G=0

n—1

We notice that:
1—c¢

n—1

(G)? = (GP(—)) = (GG,

and the solution of this O.D.E is given by the function:

1 — cos(y/=57)
1-— n— 1-—
G(s) = cos( 63) + ' sin(y / 6s).
n—1 sin( i:ir) n—1
This function does not explode for r in [0, ; F—], and,
n—1

&) — (G)(0) = —24) == tan( i
(G)0) ~ (@)0) = ~2/ = ran(V2T)



Hence

iﬁ(ﬂ 71 < —9(n— 1)) 2= tan(L) < )
o= n—1 2 -

i=2
We get:
dp(Z}, Z) < Cdt + 2d,.

After conditioning by Frx we get the following computation:
P(Cy < (TT + 3) ATYY)
=Pt € (T, (T + 3) AT ] s.b. pe( 2, Z7) = 0)

T Cn(d,K,cst—e)

>P(3tel0,3]st. Ct+20+ F—7" =0

T Cn(d,K,cst—e) T /\Cn(d,K,cstfe)
and supgc,<,(C's + 203, + LH=——7— ) < M2
>a > 0.

U
a2
Remark : A better & could be found with a martingale of the type e®’~ .

Theorem 3.8 Let (M, g) be a compact, strictly convex hypersurface isometrically
embedded in R"™, n > 2, and (M, g(t)) the family of metrics constructed by the
mean curvature flow (as in 1.3). There exists a unique g(T. —t)-BM in law.

proof : Let X} and X? two g(T. — t)-BM , by a deterministic change of time
we get two g(t)-BM that we note Z} and Z?. Let N < T << 0, as above we build
Z3% 4, we obtain Z3, = Z7 in law. Let k = E(T — N), where E(t) is the integer
part of . We have by construction:
P(3t € [N,T], st. Z%,=Z}) >P(3t € [T({V,sz}i], s.t. 2%, = Zt).
Let F be the natural filtration generated by the two processes, by propositions 3.6,
3.7 and strong Markov property we obtain:

P(3t € [N, Ty s.t. Z3, = Z})
>P(TYN <3+ N;Cy < (TN +HATY)
=E[P(Cy < (T + ) AT | Frp) Lyl
> &E[ﬂTf\’S%-&-N]
> aa > 0.

By successive conditioning (by Fr, ) we get:

[SPTIRE

Pt e [TV, TN st. 2%, = Z1) < (1 — aa).
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Let fi...f;m € By(M) (bounded Borel functions ) and t < t; < ... < t,, <0,

BLf(Z),)- - fm(Zy,) — [iU(Z8)- fin(Z2)]]
= |E[f1(Zt11>-~fm(Ztlm) - fl(Z]?{Ltl)'“fm(Z]?{f,tm)H
< E“fl(Ztll)'“fm(Ztlm) - fl(Z]%/,tl)"'fm(Z]%/,tm”]thlyéZf’v’t]
<2 filloo- N fmlloP(Z¢ # Z3)
= 2[| filloo-- [l fmllooP(Pu € [N t], 5.8, Z, = Z5,)
<2 fllooe [l fnlloo (1 = ) PN

We get the result by sending N to —oo. O

As application, we give uniqueness of a solution of a differential equation with-
out initial condition.

Corollary 3.9 Let (M, g) be a compact, strictly convex hypersurface isometrically
embedded in R"™, n > 2, and (M, g(t)) the family of metrics constructed by the
mean curvature flow (as in 1.3). Then the following equation has a unique solution
in 10, T.], where T, is the explosion time of the mean curvature flow.

{ h(t y) + H2<T - t, y>h(t7 y) - %Ag(Tc—t)h@a y) (33)
fM Tcay dMO =1

proof :  Existence: let X]%T] be a g(T. — t)-BM with law at time ¢, h(t,y)dpr, ¢
Then the law satisfies the equation (3.3), it is a consequence of a Green formula
(compare with the similar computation for the Ricci flow in [4] section 2).

Uniqueness: let 7 be a solution of (3.3), and v} be a non-increasing sequence
n |0..7,] such that limy_ ., vx = 0. Take a M-valued random variable XV~
ﬁyk djir,—y, , define the process:

P g(T. —t)-BM(X¥)  for t € [1,..T,]

By the similar argument as in section 2, we deduce the tightness of the sequence
X7 let X be a limit of a extracted sequence (also noted by vy). It is easy to see
(by uniqueness of a solution of S.D.E, and of P.D.E with starting function) that

X l(/’;/ X ( for times greater than v, and &' > k . Sending &’ to infinity, we obtain
Y(,) £X* 0 for times greater than ;. Note also that for t > v

X5 £ 9T — )-BM(X}") £ g(T. - )-BM(X,).

Hence X is a g(T, — t)jo.7,) Brownian motion. For ¢ > v, we have

7t £ ytyk ~ iltd,UTc—t
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By uniqueness in law of such process, we get the uniqueness of the solution, hence
h=h.0O

References

1]

4]

5]

(6]

7]

8]

9]

M. Arnaudon. Appendix to the preceding paper: “A remark on Tsirelson’s
stochastic differential equation” [in séminaire de probabilités, zxxiii, 291—
303, Lecture Notes in Math., 1709, Springer, Berlin, 1999; MR1768002
(2001e:60111)] by M. Emery and W. Schachermayer. Natural filtration of
Brownian motion indexed by R in a compact manifold. In Séminaire de
Probabilités, XXXIII, volume 1709 of Lecture Notes in Math., pages 304-314.
Springer, Berlin, 1999.

Marc Arnaudon, Kolehe Abdoulaye Coulibaly, and Anton Thalmaier. Brown-
ian motion with respect to a metric depending on time: definition, existence
and applications to Ricci flow. C. R. Math. Acad. Sci. Paris, 346(13-14):773—
778, 2008.

Jeff Cheeger and David G. Ebin. Comparison theorems in Riemannian ge-
ometry. North-Holland Publishing Co., Amsterdam, 1975. North-Holland
Mathematical Library, Vol. 9.

A. K. Coulibaly. Brownian motion with respect to time-changing riemannian
metrics, applications to ricci flow. Preprint http://arxiv.org/abs/0901.1999v1.

M. Cranston. Gradient estimates on manifolds using coupling. J. Funct. Anal.,
99(1):110-124, 1991.

M. Emery and W. Schachermayer. Brownian filtrations are not stable under
equivalent time-changes. In Séminaire de Probabilités, XXXIII, volume 1709
of Lecture Notes in Math., pages 267-276. Springer, Berlin, 1999.

Michel Emery. Stochastic calculus in manifolds. Universitext. Springer-Verlag,
Berlin, 1989. With an appendix by P.-A. Meyer.

L. C. Evans, H. M. Soner, and P. E. Souganidis. Phase transitions and gener-
alized motion by mean curvature. Comm. Pure Appl. Math., 45(9):1097-1123,
1992.

L. C. Evans and J. Spruck. Motion of level sets by mean curvature. II. Trans.
Amer. Math. Soc., 330(1):321-332, 1992.

26



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

18]

[19]

[20]

[21]

22]

L. C. Evans and J. Spruck. Motion of level sets by mean curvature. I1I. J.
Geom. Anal., 2(2):121-150, 1992.

L. C. Evans and J. Spruck. Motion of level sets by mean curvature. I |
MR1100206 (92h:35097)]. In Fundamental contributions to the continuum
theory of evolving phase interfaces in solids, pages 328-374. Springer, Berlin,
1999.

Lawrence C. Evans and Joel Spruck. Motion of level sets by mean curvature.
IV. J. Geom. Anal., 5(1):77-114, 1995.

Sylvestre Gallot, Dominique Hulin, and Jacques Lafontaine. Riemannian ge-
ometry. Universitext. Springer-Verlag, Berlin, third edition, 2004.

Gerhard Huisken. Flow by mean curvature of convex surfaces into spheres. J.
Differential Geom., 20(1):237-266, 1984.

Nobuyuki Ikeda and Shinzo Watanabe. Stochastic differential equations and
diffusion processes, volume 24 of North-Holland Mathematical Library. North-
Holland Publishing Co., Amsterdam, second edition, 1989.

Jean Jacod and Albert N. Shiryaev. Limit theorems for stochastic processes,
volume 288 of Grundlehren der Mathematischen Wissenschaften [Fundamental
Principles of Mathematical Sciences|. Springer-Verlag, Berlin, second edition,
2003.

Jiirgen Jost. Harmonic mappings between Riemannian manifolds, volume 4
of Proceedings of the Centre for Mathematical Analysis, Australian National
University. Australian National University Centre for Mathematical Analysis,
Canberra, 1984.

Jiirgen Jost. Riemannian geometry and geometric analysis. Universitext.
Springer-Verlag, Berlin, fourth edition, 2005.

Wilfrid S. Kendall. Nonnegative Ricci curvature and the Brownian coupling
property. Stochastics, 19(1-2):111-129, 1986.

John M. Lee. Riemannian manifolds, volume 176 of Graduate Texts in Math-
ematics. Springer-Verlag, New York, 1997. An introduction to curvature.

H. Mete Soner and Nizar Touzi. A stochastic representation for mean curva-
ture type geometric flows. Ann. Probab., 31(3):1145-1165, 2003.

Daniel W. Stroock and S. R. Srinivasa Varadhan. Multidimensional diffusion
processes. Classics in Mathematics. Springer-Verlag, Berlin, 2006. Reprint of
the 1997 edition.

27



