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We develop a stochastic target representation for Ricci flow and normal-
ized Ricci flow on smooth, compact surfaces, analogous to Soner and Touzi’s
representation of mean curvature flow. We prove a verification/uniqueness
theorem, and then consider geometric consequences of this stochastic repre-
sentation.

Based on this stochastic approach, we give a proof that, for surfaces of
nonpositive Euler characteristic, the normalized Ricci flow converges to a
constant curvature metric exponentially quickly in every Ck-norm. In the case
of C%and C 1_convergence, we achieve this by coupling two particles. To get
C 2-convergence (in particular, convergence of the curvature), we use a cou-
pling of three particles. This triple coupling is developed here only for the
case of constant curvature metrics on surfaces, though we suspect that some
variants of this idea are applicable in other situations and therefore be of in-
dependent interest. Finally, for k > 3, the C k -convergence follows relatively
easily using induction and coupling of two particles.

None of these techniques appear in the Ricci flow literature and thus pro-
vide an alternative approach to the field.

1. Introduction. In [43], Soner and Touzi give a characterization of various
extrinsic geometric flows (with ambient space R"), including mean curvature flow,
as stochastic target problems. More specifically, they introduce the relevant tar-
get problems and then prove associated verification theorems, namely theorems
showing that if the curvature flow has a smooth solution for an interval of time
t € [0, T'), then the solution agrees with the solution to the stochastic target prob-
lem on this interval. In the first part of this paper, we develop a similar character-
ization of Ricci flow (and normalized Ricci flow) on compact surfaces, including
the relevant verification theorems (see Theorem 3). We then briefly discuss time-
dependent bounds on the solution to both normalized and un-normalized Ricci
flow and estimates on the blow-ups of solutions to Ricci flow in the cases of
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nonzero Euler characteristic, all obtained from the stochastic formulation of the
flow. In the remainder of the paper, we use this stochastic representation to prove
that, for a smooth, compact surface of nonpositive Euler characteristic, given that
a smooth solution to the normalized Ricci flow exists for all time (which is well
known from the literature), it converges to a constant curvature metric exponen-
tially fast in C*° (see Theorem 22 for a precise statement).

Ricci flow on smooth, compact surfaces is essentially completely understood as,
for instance, [13, 14, 24]. Nonetheless, one feature of our approach is that prob-
ability often provides an appealing intuition, as in the case of Brownian motion
and heat flow. Thus, if Ricci flow is thought of as a kind of “heat equation for
curvature,” it is natural to want to extend the analogy to include a diffusion in-
terpretation. For example, it is nice to see the convergence of a manifold under
normalized Ricci flow to a constant curvature limit as the equi-distribution of the
metric, and as a result of the curvature, from a probabilistic perspective.

More generally, one might ask about the potential merits of developing stochas-
tic techniques for Ricci flow (or other curvature flows). One obvious point to be
made here is that one gets a representation of the solution and, at least in the the-
ory of linear second-order PDEs, this has turned out to be extremely versatile in
extracting properties of the solutions. As we will see, the stochastic tools we em-
ploy are good enough to give a different proof of a main result in the theory of
Ricci flow on surfaces with the bonus that we see the “averaging property of the
curvature” as a consequence of coupling, which is a probabilistic manifestation of
ergodicity. Another motivation for such an endeavor is that the stochastic target
formulation is fairly insensitive to regularity, and thus potentially useful in formu-
lating notions of weak solutions. Indeed, in a second paper, Soner and Touzi [42]
show that generalized solutions to various extrinsic curvature flows can also be un-
derstood in terms of stochastic target problems. Also stemming from these ideas,
we note that stochastic approaches to PDEs can lend themselves to the develop-
ment of probabilistic numerical schemes (as in [21]), but we do not touch this
subject here.

Our framework is not the most general one. We presumably could have worked
in a little more generality, but to keep the ideas as appealing and clear as possible,
we decided to study surfaces, which are the traditional starting point for studying
Ricci flow.

We point out that, as noted in [12], stochastic target problems of certain kind
are equivalent to second-order backward stochastic differential equations. As dis-
cussed there, second-order backward SDEs are natural stochastic objects to asso-
ciate with fully nonlinear PDEs. Thus, one could presumably recast the results of
this paper in those terms. Nonetheless, we have chosen to adopt the stochastic tar-
get approach because it seems more geometrically intuitive and visually appealing,
and because it puts Ricci flow and mean curvature flow in a similar framework.

There are few papers on stochastic analysis and Ricci flow, for instance,
[1, 2, 15, 32-34]. The ones that are somewhat closer to our work are [1] and [15].
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These papers investigate the Brownian motion (and the associated parallel trans-
port) with respect to a time changing metric on a manifold of any dimension, not
only on surfaces. Using stochastic analysis, they also develop a Bismut-like for-
mula to represent the gradient of solutions to heat-type flows with respect to the
time-dependent metric. In particular, this leads to gradient estimates for the corre-
sponding solutions.

We use in this paper a different tool, namely couplings. Coupling is a very useful
thing and has been successfully used in a variety of situations. There is a large body
of research on this and we will point out only some selections without any claim of
completeness on the subject. One of the most useful on is the mirror coupling of
Brownian motions introduced by Lindvall and Rogers in [36] in the Euclidean
setting and by Cranston [16] and Kendall in [27] on manifolds. Different types
of couplings, as, for instance, the synchronous coupling appearing in [9, 18, 19]
and shy coupling which is treated in [7, 8, 30] or even fixed-distance couplings on
manifolds in [37]. There are lots of applications of the coupling in geometric and
analytic problems as it can be seen from an excerpt of the literature in [3—6, 27-30,
38-40].

One of the main techniques in the present work is the mirror coupling applied
to time changed Brownian motions. It turns out to be an extremely fruitful tool for
proving estimates in the context of Ricci flow. Though the coupling and the Bismut
formula produce in several cases similar estimates, particularly when it comes to
gradient estimates, we do not know how to get a nice and useful version of the
Bismut formula for the second-order derivatives. This is one of the reasons we
prefer to deal with the coupling techniques which reveals its full power. The idea
of dealing with the second-order derivatives comes from [17], where a coupling of
three particles is used to estimate second-order derivatives of harmonic functions
on Euclidean domains. This triple coupling indicated by Cranston uses a certain
symmetry to get a key cancellation in the estimation of the Hessian. This symmetry
is not surprising in the flat case. However, there are immediate technical challenges
for a similar construction on manifolds, and the way it works in the flat case does
not seem to work on arbitrary manifolds for the time changed Brownian motions.
Nevertheless, it turns out that we can construct such a triple coupling which has
enough good properties in the case of surfaces of constant curvature.

We continue with a few more observations about the present work. We do not
prove the existence of solutions to the target problem directly; rather, the verifica-
tion theorems proceed from the assumption that the Ricci flow admits a smooth
solution. In the case of normalized Ricci flow, we have long-time existence as
proved in [10] and [24]. However, an immediate consequence of such a verifica-
tion theorem is that the solution (to the flow) is unique.

In contrast to the standard proof of the convergence to constant curvature, we
deal directly with the metric itself (and its derivatives), rather than introducing an
auxiliary PDE satisfied by the curvature. We use uniformization to work with an
underlying metric which has constant curvature and is in the same conformal class
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as the initial metric. One might hope to extend these arguments to more general
situations, but for a first paper on this approach uniformization makes the analysis
cleaner and reveals the power of the coupling in a nice way.

The outline of the paper is as follows. We first describe the stochastic target
problem in Section 2 giving a fair amount of detail, since it is a somewhat non-
standard control problem. Then, in Section 3 we prove the verification/uniqueness
theorem, namely that, if there is a smooth solution to the Ricci flow (or normal-
ized Ricci flow) on some interval of time, then it agrees with the solution to the
stochastic target problem.

Section 4 is a short section showing how one can use the representation to prove
that the unnormalized Ricci flow develops singularities (in certain cases) either in
finite time or in infinite time. In Section 5, we develop the a priori bounds for the
stochastic target problem. As a consequence, we obtain the exponential conver-
gence in the C O_norm of the normalized flow in the case of x (M) < 0 [as usual,
x (M) denotes the Euler characteristic of M]. We also include a short discussion of
the blow up of the unnormalized Ricci flow in the cases x (M) > 0 and x (M) < 0,
which is in tune with the previous section’s findings, although this time assuming
uniformization.

Section 6 introduces and proves the main result on mirror coupling for the time
changed Brownian motions associated to the target problems. This coupling is well
defined for short times, but the main challenge is to show that the coupling extends
beyond the cut locus. This is done using the geometric structure of the cut locus on
surfaces of Euler characteristic less than or equal to 0. We should also point out that
there is a coupling of Brownian motions constructed with respect to time-varying
metrics (such as Ricci flow) in [32], but it differs from our situation here.

In Section 7, we start the main analysis of the convergence of normalized Ricci
flow. We prove the nontrivial fact that in Euler characteristic zero, the normalized
flow converges exponentially fast in the C-topology. This uses the result from
the previous section combined with the comparison of the distance process with
a Bessel process in order to estimate the coupling time. This is a fundamentally
probabilistic idea. Combining this result with those coming from the a priori es-
timates proves that, for nonpositive Euler characteristic, the flow converges in the
C°-topology exponentially fast.

The next task is to prove that the convergence takes place also in C!, or in other
words that the gradient of the metric converges exponentially fast. This is done in
Section 8, again using coupling. However, the point here is a little different. We
use the coupling for particles started close to one another and estimate the coupling
time in terms of the gradient of the metric (more precisely the conformal factor of
the metric) and the initial distance. This in turn yields a functional inequality sat-
isfied by the C%-norm of the gradient which is contained in Lemma 12. It turns out
that this functional inequality is strong enough to produce the exponential conver-
gence.
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Going forward, Section 9 is dedicated to the triple coupling used in a crucial way
for the Hessian estimates. We exploit in an essential way the constant curvature
properties of the underlying metric. We have two mirror coupled particles x and
y and another middle particle z which is moving on the geodesic between them
which is described by the distance p; from z to x, or alternatively, the distance p»
from z to y. One of the main interests is the symmetry with respect to swapping o
and p;. The other thing thrust of the investigation is as follows. Assuming that x
and y are time changed Brownian motions, we study the conditions under which z
is a time changed Brownian motion with a drift. This is a key point in the Hessian
estimates.

Section 10 covers the Hessian estimates. Here, we use the results from the pre-
vious sections, for instance, the exponential decay of the flow in the C'-topology
and the triple coupling. As in the case of the gradient, we end up with a functional
inequality for the C%-norm of the Hessian as in Lemma 21. It turns out that this
suffices to conclude the exponential convergence.

The last section proves the C¥-convergence of the flow. This is done essentially
using the Ricci flow equation and induction. It is important to mention here that in
the flat case, we still use couplings.

A few words about the sphere case, which requires some finer analysis. There
are several obstacles we have to overcome. On one hand, the a priori estimates
give bounds which blow up in finite or infinite time. However, these estimates are
simply bounds of a stochastic differential equation in terms of the ODE in which
the martingale is killed off, and eventually can likely be refined. Further, in the
case of nonpositive Euler characteristic, there is a unique stationary solution to
the normalized Ricci flow with a given volume (in a given conformal class), and
thus one has to prove that the flow converges to this uniquely determined solution.
In the case of the sphere, this is not the case, and thus convergence is harder to
establish, because we do not know beforehand toward which stationary solution
the flow wants to converge (this is related to the issue of Ricci solitons). Therefore,
the strategy we used in this paper for x (M) < 0 needs some refinements if it’s to
address the case of positive Euler characteristic.

2. Stochastic target formulation.

2.1. Ricci flow. Consider a smooth, compact Riemannian surface (M, h), that
is, M is a smooth, compact manifold without boundary of dimension two and /4 a
smooth Riemannian metric on M. Any other smooth metric in the same conformal
class as & can be written as g = uh for some smooth, positive function u. The
Ricci curvature of any metric metric g is given by

(1 2Ricg = Ryg =2K,g,

where R, is the scalar curvature and K is the Gauss curvature. The Ricci flow is
defined as the evolution of the metric g; according to

(2) 0:8ij = —2Ric;j,
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where Ric is the Ricci tensor. From this, it is easy to see that the Ricci flow pre-
serves the conformal class in two dimensions, and thus it becomes an evolution
equation for the conformal factor u,. In particular, the Ricci flow corresponds to u
evolving by

3) oy = Aplogu, — 2Ky,

where Kj is the Gauss curvature of (M, h). In passing from (2) to (3), we have
already used the fact that if g = uh, for two metrics, g and h, then (see [14],
Exercise 2.8)

1
“4) Ry =—(Rn— A logu),

where the Ay is the Laplacian with respect to the metric 4.

This is a nonlinear parabolic equation, and thus the usual probabilistic methods
of solution (diffusions, Feynman—Kac, etc.) do not apply. Instead, we will adopt
a stochastic target approach modeled on the approach of [43] to mean curvature
flow, as mentioned above.

To be more concrete, we assume that the initial metric on M can be written as
go = ugh for some smooth, positive u# and some metric 4. There are two natural
choices for h. Of course, we can let & = gg and ug = 1. Alternatively, the uni-
formization theorem, for instance, [23], Chapter 3, implies that there is a metric in
the same conformal class as gg which has constant curvature of —1, 0, or 1. Then
we can take & to be this metric, in which case g is determined by the condition
that go = ugh. We will find the flexibility of this set-up to be useful.

As usual, we also wish to introduce the normalized Ricci flow, which is defined
as

) 9:&ij = —2Rici;j +2rgij,

where r is the average of the Gauss curvature on M with respect to the metric g.
Weritten in terms of the conformal factor, this is

8[17![ = Ah lOgl/_t — 2Kh + 2rtﬁt.

Under this flow, the surface is continually rescaled to preserve the area. Indeed,
the Gauss—Bonnet theorem tells us that the integral of the scalar curvature is

/Kg dAg =21 x (M),
where x (M) is the Euler characteristic of M and A, is the area element of the
metric g. Consequently, if 7; is the average of the Gauss curvature for g;, then

271 5 (M)
rp=—
"7 area(M, g;)
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where area(M, g) stands for the area of M with the metric g. From here, a straight-
forward calculation gives that

atarea(M,gt)=8;fﬁ,dAh=f8tﬁ;dAh=—2/KhdAh+2rtfﬁ,dAh =O,

which shows that the area is preserved under this evolution and, in particular, r;
does not depend on ¢. Therefore, the flow (5) preserves the area and

27 x (M)

©) - area(M, go)

We can now translate (5) into an equation satisfied by the conformal change u; as
(recall that g; = uh)

(7) atlx_lt:Ahloglx_t—th —|—2rﬁt

with r the constant from (6).

As is implicit in the above, we see that the set of all smooth metrics (on M)
in a given conformal class corresponds to the set of smooth sections of a one-
dimensional bundle over M. More concretely, fixing a “reference metric” 4 and
writing any other (smooth) metric (in the same conformal class) as uh induces a
global coordinate u on fibers of this bundle making the total space E diffeomorphic
to M x (0, 00). Further, u is given as the composition of the lift from M to E
(corresponding to the section) with u. This helps to explain the notation: u is a
coordinate on the fibers, and u is the expression of a section in this coordinate.
Because our bundle admits natural global coordinates, we will almost always work
in these coordinates, and thus we will not have much occasion to consider sections
in a coordinate-free notation.

Viewed in this light, it is natural to introduce a new coordinate on the fibers.
Let p = (1/2)logu. Then any other metric in the same conformal class as & can
be written as g = e?”h for some smooth function p: M — R, which is given by
the composition of the lift M — E (corresponding to the section) with p. This
coordinate makes the bundle into a real line bundle. In particular, the metric A
corresponds to the zero section, and fiberwise addition corresponds to composition
of conformal changes. However, we will not need the vector space structure on
fibers in what follows; we really just view the fibers as having a smooth structure.
In terms of the coordinate p, the Ricci flow equation becomes

(®) 0 pr = e P (Anpr — Kn),
and the normalized Ricci flow equation becomes [see also [35], equation (1.3.1)]
) 0 pr = e P (Anps — Kn) +1,

with r the constant defined in (6), and thus depending only on the area of M with
respect to the initial metric gg.
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At this point, we see that there is a one-to-one correspondence between metrics
in the same conformal class as %, sections of E over M, and functions p (where
all of these objects are assumed to be smooth). Further, there is a one-to-one corre-
spondence between smooth sections and smooth hypersurfaces of E that intersect
each fiber once and do so transversely; under composition with p this is the same
as the correspondence between smooth functions on M and their graphs in M x R.
Viewing metrics as hypersurfaces in the total space E provides a framework for
studying Ricci flow which is fairly similar to that of mean curvature flow and well
suited for the stochastic target approach. Our next task is to define the appropriate
target problem.

2.2. The target problem. Let I'(0) be the hypersurface corresponding to the
initial metric go. In spite of our previous efforts to distinguish between sections
over M from their description in a particular coordinate, in what follows we will fix
the global coordinate p on fibers, thus identifying the fibers with R, and formulate
everything in those terms. In particular, I"(0) corresponds to the graph of pg. The
stochastic target problem is, for any time #, the problem of determining the set of
points such that the controlled process, starting from such a point, can be made to
hit I"(0) (the “target”) in time ¢ almost surely. Obviously, this requires specifying
the allowed controls and the processes they give rise to. We will generally explain
things for the Ricci flow and then indicate the analogous results for the normalized
Ricci flow in situations where there are no additional complications.

We start with the infinitesimal picture in normal coordinates. We choose any
point (¢, p) € M x R and let (x,x;) be normal coordinates around g. Thus,
(x1, x2, p) are coordinates on a neighborhood of {g} x R. We assume that the
controlled process is currently at (g, p), say at time 7. The (x|, x2)-marginal of
the controlled process will be (infinitesimally) Brownian motion on M (with fixed
reference metric /), time-changed by 2¢~2P . The control consists of choosing a lift
of the tangent plane to M at ¢ into the tangent space to E at (¢, p). The controlled
process has its martingale part diffusing (infinitesimally) along this lifted plane
in the unique way that gives the right (x1, x»)-marginal, and has its drift along the
fiber at rate e 2P K n [plus an additional —2m x (M) / area(M, h) for the normalized
Ricci flow]. More precisely, the control consists of a choice of (ay, ap) € R2, for
which the processes evolves [infinitesimally, assuming the process is at (g, p) at
time t] according to

dx e P 0 0
b | [v2dw!
dxy ¢ | = 0 e P ) 0 ,
-5 pay | LV2AW: 2
dp: e Pay e Pay e PKn(q)

where W! and W2 are one-dimensional Brownian motions. Here, we have writ-
ten Kj(g) to emphasize that the curvature depends on the point in M. The /2
factors (in front of the Brownian differentials) are needed because the Ricci flow
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is defined using the Laplacian, instead of half the Laplacian, and rather than use a
nonstandard normalization for the Ricci flow, we choose to speed up our Brownian
motions (this is analogous to the usual discrepancy between the analyst’s and the
probabilist’s versions of the heat equation). This is the controlled process, at least
infinitesimally, corresponding to the Ricci flow. For the normalized Ricci flow, the
set of controls is the same, but the process evolves according to

X e P
di.c O rvzaw, 0
dxar | = 0 e P ) 0
. . V2dW? Yy
dp: e Pa; e Pay e PKn(q) —r

We point out that, for both the Ricci flow and the normalized Ricci flow, the
(infinitesimal) diffusion matrix is

Qe 2 0 Qe 2Prg
0 De2pr Qe 2Pty
e 2Prq; 2e 2Prgy, Qe 2P (a% + a%)

in (x1, x2, p) coordinates at (g, p), of course.

Having given the infinitesimal picture, we now extend this to a global descrip-
tion. While it is tempting to simply assert that this follows immediately from the
local description, we prefer to give a more explicit formulation. There is more
than one way to do this, but we choose to use the bundle of orthonormal frames
on (M, h). The immediate difficulty with extending the above local picture is that,
except in special cases (more on which below), we cannot find coordinates which
are normal at more than one point at a time, or even a global orthonormal frame.
The solution we have in mind is to use the bundle of orthonormal frames to supply
each point along the evolving process with an orthonormal frame and its associated
normal coordinates. In particular, let O(M) be the bundle of orthonormal frames
over (M, h), consisting of points (g, ¢(q)) where ¢ € M and ¢(g) is an orthonor-
mal basis for T, M with metric h. We identify e¢(q) with the corresponding linear
isometry from R2 to T, M. Let e; and e; be the standard basis for R? and let E(e;)
be the corresponding canonical vector fields. Further, we let 7 : O(M) — M be
the usual projection and 7 : TO(M) — T M be the induced push-forward map on
tangent spaces.

The connection with the previous infinitesimal picture comes from the following
relationship between the canonical vector fields and normal coordinates. Choose
a point ¢ € M and a frame ¢(g) over ¢, and let (x1, x2) be normal coordinates
[for (M, h)] in a neighborhood of g such that d,, = e¢(q)(e;) at g. Obviously,
[ E(€i)](g,e(q))] = ;|- Moreover, let s be a smooth section of O(M) in a neigh-
borhood of ¢ which is equal to e¢(g) at g and horizontal at g, meaning that d,,s are
horizontal vectors at g. Then m.[€(e;) o s] agrees with 9y, to first-order around g.
(Indeed, to show that such a section s exists, start with normal coordinates and
apply the Gram—Schmidt process to {dy,, dx,} at every point in a neighborhood

of g.)
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We also recall the connection between the bundle of orthonormal frames and
Brownian motion on (M, h). We have that (€(e;)? + (‘3(62)2)/2 is Bochner’s
Laplacian on O(M), and the corresponding martingale problem is well posed (in
the sense of Stroock and Varadhan, namely that there is a unique solution for any
initial point). We use B to denote such a process. Projecting B toM gives Brow-
nian motion on M, which we denote B;. This is the well-known Eells—Elworthy—
Malliavin construction of Brownian motion on M, and we refer the reader to [26]
or [44] for a detailed account on the subject. Moreover, the process l}, on O(M)
should be thought of as the horizontal lift of B; on M, and thus as giving Brownian
motion equipped with parallel transport. In particular, this is how we will typically
understand B;, as Brownian motion on M endowed with parallel transport. Fi-
nally, we note that the solution to the martingale problem for Bochner’s Laplacian
can be realized as the (unique) strong solution to the natural SDE driven by a stan-
dard Brownian motion on R2, or equivalently, two independent, one-dimensional
Brownian motions. That is, Bt can be realized as the solution to

dB; = €(e1) o dW,} 4 €(e2) 0 dW2,

where od W indicates that the differential is to be understood in the Stratonovich
sense.

We now have the necessary background to give the global formulation of the
stochastic target problem for Ricci flow (and the related target problem for nor-
malized Ricci flow). We write points in E as (x, p) € M x R and the controlled
process (for the Ricci flow) as Y; = (x¢, p;). As suggested above, the M-marginal
x; will be Brownian motion on M, time-changed by p, and thus we know from
the above that we have parallel transport of frames (for T, M) along the paths x;
(note that the frame is always orthonormal relative to the metric /). In particular, if
we choose a frame e(xg) at the starting point, then we let ¢(x;) denote the parallel
transport of this frame along x,. Abstractly, the control consists in choosing a lift of
Ty, M to T(x,, p,) E. In terms of our evolving frame, such lifts can be identified with
points of R2. This is the time to formally introduce the control process. In what
follows, (€2, F,P) is a probability space where the Brownian motion WL w2 is
defined and the reference filtration involved here is F;, the one generated by the
Brownian motion.

DEFINITION 1. For a fixed time ¢ > 0, an admissible control process A is
a bounded map A:[0,t] x M x Q — R2 which is continuous in the first two
coordinates, and such that for each (x,7) € M x [0,1], A(t,x):Q — R2 is F,-
measurable. We write this in components A = (ay, a2).

We will explain below in the first remark of this section why we require the
control to be bounded.
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If we start our process from a point Yo = (xg, po) equipped with a frame e(xq)
of T\, M, then it evolves according to the SDE (note that we are using both I1td and
Stratonovich differentials)

2
dx, =e P Hze(xa(ei)ﬁ odW;ﬂ,
(10) =

2

dp =€ [Z aiv2 dwg} +e 2P Ky (x) dr.
i=1

This equation comes with the following convention.

CONVENTION 1. Whenever we have a bracket A[[M o dN]], the order of op-
erations is that we first write M odN = M dN + %d (M, N) in It6 form and then
multiply everything by A. Thus, we have

AlIM odN] = (AM)dN + Ad(M,N)
as opposed to the common writing
A[M odN]=AMdN + 3d(AM, N),

where (M, N) is the quadratic variation of M and N. For the standard It6 differ-
entials, the meaning is the standard one, namely

AIMdN]=(AM)dN.
Though we can rewrite in a more conventional way
A[ModN]|=Mo(AdN),

we prefer the notation A[[M o d N]| because it is more suggestive in our context
that A is the time change of the process M o d N. This becomes even better in the
context of equation (10) that x; is simply a time changed Brownian motion on M.

Here, we see that e(x;)(e;) is just the projection onto M of &(e;) and to ease the
notation we will also use the shortcut e¢(x;)(e;) = ¢;(x;), or even more simply ¢;,
if there is no confusion generated by dropping x.. In particular, the horizontal lift
of x;, which we write X; = (x;, ¢(x;)) evolves according to

2
di, =e Pt HZ @(ei)ﬁodw;ﬂ on O(M),
i=1

and the first line of (10) is just the projection of this onto M. We choose to write
(10) in this way in order to emphasize that we are ultimately only interested in
the evolution of the surface in E and not in the frame; the frame is only used as
a convenience in order to express the control and the corresponding SDE. We do
this despite the fact that (10) requires evolving the frame e(x;) as well.
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The mixing of Itd6 and Stratonovich differentials in (10) is a result of the fact
that horizontal Brownian motion (or just Brownian motion on M) is not easily
written globally in It6 form. To clarify this, we give the following equivalent char-
acterization, which is just a consequence of It6’s formula but one of the important
properties of the above system. For any smooth function ¢ : [0, T] x M x R — R
(assuming that the process (x;, pr) exists for T € [0, T']),

dgﬂ(f, x‘f? p‘[)
2
=e It Z(e,- (xo)e + aitp’)«/idW;
i=1

(11)
+ (afgo + e 2P K (x0)@' + e 2P Apg

2 2
+e N ate" +2e7H Y aye (xr)¢/> dr,
i=1 i=1

where all the “inside” functions are evaluated at (7, x;, pr), ¢;(x)¢ signifies the
derivative [along ¢; (x)] with respect to the second variable of ¢, d; ¢ is the deriva-
tive with respect to T variable, and the prime is the partial derivative with respect
to p. Note that if we let (x1, x) be appropriate normal coordinates at a point,
then applying this to x1, x2, and p shows that, at that point, this agrees with the
infinitesimal picture described above.

We now take a moment to discuss what we mean by asserting the controlled
process arises from the control via the SDEs just mentioned. We understand these
(systems of) SDEs in the weak sense, that is the choice of driving Brownian mo-
tions (W), W2) is part of the solution, not prescribed in advance. Of course, for
an arbitrary choice of controls, a solution need not exist, and if it does, it may not
be unique in law. We will have more to say about this later, after we introduce the
target problem.

Now that we have specified the admissible controls A; and described the evo-
lution of controlled process Y; (A) that a choice of control gives rise to, it is time
to explain how this gives rise to a subset of E.

DEFINITION 2. We define the reachable set at a given time ¢ € [0, 0c0), de-
noted V (¢), to be the set of points in E for which there exists an admissible con-
trol such that the controlled process, started at this point and with this control, is
in ['(0) at time ¢ almost surely.

We follow Soner and Touzi [43] in calling this the reachable set, even though
it’s the set of points you can reach a fixed target from, not the set of points you
can reach from a fixed starting point. In order for this to be well defined, we need
to show that V (¢) does not depend on the initial choice of frame. Suppose A; is
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a control such that Y; (A), started from y € E with initial frame e(y), hits I"(0) at
time ¢ almost surely [so that y € V(¢)]. If ¢(y) is any other (orthonormal) frame at
v, then there is some r € O(2) such that e(y) = ré(y). It’s clear that A;r is such
that Y; (Ar), started from y € E with initial frame ¢(y), hits I"(0) at time ¢ almost
surely. Thus, a point of E is in the reachable set or not independent of what frame
we use to express the controlled process, and so the V (¢) are well defined.

For a point in the reachable set, we will indicate the control in the definition
by A, if necessary indicating the point in V (¢) by writing A(xo Po) or A(YO) and
call it a successful control (this seems linguistically more appropriate than optimal
control). In light of the fact that this depends on the initial choice of frame, a
successful control should really be thought of as a family of controls indexed by
O (2). However, since the dependence on the initial frame is so simple and not our
primary focus, we will generally gloss over this. We will also write Y (A) as Y;.
Thus, the defining property of a point in V' (7) and the associated successful control
is that if we start the process at this point in V (¢), then Y, (A) € I'(0) almost surely.
This necessarily requires that, for a successful control A there exists a solution to
equation (10), and thus a corresponding process Y (A) for all time 7 € [0, ¢]. In
particular, one might imagine that some choice of control gives rise to a solution
under which p, blows up prior to ¢ (x; cannot blow up since M is compact), but
such a control cannot be a successful control by definition. The definition does
not require that a successful control gives rise to a solution Y; (A) which is unique
in law, despite the fact that our notation makes it look as though Y, is always
determined by A. (So it is conceivable that a successful control might give rise
to another solution Y, that does not almost surely hit the target.) Nonetheless, we
will see below that, as long as a smooth solution to the Ricci flow exists, there
is essentially only one choice of successful control starting from a given point of
V (t), that it is well behaved, and that this control uniquely determines ﬁ.

Finally, we recall that the stochastic target problem is the determination of the
reachable sets V (¢). We note that V (0) = I"(0); understanding V (¢) for positive ¢
and its relationship to Ricci flow is the topic of the next section. Looking ahead,
what we will prove is that, assuming the Ricci flow has a smooth solution for
some interval of time, that solution agrees with the solution to the stochastic target
problem in the sense that V (¢) = I'(¢) at all times in this interval.

Naturally, we have an analogous set-up which we associate with the normalized
Ricci flow. The set of admissible controls remains the same, but now the controlled
process, which we denote Y/'(A) (the “n” in the superscript standing for “normal-
ized”) evolves according to

2
dx, =P Hzem)(a)«fz odWiﬂ,

i=1

2
dpr =e Pt [Zaiﬁdwﬁ] + (e72P Kp(xy) — r)dr.

i=1
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Note that the only difference from Y7 is that the drift of p; has an extra term.
We denote the corresponding reachable sets by V" (¢). We also have the analog
of equation (11) where e 2P+ K, there is replaced by e 27" Kj, — r:

do(t, Xz, pr)
2
=e Pr Z(ei (x)p + a,-cp')\/zdwi
(13) =1

+ (atgo + (€_2p’ Kp(x) —r)e’ + e 2Pt Apg

) 2
Fe 203 a2 2720y gz (xr)fpl) d.
i=1

i=I

REMARK 1. We want to discuss why we insist that our control (aj, ap) is
in L®. We begin by describing a simpler situation which illustrates the essential
point. Suppose we consider a real-value controlled process given by

dx; =a; dW;, xo=1,

where a; is an adapted real-valued function which serves as the control. If we
consider the goal to be to make the process x; hit 0 in within time 1 (and we stop
the process when it hits 0), then we would like to assert that this is impossible,
because, for instance, it would violate the martingale property of x;. However,
without some additional restriction on ay, this will not be the case. For example,
consider the following scheme for controlling the process. For ¢t € [0, 1/2), we
let a be the constant such that the process has probability 1/2 of hitting O by
time r = 1/2. It is clear that this is possible, since letting @ be constant means
that x; is simply a time-changed Brownian motion, and we know that Brownian
motion almost surely hits the origin in finite time, no matter where it is started
from. Then at ¢ = 1/2, the process has hit 0 and been stopped with probability 1/2.
If it has not, then x; /2 is some positive value. Again, we can find some constant
value for a, depending only on xj 2, such that if we let a, equal that constant for
t €[1/2,3/4), then the process hits O in that interval of time with probability 1/2.
Thus, by time ¢t = 3/4, the process has hit O with probability 3/4. Now we can
iterate this procedure, at each step using up half of the remaining time, in order to
get x; to hit 0 with probability 1 by time ¢ = 1. If we do this, the resulting process
x; will no longer be a martingale on the interval ¢ € [0, 1] but instead merely a
local martingale. Part of the point is that this is a simple trick. We can think of a;
as determining a time-change so that x; is a time-changed Brownian motion, and
since we know Brownian motion hits the origin in finite time, if we are allowed
to speed up time as much as we would like we can simply compress the entire
lifetime of the Brownian motion prior to the first time it hits the origin into a finite
interval.
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We now return to the target problem we associate to Ricci flow. In light of the
above, if we assumed only that (a;, ap) was adapted, we could imagine a similar
procedure of choosing the control to be very large so that, from any starting point,
we could cause it to hit p;_, (this is a moving target, but it varies in a smooth
fashion and stays bounded) by time ¢. Once it hits p;_., we could then “switch” to
the successful control described in the next section in order to hit pg as time ¢. The
result would be that every point would be in V (¢), which is obviously not what we
want. Of course, what we have just described uses a discontinuous control, but one
can imagine smoothing it to get a continuous analogue. At any rate, the underlying
logic of this “bad” control justifies our wish to avoid unbounded controls.

Requiring that (a;, a;) be bounded prevents this kind of easy trick and forces a
successful control to respect the geometry of the situation. Of course, one might
imagine that there might be other, less restrictive, ways to achieve this, such as re-
quiring the controls to be in some L?-space for finite p or requiring some natural
coordinate to be a martingale, as opposed to merely a local martingale. Indeed, if
one were to extend this stochastic target formulation to include, say, noncompact
surfaces, it seems like some weaker assumption on the control would be appropri-
ate. However, for the present paper, we have no need to speculate on what other
conditions one might want in other circumstances.

REMARK 2. We close this section by noting that, in the case when (M, h) is
flat (and thus either a torus or a Klein bottle), the orthonormal frame bundle is
unnecessary. In particular, uniformization implies that (M, h) is isometric to R?
modulo the action of the group of Deck transformations A. If we let x; and x; be
the usual Euclidean coordinates on R?, then h = a’x12 + dx% (after identifying M
with R? /). Further, (WTI, WTZ) is Brownian motion on (M, h), once we take it
modulo A. In this case, the set of controls are adapted, time-continuous, bounded
maps into {(ar, a>2):a; € R}, and the controlled process simplifies, so that it is
given, for both Ricci and normalized Ricci flow, by the SDE

d P 0

g ¢ V2dW!
dXZ,t = 0 e Pt ﬁsz .
dp: e Pra; e Prap T

CONVENTION 2. Throughout this paper, very often we will have a fixed time
¢t > 0 so that the stochastic target problem is defined on [0, 7] or the (normalized)
Ricci flow is defined up to time ¢. Since the process time is always going to be in
[0, ¢], all the stopping times involved will always be minimized with ¢ so that the
stopped process is well defined.

Also, the constants involved in the main estimates may change from line to line
in such a way that they do not depend on time .
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3. Verification and the connection with Ricci flow. At this point, we have
described a pair of closely related stochastic target problems, namely the deter-
mination of V (¢) and V" (¢), which we associate with Ricci flow and normalized
Ricci flow, respectively. However, we have given no justification for these associa-
tions. In the present section, we prove that, under the assumption that a solution to
the Ricci flow exists, the solution is given by the reachable sets. This justifies the
Introduction of these particular stochastic target problems in the context of Ricci
flow.

Continuing with the notation of the previous section, we suppose that there is a
smooth solution p; to the Ricci flow, that is, to equation (8), with initial condition
po on the interval ¢ € [0, T) (where we allow the possibility that 7 = 00). At
each time ¢, we can associate the solution with a section of E over M and thus
with a sub-manifold of the total space E, which is smooth and intersects each
fiber once, transversely. We call the resulting sub-manifolds I"(¢#) and note that
this extends our earlier definition of I'(0). Of course, knowing the I'(¢) for ¢ €
[0, T') is equivalent to knowing p,. Similarly, suppose there is a smooth solution
p; to the normalized Ricci flow, that is, to equation (9), with initial condition
Py = Po on the interval ¢ € [0, T") [where, for the same manifold (M, h) with
the same initial metric gg, it is not necessarily true that 7 and T" are equal].
Then we have the associated sub-manifolds I'" (¢) of E. The connection between
the Ricci flow and normalized Ricci flow (viewed in this way) and the stochastic
target problems introduced above is given by the following theorem. Note that both
this sort of result and the method of proof mirror that of [43]. The main additional
complication, besides the geometric formalism needed for the general statement
of the target problem, is that the controls are not restricted to a compact set.

THEOREM 3. Let (M, h) be a smooth, compact Riemannian surface with ini-
tial metric gy = e*POh, as above. Suppose that the Ricci flow has a smooth solution
pront€l[0,T). Then I'(t) = V(t) for all t € [0, T). Similarly, if the normalized
Ricci flow has a smooth solution p} ont € [0,T"), then I'"(t) = V"(t) for all
tel0,TH).

PROOF. We start with the Ricci flow. We fix some ¢ € (0, T) and let T be the
time parameter for the controlled process Y (A), T € [0, ¢] (as usual in probabilis-
tic approaches to PDEs, process time runs “backward” compared to PDE time).
We consider the square of the vertical distance between the controlled process Y
and I'(¢ — 7). That is, we consider n(x, p,7) = (p — 113l,f(x))2 along the paths
of Yz, so that n; = (pr — ﬁt—r(xr))z-

Actually, we begin by considering a slightly more general quantity. Let
E(x, p,t) = p — ps—(x), and for the moment let ¢ : R — [0, co) be any smooth
function. We wish to consider ¢(£(x, p, )); clearly 5 is just the special case
p(z) = 2%
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We now apply Itd’s formula (11) to (¢(£€)). In the following, p is always eval-
uated at time ¢ — T and position x,, we write ¢; for e¢(x;)(e;) and we suppress other
arguments (such as for the controls a;) as desired to make things more readable.
Then we have

d(9(®)), =~2¢'e P [(a1 — e1p) AW} + (az — e2p) dW2]

2
+ Y e[ (—ei ) + ¢ (—eFp) ] dT + '8 pdT

i=I

(14)
+ e 2P [¢' Ky + (p”(af + a%)] dt

+2e 2P " [—ajer p — azer pldr.

Recall that e% + e% is just Ay. Then a little algebra and the fact that p satisfies
equation (8) allows us to simplify this, yielding

d(9(&), =V2¢'e " [(a1 —e1p)dW;} + (a2 — e2p) d W7 ]
(15) +{e7g" (a1 — e1p)* + (a2 — e2p)°]
+¢'(e7?P — e PT)(App — Kp) ) dt.
We now return to considering 5. In this case, this equation specializes to
dne =2V2(pe = pe " [(a1 — e1p) AW, + (a2 — e2p) d W]
(16) +2e72 (a1 — 1) + (a2 — e2p)*] d
+2(pe = (e —e7?P7)(Anp — Kn) d.

First, we show that any point (x, p;(x)) in I'(¢) is in V (¢). Obviously, this is
true for ¢+ = 0. Now choose ¢ > 0. We choose our controls a; and a, as follows:
for T € [0, t], we let a; be ¢; p;—r(x;) and a> be ez p;—_;(x;). Thus, our controls
are Markov with respect to the process’ position and the time (and the “current”
frame, although this is largely just a convention, as discussed above). Intuitively,
all we are doing is trying to cause the process to be tangent to the evolving solution
given by p. Our controls are not only Markov in space and time, but they are given
by evaluating smooth functions of space and time (and the lift of “space” into the
orthonormal frame bundle) along the controlled process, and thus we know that the
system of SDEs for Y; has a unique strong solution. In particular, Y; is uniquely
determined by these controls. Using these controls, equation (16) simplifies to

dne =2(p: — p)(e P — e *P*)(App — Kp) dT.

Because p is smooth on M x [0, T) and M is compact, we know that both
pir—z(x) and Ay p;—(x) — K, are bounded on (x,7) € M x [0, ¢]. Now choose
any § > 0 and let 65 = inf{t : n; > &} be the first hitting time of §. Also observe
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that both the controlled process Y; = (x;, pr) and n; have continuous paths. If
we stop our process at 65, then p; is also bounded (this follows from the fact that
p is bounded and the definition of n). Combining the boundedness of both p and
p- with an easy estimate for the exponential function, we see that e =27 — ¢ =2/«
is bounded above and below by a constant multiple of £(p; — p), respectively.
It follows that (for T < 65), we have dn,; < Cn dt, for some positive constant C
depending on ¢, §, and the bounds mentioned above. Recalling that no = 0, because
we start our controlled process on I'(¢), and integrating gives

TAO;
Neads = Cf nsds for T € [0, ¢].
0

Then Gronwall’s lemma implies that n;g; = 0 for all T € [0, #]. Because 1, has
continuous paths, this means that 65 > ¢, and thus we have that n, = 0 for all
T € [0, t]. In particular, n; = 0, and so Y; € I'(0). Thus we have shown that ['(z) C
V().

Next, we need to show the opposite inclusion, V (¢) C I'(¢). Again, this is clear
for t =0, so we fix some ¢ € (0, 7). We have some starting point («, 8) € M x R,
and we assume that there exists a control (ay, az) such that Y; (a1, a>) almost surely
hits I"(0) at time t =¢.

At this point, we produce a mollified version of 1 by a judicious choice of ¢. In
particular, we now let ¢ : R — [0, co) be a smooth, symmetric function satisfying
the following additional properties: ¢ is nondecreasing on [0, 00), ¢(z) = z° in
some neighborhood of 0, and ¢ is constant on [A, oo) for an appropriately chosen
constant A. It follows that the value of ¢ on [A, co) is positive, ¢ is 0 only at 0,
and all derivatives of ¢ are bounded. If we now let (x, p, ) = ¢(£(x, p, 7)), then
1 is a mollified version of 7, in the sense that they agree for small values of 1 but
1 is bounded, along with all of its derivatives.

Let D(t) = E[#]. Then equation (15) shows that

D(v) = D(0) + /0 E[e=2P¢"[(a) — ¢1 )% + (a2 — e2)]

+ ¢/ (e72 — 725 (Anp — Kn)]ds.

Here, of course, the derivatives of ¢ are evaluated at & (xy, ps, s). Note that ¢ p,
¢eop and App — Ky, are all bounded. Also, for small & we have that ¢” = 2 and
¢ =2(p; — p), and both of these derivatives are bounded for all £&. Moreover,
both e 277 ¢” and ¢’(e ™27 — e~2P*) are bounded because the derivatives of ¢ are
identically zero for & > A. In addition, for any two constants C, Ca > 0, there is
another constant C3 > 0 such that for any § € R,

C19" (&) — C20' ()& = —C30(8).

Notice that as a consequence of (17) and the continuity of the inside functions,
D(7) is actually differentiable as a function of 7. In particular, combining this
with the above inequality we deduce that

D'(r) > —CD(x)

17)
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for all T € [0, t]. This means that D(7)e 7 is increasing with 7, so
(18) D(1)e“" > D(0) > 0.

By assumption, the controlled process hits I'(0) at time ¢ a.s., and thus D(¢) = 0.
This, and the preceding inequality, immediately lead to D(0) = 0 which is equiv-
alent to saying that our initial point (¢, 8) is in I'(¢). Thus, we have proven that
V() CT@).

The proof for the normalized Ricci flow is almost identical. With the appropriate
quantities, p, pr, x; and so on, equation (14) becomes

d(9(®)), =2¢'e P [(a1 — e1p) AW} + (az — e2p) dW2]

2
+ e (e ) + ¢ (~e2p) | dT + ¢/, p
i=1

(19)
+ e 2Pt [¢' Ky — relt + (p”(a% + a%)] dt

+ 220t go//[—al e1p —azerpldr

and then from (9), we get exactly the same equation from (15), thus the rest of the
proof is identical. [J

From the point of view of control theory, the above result is a verification the-
orem. From the point of view of PDE theory, this can also be thought of as a
uniqueness theorem. In particular, it shows that smooth solutions to the Ricci flow
are unique and we state this in the following.

COROLLARY 4. [f there is a (smooth) solution to (normalized) Ricci flow on
the time interval [0, T), then it is unique.

It bears repeating that the above relies on already knowing that the Ricci flow
has a smooth solution on some interval; in other words, it sheds no light on the
existence of a solution (to either the Ricci flow or the control problem). On the
other hand, this existence is well known in the present case. Cao [10] and Hamil-
ton [24] show that, for a smooth, compact initial surface, the Ricci flow always has
a smooth solution on some (nontrivial) interval of time, and the normalized Ricci
flow has a smooth solution for all time. (Of course, much more can be said, includ-
ing the relationship between the normalized and un-normalized flows, but again,
this is well known and can be found in any book on the subject.) For an accessible
overview we refer to [13], Chapter 5, which treats the (normalized) Ricci flow on
surfaces.

One additional feature of the successfully controlled process is that it provides
Brownian motion on M under the backward Ricci flow (or backward normalized
Ricci flow, of course), as we now explain. If we put a smooth family of metrics g,
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on a smooth manifold M, then a process B; is a Brownian motion on (M, g;) if it
solves the martingale problem for the time-inhomogeneous operator A, . Suppose
we have a smooth solution to the Ricci flow, as above, for t € [0, T'), and let g;
be the metric on M corresponding to this solution. Then if we choose a time ¢
[in (0, T)] and point xg € M, there is a unique point (xg, pg) over xo (where, of
course, we use our standard fiber coordinate p) in I'(¢) = V (¢). If we now run our
successfully controlled process Y; = (x;, p;) starting from this point, we know
that it is on I'(t — t) for all T € [0, ¢), or equivalently that p; = p,_;(x¢), for all
7 € [0, ¢] almost surely. Then looking at x; (which is just the M-marginal) and
recalling that g, = 7' h, a little thought shows that x, is a Brownian motion on
(M, g;—-) for T € [0, t]. That “process time” runs backward compared to “PDE”
time, which manifests itself in the t — t parameter (with ¢ fixed and 7 increasing)
for the metric g, explains why we get Brownian motion on M under backward
Ricci flow, as opposed to just Ricci flow.

For clarity, let us temporarily denote x; under the successful control as x;. Then
recognizing it as Brownian motion under backward Ricci flow gives a way of rep-
resenting the solution to the Ricci flow (or normalized Ricci flow) that looks more
like the usual representations for parabolic (linear) PDEs. In the special case when
h is flat, normalized and un-normalized Ricci flow are the same, and we see that
P+ is a martingale. Further, we have that

(20) Pr(x0) = E™' [ po(R0)],

where the expectation is taken with respect to the successfully controlled process
started from (xg, p;(xp)) and run until T = ¢. This is analogous to solving the heat
equation with some initial condition by running Brownian motion and then using
it to average the initial condition. The difference is that, for the heat equation,
we can construct Brownian motion (or more analytically, the heat kernel) without
already having a solution to the heat equation with our initial data. This is because
Brownian motion (or the heat kernel) does not depend on the initial data, and so we
can use it to solve the heat equation in the first place. All of this is a manifestation
of the linearity of the heat equation. In the case of Ricci flow, we need to know
P in order to determine X, (or more accurately, these two are intertwined by the
system of SDEs they solve), so we cannot first determine X, and then use it in the
above to solve the Ricci flow.

Also, we can now say a bit more about the recent work of [15] and [1]. They
give a lift of Brownian motion on a manifold with time-dependent metric to the
frame bundle which gives the parallel transport along the Brownian paths. They
then introduce a notion of damped parallel transport which, under the Ricci flow
(but not the normalized flow), becomes an isometry as well. This damped parallel
transport can be used to produce martingales from solutions to heat problems under
the Ricci flow. In our notation, x; is the Brownian motion with respect to a time-
dependent metric (with an additional factor of +/2 to get the normalization right,
of course), and {e " P7e(x;)(e1), e P e(x;)(ez)} (which is an orthonormal frame for
the time-varying metric) gives the parallel transport along the Brownian path x;.
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4. The blow ups of the Ricci flow for the case of positive or negative Eu-
ler characteristic. This section is dedicated to showing that in the case of the
(unnormalized) Ricci flow, there are blow ups either in finite or infinite time if the
curvature of the reference metric Ky, is either always positive or always negative.

Assume now that the Ricci flow has a smooth solution defined on the time in-
terval [0, 7). Then, from Theorem 3, we learn that for any fixed time ¢ € [0, T),
Pr = pi—r(x¢) where (x;, p;) is the solution to (10) with the initial conditions
(x, po(x)). On the other hand, taking a smooth function ¢ : [0, ] x R — R in (11),
we obtain that

2
do(t, p)=e P9 (pr) Y aiN2dW!

i=I

2
+ |:8r(/)(fv pr)+e ((p’(f, po)Kn(x) +¢"(z, po) Zaiz)i| dr.

i=1

Since the successful control is given by a; = ¢; p;—,, we get

2

2
Zaiz = ’Vﬁt—r (x7)
i=1
and this means that

(T, pe) — /0 [9:0(0. o)

+ e~ 2P0 ((P/(O', Po)Kn(xs) + (p"(a, pa)|vﬁt—a (XU)|2)] do

is a martingale. In particular, taking expectation at times t = 0 and T = ¢ and using
Pt = Dr—7(x7), yields

(0, pr(x)) = EX[o(t, po(x:))]
- "ECO[3,0(0, po)

(21)
+e72P7 (¢ (0, po) Kn(xs)

+¢"(0, po) |V pr—o (x0)[*)] do.

There are two obvious obstructions stemming from this formula. The first one is
that if Kj(x) > O for all x € M, then taking ¢(t, p) = 2P, the above formula (21)
implies

_ _ t
) = B [2P0] =2 [TECO K, (x0) 4+ 219 o (20)| ] dor
0

B t
< BN [e?P000] — 2/ ECD[Ky (xp)] do
0
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and thus, upon denoting the uniform norm by | - |,, and taking K¢ = infy ¢y K (x),
ezﬁt(x) S 62|p0|u _ 2IK()

As this is true for any ¢ € [0, T), the extinction time of the Ricci flow is finite and
is certainly at most e2lPolu /(2Kp). Therefore, in the case of positive curvature the
flow develops singularities in finite time.

On the other hand, if the curvature is negative (K, < 0 on M), then there are
some constants C1, C> > 0 such that

pi(x) >log(Cit+1) —Cy forallx e M and t > 0.

To see this, take Ko = infyepr — K (x) > 0, thus K (x) < —Kp < 0 and then con-
sider ¢ (7, p) = p in (21) to deduce that

t
Pr(x) = B[ po(x)] — fo E@D[e2P K (x4)] do > inf po

which means that p;(x) is bounded below uniformly in # > 0 and x € M. Now con-
sider the test function ¢(t, p) = exp(a(t — T — ﬁezl’)). Since p;(x) is bounded
below, this implies that for large enough «, ¢” (o, ps) > 0. On the other hand,
d:¢(o, p) — Koe 2P¢/ (o, p) = 0, and this combined with the preceding and the

fact that ¢’ is negative leads to
(0, pr (x)) <E"[g(t, po(xn))] = 1,

which means that p,(x) > %log(ZKot) for any ¢ > O for which p; exists. In par-
ticular, this shows that either the flow ceases to exist after a finite time, or, if it
does exist for all times, p;(x) goes to infinity uniformly over x € M. The moral is
that we cannot expect the Ricci flow to converge as the time approaches either the
extinction time or infinity.

For the flat case, since the curvature is 0, the normalized and the unnormalized
Ricci flows are the same, and thus we will treat this case as the normalized Ricci
flow.

REMARK 3. The blow up in the negative case does not take place in finite
time but this requires more arguments which we do not provide here.

5. Time-dependent a priori bounds for Ricci flow. We now turn our atten-
tion to using the stochastic target representation for the normalized Ricci flow to
derive (more accurately, of course, to re-derive) geometric facts about the flow. We
will always work with the case where the reference metric 4 has constant curva-
ture. By uniformization, this is no loss of generality, and it simplifies the analysis
considerably. After a preliminary rescaling, we can assume that this constant cur-
vature is either 1, 0, or —1. Further, we can rescale the initial metric go so that it
has the same area as i. Thus, without loss of generality, we are in one of three cases
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(by the Gauss—Bonnet theorem). First, if the Euler characteristic of M is positive,
we have that K, = r = 1. If the Euler characteristic of M is zero, we have that
Kj, = r =0. Finally, when the Euler characteristic of M is negative we have that
K, =r = —1. The bounds we have in mind are similar in all three cases, although
the differences in sign of K, result in important differences.

We call these bounds “a priori” because they do not depend on the structure of
the reachable set. We elaborate on this after Theorem 6.

We have one more comment about notations before we begin. Because we will
be concerned with the normalized Ricci flow for the rest of the paper, we drop the
“n” superscripts. Thus, for instance, we let p; denote a solution to the normalized
Ricci flow, unless otherwise indicated.

The interesting feature of choosing / to be a metric of constant curvature is that
the drift of the SDE satisfied by p, does not depend on x, (although the target
always does, except in trivial cases). In particular, we have the following three
cases:

2
r=1: dpr =e Pr [ZaiﬁdWi}—i-(e—sz —1)dr,
i=1

2
(22) r=0: dp, = e P [Z aiv2 dwg},

i=1
2 .
r=-l  dp;=el" |:Zai\/§dW;i| +(1—e72Pr)dr.
i=1

In general, the stochastic target problem for the normalized Ricci flow (and also
the Ricci flow itself) gives an equation of the form

2

(23) dp, = e~ Pr [Z ai dwg} + U (pe) d,
i=1

where the controls ¢;, i = 1, 2 are bounded and chosen such that p; is almost surely
on My, the section corresponding to pg in the bundle M x R. In the case at hand,
we assume that U; (p) is a function U : [0, t] x R — R which is uniformly locally
Lipschitz in the second variable, that is, for any L > O there is a constant C, with
Uz (p) —U:(q)| <CLlp —ql|forall T €[0,¢] and p,q € [-L, L].

The basic point is that there are natural barriers for p, given in terms of equa-
tion (23) where the martingale part is set to be equal to 0. To be precise, we define
a barrier as a solution g, to the ODE

(24) dgr =U(q;)dt.

In this framework, we have a general result as follows.
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LEMMA 5. Assume that p; and g, are solutions to (23) and (24), respectively,
for T € [0, t] with U a uniformly locally Lipschitz function in the second variable
on [0,t] x R.

If at any time t1 € [0, 1), pr, < q¢, With positive probability, then at any later
time 12 € (11, t], pr, < qr, With positive probability.

Similarly, if at any time t| € [0, 1), pr, > g, with positive probability, then at
any later time 15 € (71, t], pr, > g1, with positive probability.

PROOF. The proof is a basic application of stopping time and Gronwall-type
argument. We will prove only the first part, the second one being similar.

So, assume that g;;, > p;, with positive probability and, therefore, that we can
choose a constant L > 0 such that L > g;, — p;;, > 1/L with positive probability.
We further take L large enough so that |g;| < L for all t € [0, 7].

Now, for any smooth function 1 :R — R, we have

n(gr — pr) = 77(‘]1:1 - prl) + M,
(25) -+ /'(e‘Zan”(qs——z%)(a%<s>4—a§(sn

+ n/(QS - Ps)(Us(C]s) - US(pS))) ds

where M, is a martingale with M (71) = 0. Further, we choose the function 7 (§)
such that it is nondecreasing, equal to O for £ < 0, equal to 1 for £ > 2L and
n(&) = &2 for small & > 0.

Next, we define the stopping time o = inf{u > 71 : p,, > ¢, } A t. With this setup,

we will denote for simplicity n; = 1n(g: — pz), 1, =n'(gr — pr) and 7 =" (g —
p). Furthermore, from (25),

E[nirel = [771'1
(26) +/ Lz, 01() (€220 (@3(s) + a2 (5))

+ 15 (Us(gs) — Us(ps)))] ds

Since gy remains bounded on [71, 73] and n’ has compact support, combined with
the property that U; is uniformly Lipschitz in the second variable on compact
intervals, we can find a constant C > 0, such that

77; (Us (gs) — Us (ps)) = _CU; (gs — ps)-

This, the choice of our function 7, the fact that the controls a;, i = 1,2 are
bounded, and that g, is bounded, yield, in the first place, that e 2ps nY is bounded,
and also that for some constant C > 0,

(27) (e 2P0/ (ai(s) +a3(s)) + nl(Us(gs) — Us(py))) = —Crs.
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To check this, one can reason as follows. For g; < ps, both sides are 0. For
€ > g5 — ps > 0 with small €, the first term is nonnegative and the second one is
bounded below by —C(gs — ps)2 which is again a constant times n;. For g; — ps >
€, the inequality follows easily as the left-hand side is bounded below by some
negative constant and 7, is certainly bounded below by €.

The next step is similar to the passage from (17) to (18). To wit, notice that,
from (26), u(t) = E[n:rs] is a continuous and differentiable function of t for
T € [11, 12]. Combining this with (27) leads to

M/(T) > _CE[I]-[‘L'],O‘] (7)771']-

Since o is the first time p; = gy, it follows that, L[, +1(T)n: = Nrae, CONSE-
quently,

u'(t) = —Cu(v),
which results with
u()eT™ > (1)) >0
or equivalently,
E[nepo1e€ "™ = Elng,] > 0.

The hypothesis g, > p, with positive probability is translated into positivity of
E[n,]. For T = 15 we obtain E[n,r0] = E[nr,, 0 > 12] > 0 and, therefore, we
conclude that {o > 12} has positive probability; stated otherwise, the probability
that g, > p, is positive.

One technical word is in place here. Namely, the definition from (23) is in the
sense of local martingales, but during the proof we look at (g, — p,) and this is
actually a semi-martingale in the sense that is a sum of martingale and a bounded
variation process, not merely a sum of a local martingale and a locally bounded
variation. This is indeed due to the boundedness and continuity of the quantities
involved, namely e~ s 7., e 2ps ny and the controls ¢;, i = 1,2. [

Next, we solve equation (24) for each of the three cases described in equa-
tion (22) (this is straightforward, as the resulting ODEs are separable). For ease
of reference, we will label the resulting equations as BX (7) with super- and sub-
scripts indicating relevant parameters. In the case r = 1, we have that

BC1 (r)=1 log(1 — ce*%) for some constant ¢ € (—oo, 1).

The choice of ¢ allows any initial condition. Note that ¢ = 0 gives the constant
solution Bé () =0. For any c, as T — 00, we see that Bcl. (t) > 0. The case r =0
gives

B?(r) =c for some constant ¢ € R.
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Obviously, the choice of ¢ allows any initial condition. (This is perhaps a bit pedan-
tic, but we include it for the sake of completeness.) Finally, r = —1 gives

B l(x) = %log(l — ce®™) for some constant ¢ € (—o0, 1).

Again, the choice of ¢ allows any initial condition, and ¢ = 0 gives the constant
solution B 1 () = 0. This time, though, if ¢ # 0, then the solution heads to +00 as
T increases (in finite time for negative initial condition, and as T — oo for positive
initial condition).

Continuing, we want to use the previous lemma and a judicious choice of the
parameter ¢ to bound the reachable set at time ¢. Recall that py gives the initial
metric go and serves as the target in the target problem [and which as a section
we write as '(0)]. The assumption that go and /# have the same area implies that
maX,epy po(x) =« > 0 and that miny ¢y po(x) = B < 0. Further, if either « or 8
is zero then both are, meaning that pg =0 and g is just .

The logic of the proof of the following theorem explains why solutions g, of
equation (24) are called barriers, in this context.

THEOREM 6. Consider the target problem (for the normalized Ricci flow)
where h corresponds to one of the three constant curvature cases as discussed
above (and with a and B as just described). For any t > 0, we have that

%log(l —e72(1 — ), ifr=—1,

sup p<{a, ifr=0,

x.P)EVE) Tlog(1 — e (1 — €*)), ifr=1,

and
Tlog(1—e 2(1—€%)),  ifr=-1,
inf p=>{8, ifr=0,
(x,p)eV(r)
o Llog(1—e¥(1—¢*)),  ifr=1landt <—Llog(l—e*).
Uf B =0, we set —% log(1 — ¢*#) = 00.]
PROOF. We start with the upper bound in the » = —1 case. We consider some

fixed but arbitrary r > 0. Let ¢/ = ¢~/ (1 — ¢>%). Then
-1 -1 1 -2 2
B, (t)=a and B, (0)=j;log(l —e 7 (1 —e%)).

Thus, by the previous lemma, if we start from a point (xo, pg) with pg > Bc_,1 0),
we have that p, > BC_,1 (t) = o with positive probability (for any controls). By the
definition of «, this means that p; is not in the target with positive probability.
Since this holds for any controls, it follows that (xg, po) is not in the reachable
set at time ¢, which we recall we denote V (¢). This implies the upper bound on
SUP (. pyev(r) P given in the theorem.
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For the lower bound in the r = —1 case, consider ¢/ = e~ (1 — ¢2#). Then
B.'()=p and B.'(0)=1log(l—e (1 -e*)).

Analogously to the argument for the upper bound, the previous lemma implies that
no point (xg, po) with pg < BC_,I(O) can be in V (¢). This implies the desired lower
bound.

For the r = 0 case, analogous arguments apply, using ¢’ = « for the upper bound
and ¢’ = B for the lower bound.

Finally, we consider the r = 1 case. The upper bound is proven just as in the
K = —1 case, using ¢ = e? (1 — ¢>®). The proof of the lower bound is simi-
lar, except that if t > —%log(l — ¢2P), we have that BC1 (t) > B for any choice
of ¢ € (—o00,1). Thus, these arguments do not produce any lower bound for
inf(y pyev() p in this case. On the other hand, if 1 < —% log(1 — e*f), we can
let ¢’ = e (1 — €?#) and argue just as before. [J

In light of the verification theorem, these conclusions can be restated in
terms of p,. Namely, we can replace sup(, ,ycy () p in the above theorem with
maxyey pr(x) and inf(y pyev () p with min,cps p;(x). Nonetheless, there is a rea-
son to state the theorem as above. Suppose we consider the same target problem
(or problems, since there are three cases), except that now we allow the target to
be any (nonempty) closed set I' such that maxr p =« > 0 and maxr p =8 <0,
rather than just a smooth section corresponding to a metric go on M. Then we can
still ask about the reachable set at time ¢ > 0. Assuming that it is nonempty, the
bounds in the above theorem still hold (with the same proofs). This shows that
these bounds do not depend on the verification theorem and the resulting connec-
tion with PDEs, or on the structure of the reachable set, such as its smoothness or
whether it is a section. (Moreover, similar methods could be employed even if o
and B were not assumed to be nonnegative and nonpositive, resp.) It is this sense
in which we refer to them as “a priori bounds.” Of course, it is likely that these
bounds are only interesting in light of their connection to the Ricci flow, as given
by the verification theorem.

We close this section with some easy observations about this theorem. First of
all, if « =0, then sup(, )y () p =0 forall 7 > 0, and this holds in all three cases.
Similarly, if 8 = 0, then inf(x p)ev () p =0 for all # > 0, in all three cases. Since
one of @ or B being zero implies that both are, we conclude that if either « or
B is zero, the reachable set only contains points with p = 0. On the other hand,
every point with p = 0 will clearly be in the reachable set (just let the controls be
identically zero). Thus, we will have V (t) = {p = 0} for all ¢ > 0. This corresponds
to the basic fact that if g is already a metric of constant curvature, then it is
stationary under the normalized Ricci flow.

In the case when « and B are not zero, we see much different behavior for
the cases of the three different curvatures. For r = —1, the bounds improve as ¢
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increases, which we will see makes this the easiest case to deal with. For r = 0,
the bounds are constant. Finally, for » = 1, the bounds get worse as ¢ increases, and
the lower bound even ceases to exist in finite time. This corresponds to the well-
known observation that the case of the sphere (or projective space) is the hardest
case to handle for Ricci flow on compact surfaces.

REMARK 4. Itis worth pointing out that the above argument from Theorem 6
is overkill in the » = O case, since then the result follows directly from the fact that
P+ is a martingale and martingales have constant expectation.

We finish this discussion with the following useful corollary which plays an
important role later on.

COROLLARY 7. For the case of r = —1, or equivalently, the case x (M) <
0, the solution p; of the normalized Ricci flow converges to 0 uniformly in the
CO-norm exponentially fast as t — oc.

The same arguments work in the case of unnormalized Ricci flow. We record
this here as follows.

THEOREM 8. For the unnormalized Ricci flow, as long as the stochastic target
is well defined up to time t,

sup p=

{%log(ezo‘ikt), ifr=—1,
(x,p)eV ()

%log(ezo’ —1), ifr=1andt < e**

and

inf >

) Jlog(e® +1),  ifr=-—1,
wpeve’ =

Tlog(e? —1), ifr=1andt < ée*b.

The only thing we should point out here is that there is a blow-up in finite time
for the case of r =1 and there is also a blow up in finite or infinite time for the
case of r = —1. This recovers the blow-up results in the previous section, only this
time we used uniformization.

REMARK 5. This theorem shows that for the unnormalized Ricci flow, in the
negative curvature case, the flow does not blow up in finite time, at least in the
C? topology. This is already a good indication that the solution is defined for all
times and corroborated with the above theorem shows that the flow blows up at
infinity. Thus, this result is probably a better result (in the case of negative constant
curvature case) as the one obtained in Section 4.
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6. Mirror coupling. For the remainder of the paper, we assume that we have
a smooth initial metric and a smooth solution to the normalized Ricci flow for
all time (which we do since the initial conditions are smooth on a compact sur-
face). We are interested in studying the convergence to the constant curvature limit
according to the stochastic framework we have been developing.

We consider the cases of zero Euler characteristic and of negative Euler charac-
teristic, and we work relative to the underlying metric of constant curvature, as in
the previous section. The positive Euler characteristic case (the sphere or projec-
tive plane) is well known to be more difficult. This is largely due to the fact that
there are many constant curvature metrics in any given conformal class, so that it is
not clear in advance which one will be the limiting metric under normalized Ricci
flow (this is related to the issue of solitons). As a result, we do not pursue this case.

We are assuming that we have a smooth solution to the normalized Ricci flow for
all time. This means that the reachable set is always a smooth hypersurface trans-
verse to the vertical fibers. From now on, we are only interested in the successfully
controlled process, so for notational simplicity we will let (x;, p;) always denote
that process [i.e., what we previously denoted I?, =Y; (A)]. Moreover, if p is
the smooth solution, we see that p; = p;—.(x;). One consequence of this is that
we can generally restrict our attention to the x, process. In particular, if we wish
to couple two copies of the successfully controlled process (so that they meet as
quickly as possible), it is enough to couple the x; marginals, since if the processes
meet on the manifold, then they also meet on the fiber. In this sense, what we are
doing is equivalent to just considering Brownian motion on the underlying time-
varying manifold, and so we see again that running a Brownian motion along the
solution flow (and employing the stochastic techniques that apply in that situation)
is subsumed by the more general construction of the stochastic target problem.

A significant part of our results on the long-time convergence of the normalized
Ricci flow is based on coupling two copies of the marginal process on M, which
we denote by x; and y;. Recall that x; will be time-changed Brownian motion on
(M, h), with the time change given by integrating a = 2¢~2? along the paths, and
analogously for y;, where we let b denote the instantaneous time-dilation (this is
one significant advantage to working relative to this fixed metric). Note that we
have incorporated the +/2 normalization factor into the time-change, so that we
really do have Brownian motion with respect to & as the underlying object. This
makes the stochastic analysis look a bit more standard.

We wish to implement the mirror coupling for x; and y;, where the mirror map
is with respect to the fixed 4 metric. Viewed in this way, this is a fairly straight-
forward variant of the mirror coupling for two Brownian motions on a smooth
(nonvarying) Riemannian manifold. We simply generalize to allow our processes
to be Brownian motions up to a random but smooth (in terms of the particle’s po-
sition in space—time) time-change. References for the standard (nontime changed)
construction are [26] and [16], and we proceed by modifying this as necessary and
by not belaboring the aspects which carry over without modification.
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Note that, since we are working only in the cases of nonpositive Euler char-
acteristic, a (and thus also b) is bounded above and below by positive constants
(depending only on the initial metric) for all time, by the results of the previous
section.

First, let Cy; be the subset of M x M consisting of points (x, y) such that
y € Cut(x) [which is equivalent to x € Cut(y)], and let Dj; be the diagonal subset
of M x M. Then let Ej; be M x M minus Cy; and Dj,. Note that the distance
function dist(x, y) is smooth on E};, and that the direction of the (unique) minimal
geodesic from x to y is smooth on Eys. Let (x, y) € Ejr; then the mirror map is
the isometry from T, M to T, M given by reflection along the minimal geodesic
connecting x and y. We see that the mirror map is smooth (on Ejs, which is where
itis defined). As a result, there is no problem in running the mirror coupling as long
as the joint process is in Ejs. That is, for one-dimensional independent Brownian
motions W) and W2, consider the system of SDEs

2
dx; = af|:|:z ei(x7) odW£:|i|,

i=1

dy, = b[[i W [ei(yo)] odwiﬂ,

i=1

where V; = W(x;, y;) = mxhyre(xt)e(y,)*1 with m, , being the mirror map,
namely parallel transport followed by reflection with respect to the perpendicular
to the geodesic from x to y. Then the coefficients are smooth in both space and
time, so the system admits a unique strong solution, up until the first time the
process leaves E)y.

The point of the coupling is to get the particles to meet, so we turn our attention
to this issue next. First, note that the marginals x; and y, are time-changed Brow-
nian motions as desired, so we are coupling the right processes. The natural object
of study is the distance between the particles, with respect to the fixed metric 4.
We denote this distance by p.. It is a (continuous, nonnegative) semi-martingale,
so we derive the SDE that it satisfies by 1t6’s formula. This is the standard compu-
tation with the factors of a and b included, so we will be brief. For more on this,
see [26], Section 6.5.

The martingale part is easily seen to be (a + b) d WT for some Brownian mo-
tion WT, whether we are in the r = 0 or r = —1 case. (In what follows, we use WT
to denote some Brownian motion, which may change from appearance to appear-
ance, in order to more conveniently describe the SDE satisfied by a given process.)
As for the drift, the only contribution comes from the second derivative of the
distance with respect to the diffusions perpendicular to the geodesic from x to y,
which is computed in terms of the index of the appropriate Jacobi field along the
geodesic from x to y. We now summarize the computation.
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Let y be the unique minimal geodesic from x to y (parametrized by arc length),
and let E be a unit vector field along y, perpendicular to y (this determines v
uniquely up to sign, and either of choice of sign is fine). Then we want the Jacobi
field w(s)E(y (s)) where w: [0, p] — R satisfies

w+rw=0, w(0) =a, w(p) =>b.

When r = 0, the solution space to this differential equation is spanned by 1 and s.
Taking the boundary conditions into account, we see that the solution is

b—a
w(s)=a+

S.

Similarly, when r = —1, the solution space is spanned by coshs and sinhs, and
the boundary conditions give

asinh(p — s) 4+ bsinhs
sinh p ’

w(s) =
The index of each of these Jacobi fields is given by
[ (@ = ru?)ds = wipyii(o) - w(O)i(0),
Y

where the right-hand side is obtained from the left via integration by parts and the
differential equation satisfied by w. Thus, for r = 0, the index is

o(757) el ) =5

and for r = —1, the index is

h b— h
b|:a sinh p + (b —acosh,o)coS '0} — [w}

sinh p sinh p

= (a® + b*) coth p — 2ab

sinh p
= (a — b)* coth p + 2ab tanh g

Putting this together, we see that

N2
(a+b)de+l[(a b)}dr,

> forr =0,
dpr =

L
(a+b)dW, + 5[(61 — b)2coth p + 2abtanh g] dv,  forr=—1.

As mentioned, this holds until the first exit time from E ). Following the reasoning
in [26], Section 6.6, one can show that W; = — 21‘2: 1(ei (x7), Y2 (0)) d W, where y
is the minimal geodesic joining x; and y; starting at x; and running at unit speed.
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When the particles meet, we have achieved our goal, and we can either stop the
process, or allow it to continue to run as x; = y;. Either way, there is no problem
caused by the process hitting the diagonal. On the other hand, we do need to find
a way to continue the process past the first hitting time of the cut locus. Showing
that this is possible constitutes the content of the remaining of this section.

THEOREM 9. Let M = (M, h) be a compact surface of constant curvature 0
or—1,andleta =a(x, t) and b = b(y, T) be as above. Then there exists a process
(x7, yr) on M x M, started from any (xo, yo) ¢ Dy and run until the first time of
hitting Dyy, such that:

(1) The marginals x, and y, are time-changed Brownian motions, with times
changes given by a and b, respectively.

(2) The distance (relative to h) between x; and y, denoted p, satisfies the
SDE

~  1[(a—b)?

(a+b)dwr+—[M}dz—Lt,
2 P

28) dp, = forrzO,1

(a—i—b)dWr—I—5[(41—b)zcoth,o—i-Zabtanhg}dr—Lt,

forr=-—1,

where L. is a nondecreasing process which increases only when (x;,y;) € Cy
[and the set of T for which (x;, y;) € Cy has measure zero almost surely).

PROOF. As mentioned, the only issue is extending the construction mentioned
above past the first hitting time of Cjs. As usual, we proceed by approximation.

Choose small, positive §. Until y; is within distance § of Cut(x;), we run the
mirror coupling as above. When y; hits distance § from Cut(x;), at time 71, we
start to run x; and y; as independent (time-changed) Brownian motions. This con-
tinues until y; is distance 26 from Cut(x), at time 12, when we again run them un-
der the mirror coupling. We continue this procedure, so that we have a joint process
(x;S , yf ) which evolves under the mirror coupling on intervals of time [‘Egn, rgn )
and as independent processes on intervals of time [‘L’gn_l, ‘Egn), for nonnegative in-
tegers n, where the 7, are the alternating hitting times of the § and 24 level sets of
the distance from y; to Cut(x;). [This is less symmetric than switching when the
joint process is distance § or 2§ from Cjy, in the product metric on M x M, but
it is more convenient to compute with and works in essentially the same way. In
particular, the condition dist(y;, Cut(x;)) < § determines an open neighborhood
of Cyr in M x M, and these neighborhoods converge to Cys as § — 0.]

Itis clear that x? and y? are time-changed Brownian motions as desired, and that

the p? satisfies the desired SDE when (x?, y?) is distance more than 28 from C.
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It is also clear that when xf and yf are being run independently, p? satisfies an
SDE of the form

d,o‘f3 =udW, +vdrt — L,

where u and v are bounded (with bound depending only on M and the bounds on
a and b) and L, is a nondecreasing process which increases only when (xﬁ, y‘f) €
C (again, see the references mentioned above).

Suppose we show that, for any # > 0 and any ¢ > 0, the expected amount of time
on the interval [0, ¢] that yf spends within distance € of Cut(xf) goes to zero with ¢
at a rate independent of §. Then the amount of time on [0, ¢] that yﬁ spends within
distance 25 of Cut(xf) goes to zero with § (just let ¢ = 24), and thus the amount
of time the particles spend being run independently goes to zero almost surely as
8 \( 0. (The point is that the total amount of time spent in the union of all intervals
of the form [rfn_ 1 tfn) N[0, ¢] goes to zero uniformly, even though the number of
such intervals that are nonempty might increase without bound as § goes to zero.)
So letting § go to zero, we know there is at least one subsequence along which the
process (xf, y?) converges to a limiting process (x;, y;) (by compactness). That
this limiting process satisfies the first property in the theorem is immediate, since
x‘f and y‘fS do for all § > 0. For the second property, note that the contributions from

the u d W, term and the vdt term go to zero by the boundedness of u and v and
the fact that the expected length of time over which these terms are integrated goes
to zero. It follows that the martingale part and the “regular” part of the drift come
entirely from the SDE for p induced by the (mirror) coupling, and that the time
spent at Cps [equivalently, the time spent with y,; € Cut(x;)] has measure zero.
Finally, the L. contribution converges to a term L as indicated.

Thus, to complete the proof, we need only show that the expected amount of
time on the interval [0, 7] that y‘g spends within distance & of Cut(x;S ) goes to zero
with ¢ at a rate independent of §. Here, we will take advantage of the specific ge-
ometry with which we are dealing much more so than in the general approximation
procedure just described. Because the argument is somewhat lengthy, we divide it
into four steps. Moreover, at the end of the first step, we highlight as a “key fact”
the most important aspect of the geometry for our purposes.

Step 1. Here, we describe the structure of the cut locus, which is also summa-
rized in Figure 1 below.

In particular, note that, because we deal with surfaces of nonpositive curvature,
there are no conjugate geodesics, and a point z is in Cut(x) exactly when there is
more than one minimal geodesic from x to z. In this case, there are necessarily
only finitely many such geodesics, and the exponential map at x is a local diffeo-
morphism near (the tangent vector corresponding to) each of these geodesics.

More concretely, if we let M be the universal cover of M (with the metric in-
duced by M) and we let X denote a distinguished lift of x to M, then all other
lifts of x can be written as g(x) for g € G, the group of Deck transformations. For
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FI1G. 1. The fundamental domain for a negatively curved surface as a subset of the universal cover,
which is the hyperbolic plane. The pre-image of x on the universal cover is {X, g1(X), g2(X), ...},
with g1, g2, ... in the Deck group. The arc a; (x) is equidistant from % and g; (X). For instance, the
vertex 133 is equidistant to X, go(X) and g3(x). Here, &; is the distance from y to a;, placed by the
geodesic that realizes this distance. Notice that the closest point to y on a3(x) falls outside the arc
az(x), which is one of the reasons for introducing a tubular neighborhood around each arc later in
the proof.

a complete treatment of the Deck transformation in a more general framework,
see [25]. Then one can construct an open fundamental polygon P (also called a
Voronoi region or Dirichlet region) around % by taking all points of M that are
closer to X than to any other lift of x. Note that P is convex. The boundary of
this fundamental polygon d P has each side given by (a portion of) the curve of
points equidistant from x and g(x) for some g. Moreover, let ¢ :M — M be the
covering map (and local isometry) given by quotienting by the action of G. Then
if z is a point on a side (but not a corner) of d P, yy is the minimal geodesic from X
to z, and y; is the minimal geodesic from (the appropriate) g(x) to z, we see that
q(z) € Cut(x) and that g(y9) and g(y;) are the two minimal geodesics from x to
q(z) (in M). Each corner of d P corresponds to a point z where there are at least
two (but only finitely many) lifts of x, say g1 (x), ..., gk(X), such that z is equidis-
tant from X and each of these other lifts, with corresponding minimal geodesics
Y1,..., Yk, and we obtain the minimal geodesics from x to g(z) € Cut(x) as
q(0),q9(1), - -.,q(yx). More globally, g(P) = M \ Cut(x) and g (3 P) = Cut(x).

The purpose of the above is that it gives us a way to understand how Cut(x;)
evolves as x; evolves. Indeed, in our situation, it would be possible to give a fairly
precise description, since we deal with surfaces of constant curvature. If r = 0, M
is R? with the Euclidean metric, and the group of Deck transformations consists
of translations by a lattice, if M is orientable, and thus a torus, or is generated by
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such translations plus a reflection, if M is nonorientable, and hence a Klein bot-
tle. Similarly, if r = —1, M is the hyperbolic space H?, and the group of Deck
transformations consists of a Fuchsian group, if M is orientable, or is generated
by such a group plus a reflection, if M is nonorientable, and these can be real-
ized fairly concretely using the upper half-space model of the hyperbolic plane.
Nonetheless, such an argument by cases is tedious and provides more than we
need here. Instead, we give a more general argument.

We choose some ¢p > 0, with the intent of studying the distance to the cut locus
in, roughly, an go-neighborhood of the cut locus, and we will assume &g is small
enough to satisfy various conditions as we go. Recall that the fundamental polygon
P (x) (where we now allow the possibility of making the dependence on the point
x from above explicit) has a finite number of smooth sides (which we think of as
closed segments by including the corners), which means that Cut(x) is given by
the union of a finite number of smooth (closed) arcs, which vary smoothly with x
[this smooth dependence follows from the fact that X and all of the g(x) in M vary
smoothly with x, and thus so do the curves of points equidistant between them];
denote these arcs by aj(x), ..., ag (x), for some positive integer K as areAshown
in Figure 1 below. (For clarity in the figures, we label the vertices of P by P;, with
a; being the side between 13,- and 13,-+ 1, with indices understood modulo K'.)

Further, we let @; (x) be a (closed) arc which smoothly extends a; (x) some small
amount (independent of x) in each direction. We can accomplish this by extending
each side of the fundamental polygon a small amount past the two adjacent cor-
ners; indeed, in the constant curvature case, the g; (x) are geodesics segments, and
thus we can extend them to slightly longer geodesic segments. (This is the general
case when g; is a segment with two endpoints. It is possible for a; to be a closed
geodesic loop, in which case a; is just @;.) Next, consider a tubular (open) neigh-
borhood around a; (x) consisting of all points that lie on a geodesic perpendicular
to the interior of a;(x) at distance less than &g, and denote this neighborhood by
Qi(x). Note that Q;(x) also varies smoothly with x. We now assume that &g is
small enough so that there is always only one such minimal geodesic from a; (x)
to any point in Q;(x). Because Q;(x) varies smoothly, M is compact, and there
are only finitely many sets Q;(x), it is indeed possible to choose such g9 > 0 for
allx e M andi €{1,2,..., K}; see Figure 2. (Again for clarity in the figures, we
let P; and P;41 be the endpoints of the extended arc a;.)

Now let &;(y) be the distance of y from a;(x). Of course & = &;(y) also de-
pends on x, through its dependence on a; (x). We see that &; is Lipschitz on all of
M x M (in fact, &; is locally given by the minimum or maximum of a finite num-
ber of smooth functions), smooth in both x and y on Q;(x) \ @;(x), and convex
at a; (x) [indeed, the signed distance is smooth in a neighborhood of any point in
the interior of a;(x), and &; is just the absolute value of this signed distance]. We
also let S;(x; ¢) be the (closed) set consisting of all points that lie on a geodesic
perpendicular to a;(x) at a distance no more than ¢, for any 0 < & < g9/2. See
picture Figure 2 below for an illustration of the relevant elements.
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FIG. 2. The arc a; from Figure 1 is the arc 13,' 135_,_1 and the extension a; described above is given
by P; P;y1. The light gray area is Q;(x) while the darker gray area is S;(x; €). In this picture, ¢ is
the angle between the minimal geodesic joining x to y and the minimal geodesic from y to a;. We
will frequently think of this tubular neighborhood as lifted to the universal cover.

Consider a point y such that dist(y, Cut(x)) < &9/2. If y is not in Cut(x), then
the closest point (or points) to y in Cut(x) is in the interior of an a; (x). This follows
from the fact that the fundamental polygon P(x) is convex, and thus the closest
boundary point to any interior point is in the interior of an edge (i.e., the closest
point is not a corner). It follows that, for any 0 < ¢ < ¢9/2 and x € M,

K
{y:dist(y, Cut(x)) < e} C U Si(x;€).
i=1

So, in order to control the expected amount of time on the interval [0, ¢] that y‘g
spends within distance & of Cut(x?), it is enough to control the expected amount
of time on the interval [0, 7] that y§ spends in S; (xf; g), foreachi.

Before we move on to the next step, we make an important point, which will be
in fact the backbone of the argument, and comes from the fact that on nonpositively
curved manifolds there are no conjugate points. Let ¢ be the angle between the
minimal geodesic joining x to y and the minimal geodesic from y to a;, as shown
in Figures 2 and 3. Then we claim that |¢| is bounded away from 7 /2 on Q;, with
the bound depending only on M and &g. To see this, first note that, any geodesic
from x to a; cannot be tangent to g;. Indeed, this is so because in the Euclidean
plane and the hyperbolic half space, the curves which are equidistant to two points
are geodesics and on any manifold a geodesic curve is uniquely defined by a point
and the tangent at the point. Thus, the if the arcs from x to z would be tangent,
this would mean that x is on the arc a; which is a contradiction. It follows thus
that any geodesic from x to a point on g; intersects a; transversally. Thus, if z is
a point on any of the curves a;, the angle between the geodesic arcs xz and a; is
always positive, and it varies continuously as z moves along a;. In addition, since
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aW?

Piii(zr)

a3

F1G. 3. This is the picture of the arc a; (x¢) together with the distances from y to a; (x¢) and to xz.
When x; and yr move independently, the 2-dimensional driving Brownian motions (WS, w4 and
W, w2 are independent while for the mirror coupling case they are the same (i.e., w!=w3 and
w2 =wH.

the fundamental polygon P; changes continuously with x (and M is a compact
manifold) we see that there is a value @ > 0 which depends on the manifold M
and the length of the extended arcs a;, such that for any z on any of the a; arcs, the
angle between the geodesic arc xz and a; belongs to [w, 7 /2].

Next, suppose the point y approaches a point z € a; smoothly, from Q; \ a;
(visually, we think of letting & go to zero in Figures 2 or 3). Then the limit of
|p| is the angle between xz and the (“outward pointing”) normal vector to a; at z
(this follows from writing everything up to first order at z), which in turn is 7 /2
minus the angle between xz and a;. Thus, the limit of |¢| as y approaches z is
bounded from above by /2 — w. (As this argument makes clear, this is just a
simple consequence of the transversality of geodesics that do not coincide.) Again
by continuity and compactness, this implies that there is some neighborhood of
a; where the absolute value of ¢ is bounded from above by some constant less
than 7 /2.

Thus, if we take g9 small enough and the point y moves in any of the sets Q;,
the absolute value of the angle ¢ introduced above is bounded away from /2
with the bound only depending on M, the length of the extended arcs a;, and &g.
Equivalently, cos ¢ is bounded from below by a positive constant under the same
conditions. Because this is one of the key geometric facts underlying our argument,
we highlight it separately here.

KEY FACT. There is a constant ¢g < 7r/2 such that for small enough &g, and
any y € Q;(x),

29) lol <o <m/2.

From now on, we assume that &g is small enough so that this holds.
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(We note that if we consider a high-dimensional compact manifold of nonposi-
tive sectional curvature, the analogous fact holds relative to the hypersurface com-
ponents of the cut locus. For this and related reasons, the present argument extends
naturally to higher dimensions. However, if we allow positive curvature, the struc-
ture of the cut locus can change significantly, and new ideas would be required to
extend this method of proving the existence of the mirror coupling.)

Step 2. Here, we study the evolution of & under the process by controlling the
SDE it satisfies, both when the particles are running independently and when they
are running under the mirror coupling. We also (and much more briefly) derive an
SDE which governs how quickly yf can move from the complement of Q; (xf) to
Si(x%; £0/2).

Let & . be, as usual, the process &; (y,) = dlst(y,, a; (x‘s)) From the convexity
properties of &; and the Itd—Tanaka formula, we see that &; ; is a semi-martingale.
Next, suppose that yf € 0; (xg). There are two cases to consider, the one when the
particles are running independently, and the one when they are running under the
mirror coupling. Since we will be assuming either one or the other of these cases
in what follows, we will drop the superscript §’s in the notation, making it less
cumbersome.

We begin with some observations that apply in either case. Referring to Figure 3,
we run the processes x; and y; as indicated, without yet assuming that (Wl, WZ)
and (W3, W%) are either independent or identical. Then, since the distance function
&; is smooth away from 0 and convex at 0, we can use It6—Tanaka formula to get
that

(30) d& . =—bcospdW} —bsingdW? 4 r; dW> + 5, dW? + v, dt + dL;,

where |r;][, |s;|, |vi| are bounded by some constants depending only on M, g9 and
the bounds on a and b, and where L; is a nondecreasing process increasing only
when &; is 0. Notice the minus sign in the first term on the left-hand side above
equation, which is due to the fact that &; decreases as y approaches a; because the
gradient of &; points opposite of the minimal geodesic from y; to a;. Notice also
that the first two terms of the martingale part are obtained by fixing the point x and
taking the derivative with respect to y, while the last two terms of the martingale
part come from fixing y and taking the derivative with respect to x (in this case the
arc a; changes with x).

The martingale part of equation (30) is controlled by its quadratic variation pro-
cess; equivalently, the martingale part is a time-changed (one-dimensional) Brow-
nian motion, and thus controlled by the time change. Clearly, the precise behavior
of the quadratic variation is different in our two cases (the independent case and
the mirror-coupled case). But in either case, our goal now is to show that the mar-
tingale part is of the form u; d W, where WT is a Brownian motion and u; a process
such that 0 < o < u; < 8 with o and 8 two constants independent of ¢ and §. The
purpose is that, if this is true, standard methods of stochastic analysis will allow
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is to estimate the amount of time that y; spends near a;(x;), which is our overall
task. In particular, the upper bound by some § already follows from equation (30),
in both cases. Thus, the real work is in obtaining the lower bound, and for this we
treat the two cases separately.

If the particles x; and y; evolve independently, then wl, w2, w3, and W*
in equation (30) are independent, and thus the martingale part can be writ-
ten as \/bzcosch + b2sin? @ +r2 4 s2dW, = /b% + r2 4 s2dW,. Because b is
bounded from below by a positive constant, this proves that, in the case the parti-
cles run independently, for y; € Q;(x;), & ; satisfies the SDE

d“;‘_i,r =Uys;i dWr + Uy, dt —f—dL[’,',

where u;; and |vy ;| are bounded and u;; is bounded from below by a positive
constant, with all of these bounds depending only on M, ¢, and the bounds on a
and b, and where L ; is a nondecreasing process that increases only when §; ; = 0.
(Here, the subscript / is meant to denote that these are the coefficients for the SDE
induced by running the particles independently.)

Now we wish to perform a similar analysis when the particles are being run un-
der the mirror coupling. The issue now is that, in this case, the Brownian motions
in equation (30) are correlated by W3 = W! and W4 = W,. Therefore, the mar-

tingale part is of the form \/(—b cos @ + ry)2 + (—=bsin® ¢ + s;)? dW;. To show
that the coefficient is bounded from below by a positive constant, it is enough to
show that at least one of the squares under the square root stays bounded from be-
low. Recall now that |¢| is bounded away from 7 /2, which we noted as our “key
fact” earlier and, therefore, b cos ¢ is bounded away from 0. Our strategy in what
follows is to show that the term r; does not spoil this property (i.e., we want to
make sure that the contribution to the quadratic variation coming from moving y;
by d er is not cancelled by the movement of x; by d Wg =d er). More precisely,
we are going to show that r; is actually negative and this proves that —b cos ¢ + r;
stays away from 0, which is enough to get the desired conclusion.
In this case, we write the evolution for &; ; in the form

3D d& v =uc;dW; +vc;dt +dLc,,

where uc; = \/(—b cos @ +r7)2 + (—bsin® ¢ + s;)2. (Here, the subscript C de-
notes that the coefficients for the SDE are induced by running the particles mirror
coupled.) Also, recall that the particles never run under the mirror coupling when
y¢ hits Cut(x;) (for any §). Thus, when considering the present case, we have
that the geodesic between x; and y, along which we perform the mirror coupling
evolves continuously. That is, essentially, Figure 3 evolves continuously, and in
particular, the vectors along which the diffusions wl, w2, w3 and W* occur and
the angle ¢ evolves continuously.

Since the martingale part of d&; ; depends only on the first-order structure at
a point, we see that we can consider the contribution of x; with y fixed and the
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contribution of y, with x fixed separately (the “complete” martingale part is just
given by the sum of these two contributions). We have already seen that when x is
fixed, the arc a; is also fixed, and the contribution coming from the evolution of y,
is —bcoscdeT1 —bsimderz.

The other contribution to the martingale part of d§; ; comes from letting x,
evolve while keeping y fixed [namely the r; and s; terms in equation (30)]. To
provide a good picture for what follows, we put all the relevant elements in Fig-
ure 4 below. The point is that when x; moves, a;(x;) moves as well. In order to
make the exposition clearer, we will assume for the moment that &; ; # 0 [and thus
dist(y, a; (x)) > 0], so that &; is smooth in a neighborhood of the present point.
We now use x to denote the starting point of x;, before we let it move to first
order (stochastically). Thus, the closest point to y on a;(x), which we denote z,
and which we now also fix, is in the interior of a;, by the definition of Q;. Let
do(-, -) denote the distance between points in a neighborhood of x to points in a
neighborhood of y along geodesics which are close (in the exponential map) to
the minimal geodesics from x to a; (x) that lie on the same side of a;(x) as y. Let
di (-, -) denote the similar distance from points in a neighborhood of x to a points

9i(y)

Piy1(7)

Tt i+1(Zo)

FIG. 4. Here, X moves away from y at unit speed along the dashed line, motion which we
parametrize as Xq . The distance dy (X, y) is obtained as the distance between g;(X) and y (on the
universal cover), and as X moves, g;(X) moves along the dashed line as g;(Xy). The derivative of
dy(x,y) is thus given by cos(6), where 0 is the angle between the arcs g;(X)g;(y) and g; (X)y.
Notice that for small enough o and y € Q;(X) the angle 6 is positive (and we assume that gq sat-
isfies this condition). Indeed, g;(y) cannot be on the geodesic g; (x)y because y and g;(y) must be
some distance apart (given by the shortest noncontractible loop on the manifold M). The dashed line
P;(X5) P 1(Xg) is the arc a; (Xy ), corresponding to moving X to Xg .
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in a neighborhood of y along minimal geodesics from x to a; (x) that lie on the op-
posite side of a; (x) as y. In other words, if we think about the universal cover, dy
corresponds to minimal geodesics (in M) starting from a points in a neighborhood
of x, and d; corresponds to minimal geodesics starting from points in a neighbor-
hood of g(x), where g is such that g(x) is the point “on the other side” of the lift
of a;(x). Both dy and d; are smooth in both arguments. We can assume z is in
both neighborhoods of y, so that dy(x, z) = d1(x, z), and moreover, a; (x) is given
by the equation dy(x, -) = dj(x, -) near z. Also dp(x, y) < di(x,y), and it is this
inequality which shows “which side” of a; (x) y is on.

Now suppose x, moves away (it moves away because of the mirror coupling)
from y along the minimal geodesic connecting them, at unit speed. (We imagine
Xs moves smoothly in order to estimate the relevant gradients, and then we use
Itd’s rule to determine the stochastic analogue.) Referring to Figure 4 and (30),
our next goal is to show that r = %éi (X6, ¥)|lo=0 < 0. On one hand, we have
i do(xo, y) = 1.

Now we will invoke a similar argument to the one involved in establishing the
key fact. Namely, for a point z on a;, the angle between the arc from z to g;(x)
and the arc from g;(z) to g;(X) is not zero (this is the angle 0 in Figure 4, when
y allowed to go to z). To see this, we argue otherwise. If the angle were to be
0, then since both arcs are geodesic, they would overlap (said differently, one arc
would be a sub-arc of the other). Further, since d(x, z) = d(g; (X), gi(z)) we would
obtain that g;(z) = z (i.e., the arcs would be identical), which is impossible since
gi is an element of the group of Deck transformations other than the identity, and
thus g; does not fix any point of the universal cover (see [25], page 70). (Note that
we do not rule out the possibility that & = &, which can happen, but causes no
trouble for the present proof.) Since 6 is not zero in the limit as y approaches z,
the same continuity and compactness arguments as before show that there is some
neighborhood of a; on which 6 is bounded below by a positive constant.

In particular, according to the discussion above and referring to Figure 4, for
&0 small enough, the angle 9 is not 0, thus % di(x5,y) =cosf <1 — A, for some

small, positive A. Hence, d%(d 1—dp)(xs,y) < —A < 0.Because d| —dp is smooth,

if y is close enough to z, we must have that %(dl — dp)(xs, z) < 0. Further, by
compactness and continuity, we can make g small enough so that this holds when-
ever y € Q; \ a;. The point is that as x, moves away from y in this way, d| (x4, 2)
immediately becomes smaller than dy(x., z), putting z on the “opposite side” of
ai (xs) from y. Since a;(x,) moves smoothly, this means that it immediately in-
tersects the minimal geodesic from y to z between y and z, or in other words,
that &; (x,, y) decreases to first order, and thus r is negative. In fact, an even softer
argument gives that the distance between y and a; (x5 ) is smaller than &;, as is
obvious from Figure 4, which implies » < 0. As pointed out earlier, this is enough
to conclude that uc ; in equation (31) is bounded from below by b cos ¢, and thus
is bounded from below by a positive constant depending only on M, &g, and the
bounds on a and b.
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~ Piy1(2)
T i+1(l~'r7)

FIG. 5. The case when particle y moves in the region {&; < 0} [corresponding to y being on the
opposite side of a; (x) from x], which is denoted by the gray boxes. Here, we see a;(Xg) moving away
from y, but this still corresponds to &; decreasing, because of our choice of sign.

To extend this to the case when we allow &; ; = 0, which means y; € a;(x¢) \
a;(x7) (because the process never runs under the mirror coupling on the cut locus
itself), let & be the signed distance from y; to a; in some neighborhood of y;, as
shown in Figure 5 [here we take our sign so that & < 0 when y is on the opposite
side of a;(x) from x]. The reader may ask why do we have to consider this case
at all. The answer is provided in the caption of Figure 6 below and it comes from

g5(Z)e

Py

FIG. 6. This is the universal cover of a flat torus with the group of Deck transformation gener-
ated by two translations (one by the vector DA and the other one by the vector AB). The torus
is obtained by gluing the edges of the parallelogram ABC D, however the fundamental polygon is
P Py P3Py P5 Pg. One of the arcs we compute the distance to is the arc P, P3 and its corresponding
extension. The point is that because of the identification of the points down on the surface M, the
two rectangles around Py P3 and Py 132 are the same. Thus, even though it seems that the point y is
far away from the arc P, P3, in fact it is not due to this identification with the point y. The point y
viewed from the point of view of X is “on the other side” of the arc Py P3. This explains why the case
in Figure 5 has to be considered.
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the fact that essentially the picture on the universal cover does not reflect exactly
what happens in the projection. To resume, then & is smooth on this neighborhood
and, as noted above, the minimal geodesic from x; to y; is evolving continuously
(so there is no problem with the definition of the mirror coupling). Then the above
arguments apply to & as well, by continuity. To be more _precise, we can think
about the analogue of equation (30) for the signed distance £. On the region where
& > 0, the same arguments as above apply (since here & =&, and now we can in-
clude points with & = 0 because they are now smooth points). On the region where
& < 0, the gradient of &; is minus the gradient of &;. Thus, the first term in equation
(30) is still —bcosepd WTI. Now the arc a; (X, ) is moving away from y, however,
because the gradient has the opposite sign, the above reasoning again shows that
r < 0. This is illustrated in Figure 5, which should make the underlying geometry
clear. Thus, in taking the quadratic variation, we still have that (—bcos¢ + rr)2
is bounded from below by a positive constant, which is what we wanted. Because
&= |§,~ |, we use the Ito—Tanaka formula to see that, for y; € Q;(x;), we have

(32) dé; =ucdW; +vedt +dLc,

where u¢ and |vc| are bounded and u¢ is bounded from below by a positive con-
stant, with all of these bounds depending only on M, gg, and the bounds on a
and b, and where L is a nondecreasing process that increases only when §; ; =0
(assuming the process is being run under the mirror coupling, of course).

Now we see that the SDE satisfied by &; ; switches between these two possi-
bilities, running under independence or running under the mirror coupling, at the
stopping times rf. In particular,

d& ; =u; dW, +vidt +dL; for y2 € Q;(x?),

where
Ui, fort e [‘Eésn_l, rgn),
Tucs  forreld, )
and
VI fort e[z, |, 7).
v Ve, fort € [rgn,rgnﬂ),

and where L is a nondecreasing process that increases only when &; ; = 0. The
previously discussed bounds on uy ;, uc,;, vy,; and vc,; imply that there exist pos-
itive constants «, 8 and y, depending only on M, &g, and the bounds on a and b,
such that « <u; < g and |v;| <y, forany § >0 and any i € {1,..., K}. (Le.,
these bounds hold for both u; ; and uc ; and both vy ; and vc ;, and thus they hold
for u; and v; regardless of whether the process is being run under independence
or under the mirror coupling, and thus they hold independent of §. Also, because
there are only finitely many i, these bounds can be made independent of i.)
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Our final task, in this step, is to introduce a semi-martingale that will allow
us to control how the joint process transitions from having y; € S;(x¢; €0/2) to
having y; ¢ Q;(x;). Indeed, this control is the other reason for introducing the
neighborhood Q;(x). Note that S;(x; €9/2) and the complement of Q;(x) are a
positive distance apart, for any x, so we can take #; to be a smooth function taking
values in [0, 1], such that n; is identically equal to O on S; (x; €9/2) and identically
equal to 1 on the complement of Q;(x). Further, we can let n; vary smoothly in x.
As usual, we let n; ; be the semi-martingale arising from composing »n; with the
process (x;, y;), where the particles can be running independently or under the
mirror coupling (and thus switching at the r,‘f for any § > 0). Then, by smoothness
and compactness, we see that n;  satisfies the SDE

dni,r =U;dW; + V;dr,

everywhere on M x M, where U; and |V;| are bounded, with bounds depending
only on M, gy, and the bounds on a and b. More precisely, there are positive
constants B and 7, depending only on M, &y, and the bounds on @ and b, such
that 0 < U; < ,3 and |V;| <y, forany 6 > 0and any i € {1, ..., K}. (Because we
are dealing only with coarse bounds, it seems unnecessary to consider the cases of
independence and mirror coupling separately, as we did for &;.)

Step 3. Here, we give the basic estimate on the amount of time spent near each
piece of the cut locus; that is, the amount of time yﬁ spends in S; (x;s ; €). The argu-
ment is essentially an exercise in stochastic calculus, which uses only the bounds
on the SDE:s satisfied by &; ; and n; ; that we just derived.

For 0 < ¢ < g9/2, consider the function

2

fo=1"

2ex — &7, for x > .

forO<x <eg,

Then f is C! with | f'(x)| <2, and f” exists in the weak sense.

For now, we fix some i, and just write & for &;, Q for Q;, etc.

We first suppose that yp € Q(xp). Then the It6—Tanaka formula shows that, at
least until the first time y; exits Q(x;), f(&;) satisfies the SDE

(33) df (&) = f'Eur dWe + [/ (E)vr dT +uil (¢ o) (E) dT + f'(E) dL,.

Notice here that for f'(x,)dL, is a nondecreasing process due to the conditions
on L.
Next, consider the sequence of stopping times-defined inductively as follows:

op=0 and {0=inf{SZO3y.v¢Q(xs)}

and forn > 1

op =inf{s > & 1:ys € S(x5560/2)} and g, =inf{s > 0,1 y5 ¢ O(xy)}.
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It is clear now, from the geometry of these sets, that

t [V
/ lS(xr;s)(yt)dT =< Z/ 1(—8,5)(Sr)d7
0 n>0 op At

and thus
IS4

t
E[ [ 1s<xt;s)(yf>dr} SZE[ [ - 1(_s,e><sr>dr].

n>0
On each time interval [0, A t, {, A t], we use (33) combined with the fact that
Gt
B [* f €ourdw | =0
Op At
and | f'(x)| < 2e to first justify that (recall that [ f’d L, is nondecreasing)
LA N
Bl [ 1 oo @de |+ B [ fEvedr]
on t

At AOp

<E[f&nrg) = fEina,)] < 2e80P(0n < 1).

Complement this with the fact that v, f/(&§;) > —2¢y and u; > « to arrive at

Cn Nt 2e
E[ [ icen (sf)dr] < S (0P < 1)+ Elt ALy —1 Ao

N

Consequently, since -t Ay —t A oy,) <t this results in the main estimate

t 2¢
E|;/(; lS(xr;s)(yr)dTi| =< E(EOE[DZ] + )/t),

where D; is the number of “downcrossings” of y, from the complement of Q(x;)
to S(x¢; €0/2), inside the interval [0, t]. That is, D; is supremum of n such that
op <t.

This basic estimate leaves us with the task of getting an upper bound on the
number of downcrossings, as just described. First, note that ;, = 1 and n,, =0,
assuming these stopping times are less than or equal to ¢. Also, we have that

Ay tAE,
Elire, — firo, ] =E[ / U,-dwu] +E[ | Vidu}
t t

N N

AL
<[
t Aoy

< VE[t A& —1t Aonl,
where we used the boundedness of U; to see that the martingale part is actually
integrable. For any N > 1, we have that

N

N
> Eling, — Ninoy| <7 D _Elt ALy —t Aoyl < 1.
n=0 n=0
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Since we always have 0 <n; <1, we let N — o0 to see that

o
—1+E[D/] < Z Elning, — Mino, ] < V1.
n=0

This, in turn, implies that

t 2¢ »
E[/O 15,10 (ve) dr] < =2 (eo(1 + 71 + 7).

In the case, we start with yg ¢ O (xg), we run the process until it hits S(x;; e9/2),
and once this happens use the same argument as above.

Step 4. From here, the proof is easy to complete. We just put everything together.
For any 0 < & < g¢/2, the expected amount of time on the interval [0, 7] that y‘g
spends within distance ¢ of Cut(x‘fs ) satisfies

t K t
E[fo l{dist(-,Cut(xg))Ss}(yé)df:|EZE[/O lsi(xé;w(yg)df}
i=1

2¢e ~
< K@(eo(l +71)+yt) =Ce,

where C > 0 (defined by the above equality) is a constant depending only on ¢, M,
€0, and the bounds on a and b (in particular, C does not depend on §). As noted
just before step 1, this is exactly the estimate we need to complete the proof. [

7. Convergence of first order to constant curvature in the case x (M) = 0.
Now that we have our uniqueness/verification theorem and the general coupling
procedure, we begin exploring some of the consequences. As usual, for simplicity,
we assume that we have a smooth solution p; for all time ¢ > 0 on the mani-
fold M. We take here a flat metric /2, which is possible under the assumption that
x (M) =0.

The main result of this section is the following.

THEOREM 10. For M, h, and pg as above, suppose that we have a smooth
solution p; to equation (9) for all t € [0, 00). Then there exist constants, ¢, C > 0

which depend only on the metrics go and h such that
(34) sup | pr (x)] < ce™C".
xeM

PROOF. Fix atime r > 0, atime s € [0, t) and a point x € M so that the Ricci
flow has a solution on [0, 7]. The first thing to notice is that p; = p;_.(x;) is a
martingale. Thus, we have the following stochastic representation:

(35) Pr(x) = E[pr—o (x0)]
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valid for any stopping time o with 0 < o < t. In particular, setting o =t shows
that p;(x) is a weighted average of the values of pg. Thus,

36 min pg < min p; < max p; < max p
(36) 1IN po < min p; < Max py < max po

for any ¢. The main idea for getting (34) is to prove that for some ¢, C > 0,
(37) osc p; < ce €.

Indeed, if this is true, then combining this with the fact that the integral of ¢/
with respect to the volume induced by 4 is 1, we deduce that there is at least one
point x for which p;(X) = 0 and from here it is clear that we get (34).

We now choose any two starting points x and y for the processes x; and y-.
Over each of these points, there is exactly one point [ p;(x) and p;(y)] in the fiber
which is in the reachable set I';. We wish to run the controlled process starting
from both (x, p;(x)) and (y, p:(y)), and couple them so that they meet as quickly
as possible. Our reachable sets have the semi-group property, that is, the process
(x¢, pr) attime T € [0, ¢] is on I';_;, and since we know that we have a solution
until time ¢, we know that after running the controlled processes for time t < ¢
they will be on the solution section corresponding to the Ricci flow at time ¢t — 7.
This means that if the particles couple on M, they couple in the total space as well,
that is, x; = y; implies that p,_(x;) = p;—:(y;) as well.

In light of this, if o is the coupling time of x, and y,, the martingale property
gives that

pr(x) — pe(y) = E[p_t—a/\s(xamv)] - E[p_t—a/\s(YUAs)]

=E[pr—o(Xe) — Pr—o (Vo). 0 <]
(38)
—+ E[ﬁz—s(xs) - ﬁt—s(ys)’ § < 0]

= E[ﬁt—s(xs) — Pr—s(ys), s < U]-
The outcome of this is that
39) osc p; <P(s <o)osc py—g.

What remains to be controlled here is P(s < o). While the above is true for any
coupling of x; and y,, we wish to use the mirror coupling, as was introduced in the
previous section. The main property of this coupling, for us, is contained in (28)
which gives the equation satisfied by the distance function p; = d(x¢, y;), namely

1 2
(a—Db) dt — L,

(40) dpr = (a + b)dW; + 5
T

with ap = e P70 b = ¢~ Pi—c0) gpd w being a one-dimensional Brownian

motion on the time interval [0, 7]. Obviously, the time t runs up to o (the hitting

time of 0) or ¢, whichever comes first and the term L, is nonnegative. We are
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interested in estimating the probability this hitting time o occurs after time s. To
this end, the first thing which will be used here is the fact that from (36) we know
that a and b are all bounded from above as well from below. So we have two
constants A, B > 0 which are depending only on pg, or otherwise the starting
metric go, with the property that

(41) A<a, b<B.

To move on, we let

u 1
M= [

be the time-change making the martingale part of p; from (40) into a Brownian
motion. Then with the notation p, = pj (),
. - 1 (a—b)? .

42 dpy, =dW, + du—dL,,

42) Pu u 2,0u (a+ b)2 u

where a and b are evaluated at time A(#) and the above equation is valid for u €
[0,7 A A7), where A~1(¢) is the first value of u corresponding to A(u) =t.
Obviously, cu < A(u) < Cu for some constants ¢, C > 0 and also because of (41),

a—b‘ B—-A
<
a+b|™

Ignoring the L term in (42) and then using standard comparison for ordinary
stochastic differential equations, we learn that the process p is bounded above
by a Bessel process of dimension § < 2 and starting at some value pg bounded by
the diameter (with respect to the metric /) of the manifold M. Thus, invoking [22],
equation (15), which gives the distribution of the hitting time ¢ of O for a Bessel
process of dimension § < 2 starting at pg, we obtain

3/ (2s)

P(s <&)= y 926V dy.

F(l —6/2) /
Finally, since cu < A(#) < Cu and the diameter of the manifold M is finite, we
arrive at

D/s
I —5/2 =V gy —-
P <o) < F(1—8/2)/ e Vdy=: A(s),

where D is a constant which depends only on the initial metric gg and some ge-

ometry of the underlying metric & (more precisely the diameter of M with respect

to h). Hence, it turns out that the function A is determined by the metrics 4 and gg.
To summarize, from (39) and the preceding we now have that

osc py < A(s) 0SC pr—s.
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Using this, it is easy to get (37) as follows. For ¢ € [0, 1], we know from (36), that
osc p; < osc pg. Now for each ¢ € [n,n + 1], n > 1, using repeatedly the above
inequality, we arrive at

osc p; < A(1)" osc py—p, < A(1)" osc po/A(1)

which is exactly the exponential decay of (37) since 0 < A(1) < 1. O

REMARK 6. It is interesting to point out that we can prove the same expo-
nential decay as in Theorem 10 for the case of x (M) < 0 using the coupling ar-
gument. This decay is, however, already taken care of by the a priori estimates of
Corollary 7. Nonetheless, this coupling argument is the one we will employ for the
gradient estimates in the following section.

8. Estimates on the gradient decay of the normalized Ricci flow in the case
x (M) <0. We continue under the same assumptions that M is a compact surface
with reference metric & of constant curvature 0 or —1 (so M has nonpositive Eu-
ler characteristic by the Gauss—Bonnet theorem) and go is a smooth initial metric
in the same conformal class and with the same area as A, so that the normalized
Ricci flow has a smooth solution for all time which is given by p;. Now, p; con-
verges in the C’-norm exponentially fast to 0 as shown in Corollary 7 for the case
x (M) < 0 and Theorem 10 for the case x (M) = 0. So we have that for some con-
stants ¢, C > 0,
(43) sup | p; (x)] < ce™".
xXeM
Let
G(t) = sup |V ps(x)|.
xeM

The idea is to start with

_ . Pi(yn(x) — pi(x)
(Vpi(x), &)= Him ? ,

where £ is a unit vector in the tangent space at x and y;(x) is any curve started at x
with initial speed £. Then we use the coupling to estimate p;(x) — p;(y) for x and
y close to one another. Due to the nonlinearity of the flow, the estimates coming
from the above will still contain the gradient bounds, but in the end, letting x and
y come close to one another leads to a functional inequality on G (¢), from which
we are able to derive the desired estimate.

THEOREM 11. If x(M) <0 then G(t) goes to 0 exponentially fast. As a con-
sequence, p; converges to 0 exponentially fast in C'.
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PROOF. Pick two sufficiently close points x, y € M and some ¢ > 0, and let
pr =d(x¢, y;) for 0 < v <t be the distance (measured with respect to the time
independent metric /) between the processes x; and y, started at x and y, respec-
tively. We are going to use mirror coupling for the processes x. and y.. Recall that
the coupling equations satisfied by (x;, p;) and (y;, g;) are given by

2
dx; = e Pr HZ ¢i(x;)V/2 0 dWiH,

i=1

2
dy; =e 1 |:|:Z ei()’r)\/zodwii|:|’

i=1

2
dpr =e 7r [ZaiﬁdWi] +r(e7?Pr —1)dr,
i=1

2
dgr =e [Za;fzdvif;} +r(e % — 1) dr,

i=1

where r = 0 or —1 and W is the Brownian motion given by the mirror coupling.
We consider o, the coupling time of x. and y.. From the fact that p; +r fy (1 —
e 2Pu)du is a martingale and p; = p;_; (x;), we write

INT

@) i) = i) = Elpins — qune) —rB| [ (720 — e du|

for any stopping time 7. The useful estimates we are interested in are estimates
from above of p;(x) — p:(y), and this is good if we assume that p;(x) — p;(y) > 0.
This is always possible unless p; is constant in which case the gradient is 0, so
there is nothing to prove then. Thus, assume that p;(x) — p;(y) > 0 for some
points x and y (which is the same as pg > gg) and take « to be the first time u for
which p, = g,. With this choice of the stopping time, for any u € [0, «] we know
that p, > g,, which thus means e 2Pu — ¢=2qu < (), This combined with the fact
that » < 0 and the exponential decay of p;, implies that for any s € [0, t A 1],

(%) — pr(y) <Elpy — qa> @ <51+ E[ps — g5, s <a] <ce "P(s < a).

The point is that if o is the first coupling time, of the processes x. and y., it is
obvious that o < o, and thus

P(s <a) <P(s <o) for any s € [0, t A 1],
which in turn yields
(46) Pi(x) — pi(y) <ce C'P(s <o)  foranyse[0,7Al].

With this equation our next task becomes the estimate of P(s < o).
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From Theorem 9, we learn that the distance process p; satisfies

—Pr _ p—4r)2
(47) dpr < (e_pr + e_fh) dB[ + (62—6) dt
pr

in the case r = 0 and

dpr < (e7P" +e79)dB,

(48) 1
+ 3 [(e_pf - e_q’)2 coth p; + 2e~ P79 tanh 'O—zf] dt
in the case r = —1. Here, B; is a one-dimensional Brownian motion run in the time

interval [O, ¢].

So far, we have used this strategy of coupling in the proof of Theorem 10, in
which, due to the singularity in the drift of the equations (47) and (48), we com-
pared the distance function p, with a Bessel process. For the gradient estimates,
we are going to remove the singularity based on the observation that

Pr = pr—r(x7) andsimilarly g; = p;—¢(y7).

The upshot of this is that the term e ~”* — e~ 9" is in fact of order p,. More precisely,
due to the boundedness of p,

|e—Pr _ e—th{ — }e—ﬁr—r(xr) _ e—ﬁr—r(Yr)| < Cd(xg, yr) sup |VP_t—r(x)}
xXeM

= CG(t — 1)pr.

Since p; < D, where D is the diameter of M, it is straightforward to show that

either (47) or (48) implies

dpr < (e P"+e9)dB; + C(1 + G*(t — 7)) pe dt.
To go further from here, consider p, the solution to

dpr = (e P +e 7)dB; + C(1+ G*(t — 1)) pr dr,

with the same initial condition pg = d(x, y) as p;. Standard arguments (in fact a
simple application of Gronwall’s lemma) give that

Pr =< Pr

which results in the fact that the first hitting time of O for p is less then or equal
to the first hitting time of O for p. Now if & denotes the hitting time of O for the
process py

49) P(s <o) <P(s <o) forall s € [0, A 1].

Therefore, the task now is to estimate the latter, and to do this we solve for p as

T v o, T 5
ﬁ.[ = <p0 +/0 (e_Pv + e_%)e_f() f@dz dBv)efo fdz
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with the notation f(t) =C(1 + G3(t — 1)), for0<7t <71. Consequently, the first
hitting time of O for p is the first hitting time of —pg for the time-changed Brow-
nian motion for (e Pv 4+ e*qv)e*fé) f@dz g, 1In law, this is the same as the first
hitting time of —pg of B¢ (), with the time change

T v
c(7) =/ (e P+ e_q”)ze_zfo f@dz gy,
0
Once again using the boundedness of p, we can find a constant C > 0 such that
T v
c(t)>c(t) = C/ e 2l F@dz g for T € [0, t].
0

Now, if o, is the first hitting time of —pg for the Brownian motion, then the
hitting time of —pg for B.(r) is given by cNo_ oo A ¢(2)). This combined with
(49) yields that

P(s<tAG)=P(s < c_l(cr,po A () <Pels) <o—py)
(50)
<P(¢(s) <o_py)-

The distribution of o_, is actually well understood (see, e.g., the remark after
[41], Proposition 3.7 of Chapter II), and its density is given by \/—e —A6/2%) o
the positive axis, which results with

o 2 [po/VE)
P(E(s) < 0—p) :/ Le—pg/(h) dx — e_rz/z Iy
C

&(s) v/ 2mx3 NGz /0

Going back to (46) and using the preceding, we conclude that for s € [0, 7],

00/~ C(s)
5i(x) — i (y) < ce=CE=) / M 2 g,

from which, using the fact that d(x, y) = pp and letting pg go to 0, we fairly easily
deduce that
—Ct

e
G(1) Scm,

which we rearrange as

s T
A(t)/ e—fo A(t—u)du dr < Ce—Ct
0

forall s € [0, A 1] with A(7) = CG2(7).

From here, the exponential decay of A(¢) is taken care of by the following
lemma. O
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LEMMA 12. Suppose A:[0,00) — [0, 00) is a continuous function with the
property that for some constants ¢, C > 0,

s T
(51) A(t)/ e o At—wdu go < o=Ct foralls €0, A 1].
0

Then there are constants k, K > 0 such that

A() < Ke™X forallt > 0.

PROOF. Foreachn > 1, let

m,= sup A() and M, = sup  A(r).
te[n,n+1] te[n—1,n+1]
Notice that the exponential decay we are looking for is actually equivalent to m,, <
K e for large enough n.
Now, for t € [n,n + 1] and s € [0, 1], we have t —s € [n — 1,n + 1] and,
therefore, —A(t — u) > —M,,, which combined with (51) yields, for ¢ near the
supremum of A(z) on [n, n + 1], and eventually another constant ¢ > 0

L 1 —e Mn .
mn/ e tdr=m,———— <e " for all large n,
0 Mn
which in turn gives
M,

kk —Ccn

m, < ————e€ .
( ) n —= 1 _ eiMn

Now, for each particular n, we have one of the following two alternatives:

(1) M, <e=“"/2 in which case it is clear that

#) m, <e "2,

—cn/2

(2) M, >e "2 andinthiscase | —e Mn > 1 —¢¢
enough n, say n > ng. From (*%*), it follows that m, < 2Mye~ "2 < M, e=°/? for
all n large enough, say n > n. This inequality implies that
c/2

1 ,—nc/2
> 5e /2 for large

(##) my, <mp_i1e_ forall n > n;.

Indeed if the supremum of A(#) on the interval [n — 1,n + 1] is the same as the
supremum on [n, n + 1], then M,, = m,, and this in turn implies M, = 0, in partic-
ular we trivially have (##). If the supremum of A(¢) on [n — 1, n 4 1] is the same
as the supremum on [n — 1, n], this gives M,, = m,,_| and then (**) gives (##).

Using these two alternatives we argue as follows. Assume that there is a large
enough ny such that m,, < e~“"2/2_Then an easy induction using the two alter-
natives above give that m, < e~"/2 for all n > ny. If there is no such no, this
means that for all n > n; we clearly have the second alternative and in this case
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m, < mnle_(”_”l)“/ 2 In both cases, we obtain the exponential decay we were
looking for.

An alternative proof can be given as follows. Take a sufficiently large con-
stant K > 0, which will be chosen later. Now we look at B(f) = A(r)e'. As-
sume there is a time t > K such that B(#) = maxc¢[o, B(r). We then have
A(t) < A(t)e *T=D for T € [0, t] and from (51) with s = 1,

1
A(t)/ o~ TAMD du g <ce €1,
0

and from this

_ k _
l—e A(t)e fceke Cz’

which gives that
A1) < —e Flog(1 — ceke™CM).

If we choose the constant K large enough and k small enough, so that 1/2 <
1 — ceke=CK | then we arrive at

A(t) <ce ¢t <ce™™,

where we again have to take K large enough to ensure this. In particular, this
means that A(7)eX" < C. As this B(¢) is the maximum of B(t) over t € [0, 1], we
get that A(t) < Ce ¥,

The other alternative which remains is that there is no ¢ > K for which B(¢)
attains a maximum on [0, ¢] for # > K. In this case, we deduce that sup,. B(t) =
sup; (o, x] B(7) and the exponential decay follows again. [ -

Before we close this section, let us point out that the exponential decay of the
gradient has the following consequence that we will use later on for the estimates
of the higher order derivatives.

COROLLARY 13. Under the same assumptions as in Theorem 11,
o
s

/5

PROOF. This follows by combining (49), (50) and the fact that c(s)/s is
bounded (due to the gradient estimate). [

(52) Ps<o)<C fors € (0, ¢].

9. Triple coupling.

9.1. Basic idea. We have just used coupling to prove the exponential conver-
gence of p to 0 in the C'-topology. The next step in our analysis is the estimate
of the decay of the Hessian of p, which, from the Ricci flow equation, implies the
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convergence of the curvature to a constant. The basic idea starts with writing

Pi(y (=p0)) —2p:(z) + pi(y (p0))
05 ’

where £ is a unit vector at z, and y is a geodesic running at unit speed started (at t =
0) at z with velocity £. Now we are concerned with three points, x = y(—pp), y =
¥ (p0), and the middle point z. As in the gradient estimate case, we want to write
p(x), p(y) and p(z) as integrals of some functions of the associated Brownian
motions and then use probabilistic estimates to find bounds for p;(y(—pg)) —
2p1(z) + pi(y (po)) in terms of po.

There is very little literature on this idea, though it certainly seems that this prob-
abilistic tool is quite useful for estimating second-order derivatives for evolution
equations. The only reference to this approach we are aware of is in [17], where
it is essentially used to estimate the Hessian of harmonic functions on Euclidean
domains.

To make this idea more precise, we will develop a mechanism of triple coupling
(i.e., a coupling of three particles, as opposed to just two). We will use mirror
coupling for the processes corresponding to the particles x and y, taking them
as time changed Brownian motions, as in the previous section. Now we wish to
include a third particle, namely z, which we want to couple together with x and y.
It is natural to want to have this “middle particle” remains on the geodesic joining
the other two as it is pictured in Figure 7.

We will see that this is possible (at least in the cases we are considering) if we
allow it to evolve as time-changed Brownian motion, possibly with drift along the
direction of the geodesic.

Instead of starting with a time-changed Brownian motion with a drift, z; and
then trying to figure out the time change and drift necessary so that it stays on the
geodesic, we do it the other way around. Namely, since we want the particle z,
to move on the geodesic, we determine the conditions on the distance to one of
the other points so that the corresponding point on the geodesic is a time-changed
Brownian motion with a drift along the geodesic. For the purpose of the Hessian
estimates, and in light of the gradient decay, this will be sufficient.

(Hess p;(2)€, &)= lim
po—0

F1G. 7. The configuration of the three particles xv, yr being mirror coupled and 7 on the geodesic
between them.
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9.2. Rigorous approach. Assume we start with an arbitrary Riemannian sur-
face M and that x;, y; run as time-changed Brownian motions with the time
changes a and b, as above in Figure 7. The idea is that the middle point z; on
the geodesic joining x; and y; is completely described by specifying the distance
o1, from z; to one of the ends, say x,. We use a mirror coupling of the particles x,
and y; and p; ; will be described in terms of a real-valued SDE. In addition to py,
we will also consider p2, which in intuitive terms is just the distance from the mid-
dle particle z; to y,. We are seeking several key symmetry properties which will
play an important role in the economy of the Hessian estimates to follow.

In what follows, as always, fix a time horizon ¢ > 0, and assume that a =
a(t,x,y,p1,p2) and b = b(t, x, y, p1, p2) are two positive functions defined on
[0,¢] x M x M x [0, 00) x [0, 00), which will be time changes for the processes
x; and y.. To describe this, again denote by my y : TxM — T, M the mirror map,
that is, the parallel transport along the minimal unit speed geodesic yy,, joining
x and y (assuming that x, y are not at each other’s cut locus) followed by the
reflection about the orthogonal direction to the geodesic at y.

The system we start with is the following:

2
dxy = a(‘c)|:|:z ¢; (x7) o dWiH,

i=1

2
dy. =b(t) HZ W [ei(yr)] 0 dWﬁH,

(53) =

dp1.c =—a(t) Y _(ei(xc), yr(0)dW} + a(r)dW] + B(r) dr,

i=l

2
dp2.c =b(1) Y (We[ei ()], v (D)) dWi +a(r)dW] + B(r) dr,

i=l

where W, = mxr,yre(xr)e(yf)*1 is the reflection map acting on Ty M, y; is
the minimal geodesic running at unit speed from x; to y;, and W3 is a one-
dimensional Brownian motion independent of (W', W?). As a notation, let /(t)
be the length of the geodesic y;. Here, we do not specify what the functions «, &,
B, B are as we will do this along the way, depending on the properties we want to
reveal. They are defined, like @ and b, on [0, t] x M x M x [0, c0) x [0, 00). The
equations for p; and p; can be thought of as the equations of the distances from
the middle point z; to x; and y., as indicated in the previous section, and also
as discussed for the coupling in [26], Section 6.6. Notice here an important point,
namely, since

<\Ijr ¢;(yo), Vr (l(f)» = _(ei (x2), Vo (0)),



STOCHASTIC APPROACH TO RICCI FLOW 1397

the last equation of (53) can be rewritten as

2
G4 dprr=—b@) Y (ei(x0), e (0)dWE +&() dW + B(v) dr.

i=I

We should also point out that to be in tune with the system (12) we should take
V2a instead of a and +/2b instead of b. Since this is not important for this section
and to avoid carrying around an extra +/2 factor, we will work with the system in
the form (53).

There is no problem with the existence of a solution for the system (53) (as long
as the entries a, b, a, B, @ and f are smooth) up to the stopping time 7, which is
the first time T when p1 72 ¢ hits O or when d(x;, y;) hits a (small) ro smaller
than the injectivity radius (with respect to the background metric /). This way we
have a well-defined system and do not have to worry about the extension beyond
the cut locus, as we did in the previous (two particle) coupling case. From now on,
during this section we will assume that the time in the system (53) is run until 7.

The object of interest to us is the process (x, y, p1, p2). It is clear that this is a
diffusion, and it is a relatively straightforward task to determine that the generator
of (x,y, p1, p2) is

a® b? a’ + o? b* +a?
?Ax + 7Ay + > >
— a*(X 1,0, Va,y O)X1,i9p — ab{X 15, Y5,y (0))X 1,8,

- ab(Xl,i, )}x,y(o»mx,yxl,iapl - b2<X1,i: )}x,y(o)>mx,yX1,iap2

831 + 852 +ab(myy X1, Y2, ;) X1,iY2

2
- . 2 =
+ (aa —ab) (X1, ¥x,y(0) )3p1 0p, + B0y, + B0y,,
i=1

with Xy ;, i = 1,2 being an orthonormal basis of TyM and Y; j, j = 1,2 an
orthonormal basis of 7, M. In fact, we can choose X | = y,,,(0) and X =
& € T, M, which is perpendicular to yy ,(0). Similarly, choose Y2 1 = yy,,(0) and
Y22 = & = my &, or, in simpler terms, the parallel transport of &; along the
geodesic yy . With these choices, the generator simplifies to

a? b? a’ +a?

b* + &>
_ 2
'C_EA”?A”TBMJF 2

(55) + ab(yx,y(o))}y,x(o) + 5152) - az)}x,y(o)apl - abl}y,x (0)8,01

2
apz

The first property we want to see is that p; + p2 = p. This property is nothing
but the geometric picture that p; is the distance from z; to x; while py is the
distance between z; to y;.
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To do this, we recall that the distance p; between the mirror-coupled processes
x; and y; is given by

2
(56) dpr: = —(a(t) + b(1)) Ze,(xr) Ve (0)dW! + I(t)dt
i=1

where 7 is the index form of the Jacobi field J(t) along the geodesic y; which,
at the endpoints, has values aE and bE. We use the notation E for the parallel
translation of & € T, M along the geodesic joining x and y. The index form is
computed as

W , ,
ZdJ, J):/(; |J@)|” + (R(y W), J(w))y ), J ())du

with [(y) being the length of the geodesic y. Here, the curvature tensor is the
standard tensor curvature given as in [11]

R(X,Y)=VxVy —VyVx — Vix.y].
Furthermore, a simple integration by part gives that
(57) I D= {1). T () = (4 ©). 1)
On the other hand, from (53),

d(p1,c + p2,7)
2
—(a(®) +b(0)) Y fei(xr), Y2 (0))dWE + (a(r) + @(x)) dW;
i=1

+(B(0) + B(v)) dr.

We clearly see here that pr~and p1.r + p2.r have the same martingale part if & =
—a. The choice for 8 and g is provided by the following result.

THEOREM 14. Assume that

o0 =—a,

1 L
(58) ﬁ(f,x,y,m,pz)=§/0p ([ @+ (R(7 ). T )y ), J ))) du

~ 1 i . . .
By =3 [ (P +HREGW, @) @), T @) du
2 )10
where J is the Jacobi field along the geodesic y from x to y and having values a E

at 0 and bE at l(y).
If in addition, p1,0 = p2,0 = po/2, then almost surely pr = p1,r + p2.7-
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PROOF. Take p1 ; = pr — p2.¢. It is clear now that we have

Pl.c Pl,t
dGre == [ Awdu— [ Awdu
with
) . .
A@w) = 3[[J@)|" +(R(J (w), y @)y W), Jw))du].

From here, the fact that p1,0 = p1,0 (or p1,0 — p1,0 = 0) and standard application
of Gronwall’s inequality leads to p1 r = p1,¢, which is what we want. [

We return now to the case where the curvature is constant and start with [20],
Lemma 3.4, which says that
(59) R(X,Y)Z=—r((X,Z)Y — (Y. Z)X).

We should point out that do Carmo [20] takes the curvature to be given by the
negative of the curvature we consider here, or for that matter other people as, for
instance, [11]. Then the Jacobi field equation becomes

J—Ry,Hy=0

or equivalently,

(60) J4+rl —riy,J)y=0.

Since this Jacobi field is perpendicular to the geodesic, it follows that
J+rd= 0,
J(0)=aE,
J(I(y)) =bE.

The solution is
(61) J(s) = (aw1(s) + bwa(s))E(s) fors €[0,1(y)],
where wi, wy are defined on the interval [0, [(y)] by the following ODEs:

w1 +rw; =0, Wy +rwy =0,
(62) wi(0) =1, and w2(0) =0,
wi (I(y)) =0, wa(l(y)) =1.

Combining now (57) and the Jacobi field just considered reveals that

/juwz —(R(J(w), y W)y (), J (u))du

:/S|j(u)|2—r\1(u)|2du
0

=(J(5), J(5)) — (J (0), T (0))
= (@wi(5) + bw(s) (@b s) + biba(s)) = blarby (0) + bia(0))
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and
Iy . 5 . .
[ 1P = (RO . 7 @) ). S ) du

={J(L), L)) = (I (), I ()
=b(awi(l(y)) + bwa(l(y))) — (awi(s) + bwa(s))(awi(s) + bwa(s)).

A direct consequence of these formulae and the fact that wa(s) = wi(I(y) — ),
plus a few elementary manipulations, results in

vy . ) .
[ 130P = (R @, @) @, 1w de

()—s
= (bwl(s) + ClLUz(S))(blbl(S) + au')z(s)) — b(blbl(()) + awz(O)).

Summarizing, the choices of 8 and B from (58) in the case of constant curvature
become more explicit as

B= %((awl(/?l) + bws(p1))
x (awy(p1) + bwa(p1)) — a(awi(0) + b (0))),

B = 1((bwi(p2) + aw(p2))
x (bwi(p2) + aa(p2)) — b(b(0) + aw2(0))).

It goes without saying that here a and b are evaluated at (7, x, y, o1, 02).

We say that a function f(z,x,y, p1,02) is symmetric in p; and po if
f@,x,y,p1,02) = f(r,x,y, p2, p1)-

Before we move on to another property of the diffusion (x,y, p1, 02), we
close the discussion so far with the following property of the choices of g and
B from (63):

(63)

If a and b are equal and symmetric in p; and pp, then
B(t.x,y,p1,02) =B(T.x,y, p2, p1).

A symmetry which plays a crucial role in the Hessian estimates is the following.

THEOREM 15. [f, in equation (53), we take
a and a symmetric in p1 and p3,
b=a,
o= —a,
B(t.x,y,p1.p2) = B(T,x, ¥, p2. p1),
£1,0 = 2,0,

then the processes (x, y, p1, p2) and (x, y, p2, p1) have the same law. In particular,
the processes (x,y, p1) and (x, v, pp) have the same law.
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PROOF. Although this is almost trivial, we say a word about it. If £ is the
generator of a diffusion w,; on a manifold M and 7 : M — M is such that for any
smooth function ¢ : M — R,

L(pom)=(Lyp)om,

then uniqueness of the diffusion implies that @ and 7 (w) have the same law. This
can be easily seen from the martingale characterization of the law of the diffu-
sion. We apply this to the operator £ from (55) and the map 7 (x, y, p1, p2) =
(x,y, p2, p1). The rest follows. [

Notice that [cf. (63)], the choices of S and ,5 from Theorem 14 are actually
consistent with the conditions of Theorem 15 under the assumptions that @ and b
are equal and symmetric.

The “middle particle” process we are interested is

(64) 2t = Vx¢,ye (/Ol,r)-

The symmetry between p; and p> should be interpreted as saying that the re-
flection of the process z; with respect to the middle point of the geodesic yx, y,
has the same law as z; itself.

Our next objective is the law of z;. Before we jump into the heart of the matter,
we take up a discussion on the following class of vector fields that are the main
actors in our computation.

Assume we have a geodesic y from x to y with length / and consider a smooth,
two-parameter geodesic perturbation f: (—e, €) X (—€,€) x [0,1] - M of y, that
is, £(0,0,s) = y(s) and for each fixed choice of u# and v, the curve s — f(u, v, 5)
is a geodesic. One of the things we want to understand is the field

2 )_DD )
(s —ng(u,v,s

Let J,(s) = d—Dv f(u,v,s)|y,=y=0 be the Jacobi field obtained by differentiating
f with respect to v and we will use J,(u,s) = %f(u, v, §)|y=0 as the Jacobi
field which is still depending on u. Similarly, let J,(s) = % f(u,v,s)|y=v=0 be
the Jacobi field obtained by differentiating f with respect to u and use J, (v, s) =
% f(u,v,s)|u=0. In order to determine the equation satisfied by H, we recall here
[20], Lemma 4.1, which asserts that for any two-parameter family g(a, b) and
vector field V along g,

D D D D (Dg Dg)

——V—-———V=—R(—,— |V
da db dbda db da

Now, what we want to do is to find a differential equation satisfied by H.
As pointed out already, H(s) = %Jv (u, s)|u=0 and starting with (60) for J,(u),
namely,

u:O,v:O'

(65)

2

D . .
ij(”) +rJym) —r{y,Jy)y =0
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we take the derivative with respect to u at u = 0 to arrive at

D D?

D
T ds 2J +r7—l—r<

. ) . } . D |
g Jv>y —r{y,H)yy —r{y,Jy)—y =0.

du

To move forward, use that d%)) lu=0 = d—%%ﬂ u—0 = J, to re-write the previous
equation as
D D?
du ds?

Our task now is to commute the derivatives with respect to u and s. For this,
use (65) and (59) to justify that at u =0,

sy H —r(H, )y — 1 {du, )Y — (7, Jy) Ju =0,

D D? D DD _R<Df Df)J

duds?’ dsduds’’ ds ' du
D D D
(*) ﬁd_d_J — Ry, J)J,
D D D
—aﬂaJﬁr((%h)J — (s J)P)

and once again employing (65),

D DD D?> D Df Df
222022 )
dsduds ds? du ds ds’ du
. D .
=’H—d—(R(y,Ju)Jv)

K

(**) D
—’H-i-rd—(()/ IV = (Ju, Ju)7)

=7:Z +r(<ya Jv>Ju + (v, Jv>ju - <Jua J) Y — (Ju, Jv))/)

Putting together (*) and (**), we obtain
D D2
duds 4527

and finally since the boundary conditions are pretty straightforward we get the
following:

=H+r2p, Jo)Ju + (s To)du — (s J0)Y — 20y J)P),

HArH —r(H, 7))y +2r (7, Jo)Ju — (Ju, o)V — (Jus J)y) =0,
D D
66 1HO= ——f(u,v,0>\u

’

=p=0

M) = b
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We discussed the case of a two-parameter perturbation of the geodesic y in
the form f(u, v, s) but exactly the same argument works also for the case where
f(u, s) is a perturbation with geodesics of y, and we consider the field

D2
His) =~ flu, S)’u:o‘

The main result from the argument above then gives that

HArH —r(H,p)y +2r (7. J) Ty — 2(Ju. Ju)y) =0,
D2
67 1(0) = mﬂ“»%zo’

D2
H = o fwD)| .

with Ju (s) = 72 f (u, $)lu=o-

The perturbation g(u, v, s) that will appear below is slightly different from the
perturbation f(u, v, s) considered above. To describe it, take a unit speed geodesic
y defined on [0, /] and consider two geodesic curves, 11, with n; o = y(0) and
another, 12, so that n2 0 = y(l). Let g(u, v, -) be the geodesic run at unit speed
from 71, to 12,,. One problem immediately arising with this choice is that the
parameter in the geodesic direction, namely s, is no longer running in the interval
[0, I] and this is the reason we have to treat it separately. Consequently, the above
calculations do not apply in the same way as they were carried out in the case of
fu,v,s).

To fix this, let us denote by I/(u,v), the length of the geodesic y,, =
Yn.u.me» and reparametrize this geodesic such that it has constant speed equal
to [(u, v)/I. More precisely if y,,, is the reparametrized geodesic, then y,, ,,(s) =
Vuv(sl/1(u,v)). Now let f(u,v,s) = y,(s). Clearly, now the parameter s for
f(u, v, s) runs in the interval [0, /] and

gu,v,s)= f(u,v,sl/l(u,v)).

Our interest is again in the understanding of the field K(s) = % d% g, v, s)|y=v=0-
We do this via the fact that f (u, v, s) = g(u, v, s{(u, v)/[) and upon differentiation
with respect to u to get
D D
— fu,v,8)=—g(u,v,sl(u,v)/I)
ou ou
(68)

d D
+ ;(ﬁl(u, v)) ag(u, v, sl(u, v)/l)

and from this and the first variation formula [11], equation (1.3), page 5, to get the
relation between Jacobi field J; generated by g and Juf as

I (5) = J8(s) — §<m,o, y ()7 (s).
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Similarly,
f _ g S, . .
Jy () =Jy(s)+ 7(772,0, yD)y(s).
Now taking the derivative with respect to v in (68), set u = v = 0 to obtain

H(s) = K(s) + ;(ﬁz,o, yD)JIE(s) — §<m,o, Y (0))J8(s)

+s< d? " ))
\avaun "

The case of interest in the sequel is the case of geodesics 71, and 12 , such that
n1.0 = E(0) and 17 o(!) = E(I). In this case, the second and the third terms vanish
while the last term is computed using the second variation formula which is [11],
equation (1.14), page 20. We also learn that J; = Juf and J§ = Jvf and the last

term becomes

d2
(dvdul(”’ ”)>

where in between we used a polarization argument for (57) together with (61)
and (62). Thus, we get

Y ().

u=v=0

1
=Z(J{ . 3]) = 5 (i1 (1) = 2(0)).

u’vv

u=v=0

(69) K(s) =H(s) — %(wl(l) — 1y (0)) 7 (s).

Another situation we encounter below is the following. Take 11, a geodesic
starting at y(0) such that 1,0 = E(0). Then we take g(u, s) to be the geodesic
vu(s) run at unit speed from 5, to y (/). The field we are interested in is K(s) =

% g(u, s)|y=0. With a very similar argument, we can show that
s . .
(70) K(s)=H(s) + 71Oy (),

where H(s) = dD—L;g(u, sl/1(u))|y=0 with /(1) being the length of the geodesic
from 1y, to y (/).

Similarly, if we take 12, the geodesic starting at y (I), such that 129 = E(/)
and g(v,s) being the unit speed geodesic joining 72, to y(0), and K(s) =

2
28(v, 5)|y=0 then
s . .
(71) K(s)=H(s) — ;wz(l)V(S)
with H(s) = dD—Uig(v, sl/1(v))|y=0 and [(v) the length of the geodesic from 77, to

v (0).
We are finally ready for the next result.
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THEOREM 16. Assume that
a(t,x,y, p1, p2) =a(t,x,y, p1, p2)wi(p1) + b(r, x,y, p1. p2)w2(p1),
0(t,x,y, p1, p2)

=B(t,x,y, p1, p2)

a(t,x,y, p1, p2)> + b(t,x, v, p1, p2)* "
2

72+ %( 1(0)

—a(t,x, . pr, p2)b(T. X, ¥, p1, pz)wlm)

pi
+F<f0 (a(z, x, y, p1, p)w1(0) + b(T, X, y, p1, p2)w2(0))* do

1
L1 2
=2 [ awx v o1 pw1(0) + b x. v, 1. p2(0)) o )
with wy and wy defined by (62). With these choices, the process z: = yx, y, (1,7)

has the property that, for any smooth function ¢ on M,

T 2
T3 ) — /O (“ 2(“) [A@1(z0) + 0V (). T, (m,u») du

is a martingale with respect to the filtration generated by Wi, Wy and W3,
where inside the integral, a(u) and 6(u) are shorthand for o and 0 evaluated
at (U, Xy, Yu, Plu, P2.u)- In other words, z; is a time-changed Brownian motion
(with the time change given by «) with a drift in the geodesic direction from x.

10 yr.

PROOF. The idea of the proof is to start with the generator of the diffusion
(x,y, p1) and a function ¢ and look at the process ¢(z,). More precisely, we find
the bounded variation part of this. It is clear that, in terms of the generator (55), we
need to compute the action of each term of this expression on ¢(yy y(s)). Notice
that the part which involves derivatives of po simply drops out in this calculation.

For simplicity, we will drop the dependence on 7, x and y in the notation and
let I =d(x,y). Thus, the geodesic yy , will appear as y if we do not prescribe
otherwise. Let E denote the parallel vector field along y which is obtained by
parallel translation of &;.

Before we start the proof, let us mention that all geodesics appearing in this
proof are geodesics run at unit speed.

Now we take the terms one by one. Again for simplicity in writing, we use s
instead of p; as the parameter in the geodesic direction.

(1) We write the Laplacian term as
2 2

d d
Axlo(rey @] = 2 30 ®) + 250y ().
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where 11, and 12, are geodesics starting at x and having derivatives given by
11,0 = Yx,y(0) and 73 , = &;. Then we continue with

Axlp(vx,y($))] = (Hessp(y (5))7 (5), ¥ (s)) + (Hess o (v (5)) J1 (), J1(s))

D2
(74) + <V(P(V(S))» ﬁym,”’y(s)‘u:()

D2
+ <V(p(y (S))? WVWZ.W)’ (S) ‘u:0>’

where Jp is the Jacobi field along y given by Ji(s) = %y,m” y($)|u=0, which can
also be characterized as the Jacobi field with the boundary conditions J;(0) = &
and J; (/) = 0 which is solved as Ji(s) = w1 (s) E(s).

Now notice that the third term vanishes because y;, ,(s) =y (s +u) and y is a
geodesic. Next, we look at K(s) = %Vnz,u, y($)|u=0- Using (70), we need to focus
on finding H now. Exploiting (67), the equation for H becomes

HA+rH —r(H, )y +2r((y, J1) s = 2(J1, J1)y) =0,

H(0) =0,

H()=0.
Notice here that the boundary conditions follow from the fact that 7, , is a geodesic
and that Vnz,u,y(l (u)) =y, where [(u) is the length of the geodesic joining 77 ,

and y.
Now, the Jacobi field J; is given by

Ji1(s) =wi(s)E(s)

and this in turn gives the equation of H as

H+rH _I"(H’ )}>)} =4rw1w1‘)}7

H(0) =0,
H() =0.
We solve this as
i _ s, 2sr 1,
(75) H=wi,0y with wy o(s) = Zr/ wi(c)do — — | wi(o)do.
0 I Jo
The conclusion is that
Aclo(ye.y())] = (Hess p(y ()7 (s), ¥ (5))
(76) + w?(s)(Hess (v (5))E(s), E(s))

+ <w1,0(5) + §w1<0>)<w(y<s>), 5 (5)).
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(2) In the same vein, with very few changes, we can treat the next term, which
is the Laplacian A applied to ¢(y (s)). To this end, take 0y, a geodesic starting
at y with initial speed given by y (), and 12, a geodesic starting at y with initial
speed & = E(I) and write

d? d?
Aylo(rey())] = 23 (en, () + W‘ﬂ(yx,nz,u(s))-

Notice that yy p, ,(s) = y(s) for small u, and thus the first derivative is 0. Thus,
we arrive at

Aylo(v(9))] = (Hess o(y (5)) J2(s), J2(s))
(77)

DZ
=+ <V(p()/ (S))’ myx;nlu (S) ’u:0>’

where J; is the Jacobi field which is 0 at 0 and &, at [ which is exactly solved by
J2(s) = wa(s)E(s). The second term in the equation above can be dealt with in a
similar way to that outlined above for A,. We skip the details and give the main
result. From (71),

2

D s . .
Ky =2 3Vema )], _ =H = 702Dy (s).

0
From (67), the equation satisfied by H [with w, given by (62)] is given by
H+rH—r(H.y)y = 4rwny,
H(0) =0,
H() =0,

which is solved for
) ) S, 2sr (L,
(78) H=wo1y with wo 1(s) = Zr/ w5 (0)do — T/ w5 (o) do.
0 0

Then we have

70 Ay[@(vx.y(s))] = w3 (s)(Hess p(y () E(s), E(s))

+ (wo,1<s) - ;wz(l))(vw(V(S)), y(5)).

(3) For the next term, matters are fairly simple. Namely, because we are differ-
entiating with respect to the geodesic parameter s,

(80) 32[@(y ()] = (Hessp(y ()7 (5), ().
(4) Nextin line is

81 Vx.y 07y, O[e(y ()] =0
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because

f’y,x 0) [QO (Vx,y(s))] =0,

which follows from the fact that perturbing y along a curve 77, in the geodesic
direction of y, y yields that yx 5, ,(s) = yx y(s), and thus is independent of u.
(5) Now we deal with

SISZ[(/)(Vx,y(S))]-

To this end, consider the geodesics 11, and 12, which start at x (resp., y) and
have the initial tangent vectors & (resp., £&2). What we need to compute is

22 o),y = Hess oy ) 166), 126)
D D
<V§0()/x y(s)) dudv I 1721,( s) . v:0>
with J = w E and Jo, = wo E. If we let

-2
(S) - d_u%ym,uvm,v (S) u=v=0’

from (69), we have K =H — %(u')l () — w2(0))y (s). Now, from (66), we obtain
H+rH —r(H, p)y =2r(wib + wawy)y,

H(0) =0,
H) =0,
which we solve as
H=w1y
(82) S
with w1 (s) = ero wi(o)war(o)o — — w1(a)w2(a) do.

We conclude that

- §1&[@(vx,y(9))] = wi(s)wals)(Hess o(y () E(s), E(s))

+ (wl 1(5) = o i 1) - wz<0>))(w(y(s>), 5 ()

(6) Nextis
Vr.y (03[9 (vr,y ()] = 7 (0) (Ve (y (5)), 7 (s)) = (Hess p(y (5)) 7 (5), ¥ (5))-
(8) Now,

(84) Py.x (03s[@(vx,y(5))] =0,

as can be easily seen from the fact that perturbing y in the geodesic direction (say,
along n,) reveals that yy ,, (s) = yx,y(s), and thus the derivative with respect to v
vanishes.
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(8) The last term is easy to deal with and gives

(85) As[e(vx,y())] =(Ve(y(s)), y(s)).

Putting together all the results from (76)—(85) and using that wy(s) = wi(l —s),
we arrive at
012
Lle(y ()] = Z{Hess oy ()7 (), 7 (5)

| (awi () + bwi(s))?

(Hesso(y (s))E(s), E(s))

(86) 22 b2
+<ﬂ+;<a ;— u')l(O)—abli)l(l)>
2 b2 2ab
N a‘wi o+ w2o,1 +2a le)(V(p(V(S))’J}(S))'

A little simplification follows from

a2w1,0 + b2w0,1 + 2abw 1

—2r (/Os (a(s)wy (7) + b(s)wa (1))  dr

['Jo
which then gives the result for the choice of @ as in (72).

s [l 5
—2 [ (als)wi (@) + b(s)wa(r)) df)

We close this section with the following result summarizing all of the important
findings of this section which is used in the next section.

COROLLARY 17. Assume that the entries of (53) satisfy

a is symmetric in p1 and p,

b=a,

o =—a,

a(t,x,y, p1, p2) = a(r, x,y, p1, p2)w(p1),

Bz, x, ¥, 1, p2) = 5a*(T, x, ¥, p1, p2) (W(p1)W(p1) — W (0)),
B(z.x.y. p1. p2) = 3a*(T, X, y, p1, p2) (w(p2)1b (p2) — W (0)),
£1,0 = 02,0 = p0/2

87
7) w+rw=0,

with { w(0) =1,
w(d(x,y))=1.
Then:
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(1) p1.c + 02, = pr almost surely.

(2) Thediffusions (xz, Yz, p1,t, p2.7) and (X¢, Yz, p2.7, P1,7) have the same law.
In particular, (x¢, yr, p1,c) and (X¢, yr, p2,¢) have the same law.

(3) If ze = Vx,,y. (p1,7), then for any smooth function ¢ on M,

T 2
88)  (ze) — /0 (“ 2(”) (A1) + 0V ), Py (m,u>>) du

is a martingale with respect to the filtration generated by W1, Wy and W3, where

0(t,x,y,p1, P2)
= B(t,x,y, p1, p2)
+d*(t,x,y, p1. p2)

P1 . P1 > B 01 d(x,y) 5 >)
X (d(x,y)w(0)+r(/() w”(0)do d(x,y)/() w(o)do ) ).

A word is in place here. The statement of Theorem 15 requires the symmetry of
o with respect to o1 and p;. This is not satisfied by the choice in (87) for arbitrary
p1 and pp. However, because of the choice of B and B and Theorem 14, we know
that (almost surely) p1,r + p2,: = pr. So it suffices to ensure the symmetry of «
and & with respect to p; and p; only in the case that p; + 02 = p = d(x, y), which
follows from the fact that w(s) = w(d(x, y) —s) for s € [0,d (x, y)].

For a given [, the solution w to (87) is

1, r=0,

cosh((l — 25)/2) .

(89) w(s) = cosh(l/2) r=-5
cos((I —2s5)/2) re1
cos(1/2) ’

In particular, if [ is small snough, w(s) and all its derivatives stay bounded. In
addition to this w(0) = O(/), a property which will play an important role in the
coming section. Thus, if a is a bounded function, then

(90) sup  O(t,x,y,p1,02)=0(p1).
7€[0,d(x,y)]

10. Estimates on the Hessian decay for y (M) < 0. For Euler characteristic
less than or equal to 0, we know that p, and V p, decay exponentially fast. Our
goal is now to extend this to the Hessian of p;, resulting in the convergence of the
metric to the constant curvature metric in C2. In particular, the curvature converges
to a constant.

To estimate the Hessian decay, we proceed in a similar way to the estimation of
the gradient, only that now we need to use the coupling procedure for three points
rather than two.
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Let us denote, for ¢t > 0,

H(t) = sup |Hess p;(x)|.
xeM

What we want to show is that H () decays to 0 exponentially fast.

THEOREM 18. Forthe case x (M) <0, H(t) converges to 0 exponentially fast
ast — oo.
PROOF. To begin with, notice that

o
©On <Hessﬁt<z>s,s>=ploiinopf<y< P0)) 5£<z>+pf<y<po>>’
0

where y is the unique geodesic passing through z and having the initial velocity
given by &. Thus, similarly to the case of the gradient estimate, we will use the
three particle coupling to get a handle on the right-hand side of the above quantity,
for sufficiently small pq.

For convenience, fix atime ¢ > 0 and let s € [0, 1 A¢]. Pick two points x, y € M,
with d(x, y) = po small enough, and let z be the middle point on the geodesic be-
tween x and y such that d(x, z) = d(z, y) = po/2. Consider the triple coupling
described by (53) with the choices from Corollary 17. All the data there is com-
pletely described by the choice of the time change a of the processes x; and y;. In
this section, we choose

©2) a(t, x,y, pi, p2) = V2 1= ()

where A, is the middle point on the geodesic between x and y. This choice does
not depend on p| or p», and consequently it is symmetric in p; and py, as required
by Corollary 17. Other choices are possible for the argument here, but we stick
with this one because it is symmetric with respect to x and y and makes some of
the estimates look more natural.

Now, we consider p;_,(z5), where z; is defined in the previous section. Again
invoking Corollary 17, we learn that

dﬁt—r (z7)

a?(7)
2

where M . is a martingale. From the Ricci flow equation, 0;p;—1(z7) =
e @A D, (z¢) + r(l — e 2Pi—7 (1)) 50 we continue with

— M.+ (—afpf_fm) + D A ) + 0V e (z0), y})) dr,

dp;—:(2¢)

2
93) — M.+ ((“T(’) _ e—zﬁ”(m)Aﬁ,_r(zr)

OV pr—r(z2), v2) — r(1 — e—zva(z,))) dr.
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For the semi-martingale p;_(x;) we have from (53) and the Ricci flow equa-
tion that
dﬁt—r(xr) — MZ,‘L’ + ((e—Zﬁrf‘r()hr) _ e—Zﬁl*r(X‘r))Aﬁt_r(xT)
— I"(l _ e_zlatfr(xr)))dr’

where A; is the middle point of the geodesic joining x; and y,. Similarly, for
p_f—‘[ (yl')’

dpr—e(ye) = Ma,c + (72700 — 2P0 Ay (ye)
—r(1— e_2ﬁt—r()’t)))d-['

94)

95)

Now, putting these together,
Dr—v(X2) = 2Pt (2¢) + pr—(yo)
= pi(x) = 2p(2) + pi (y) + M

- 2/; ((@ —er ’“(Z“))Aﬁt_u(zu)) du

(96) 2 fo OV By (), ) du

T = -
(7P — T OO Ay (i) d
+r/~r(e_2]3t—u(xu) _ 26—2ﬁ7—u(2u) + e—Zﬁt_u(yu)) du,
0

where M- is a martingale.

From the definition of « in Corollary 17 and the fact that we stop the processes
before the distance between x and y hits some small number rg, it is not hard to
prove [e.g., directly from (89)] that there is a constant C > 0 such that

lae(u) —a(u)| < Cpy,

which in turn, using the gradient decay estimates and the fact that d(z,, A,) <
d(xy, yu)/2 = pu/2, leads to (notice that t —u >t — 1 because u € [0, 1 A t])

LHON

2 e_zﬁtfu(zu) S Cpu + |e_2[_)tfu(zu) _ e—zﬁz—u()»u)|

<Cpu+ Ceic‘lpu <Cpu.

Observe here that we do not need the full power of the exponential decay of the
gradient; just the boundedness suffices for this particular estimate, but used in con-
junction with (90), for any u € [0, 1 A t],

0@V pr—u(zu), V)| < coue™".
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Finally, from the exponential decay of the gradient and elementary arguments, as
long asu € [0, 1 A t],

}e_Qﬁtfu(xu) _ e_zﬁtfu(zu)| + }e_Qﬁtfu(yu) _ e_zﬁtfu(zu)| S C,Oue_Ct
and also

|€_213t—u(xu) _ e_zﬁt—u()\u)} + |e_21_7t—u(YM) _ e_zﬁt—u()"u)| S C,Oue_Ct.

Now, let o be the first time u when p; , or p2, becomes 0, and let ¢ be the
first time u# when either p; , or pz, hits rp, a small number (less than half of the
injectivity radius). Replacing = by T Ao A ¢ in (96) and then taking the expectation
at T =0 and T = s, combined with the above estimates, lead to

|13t(x) —2p:(2) + ﬁt(y)|
7 =< }E[p_t—s/\a/\g (xs/\a/\{) - 2ﬁt—s/\cf/\g' (Zs/\cf/\g') + ﬁt—s/\oA{ (yS/\a/\g)“

SAONE SAONE
+ce_C’E|:/ pudu]—l-cE[/ ,ouH(t—u)du}
0 0

for any s € [0, 1 A t].
Next, the stopping time o is 71 A T», where T} and T» are, respectively, the first
time o1 hits O and the first time p; hits 0. Now we can write

E[pt—snont Xsaone) — 2Pt—snone Zsnone) + Pi—snon Vsaons)]
=E[pr—snc (Xsnc) = 2Pi—snc (@sne) + Pi—snc Ysag), £ < 0]
+ E[Pr—sno Xsno) — 2Pi—sno (Zsno) + Pr—sno Ysna), 0 <]
=E[pr—snc (Xsnc) = 2Pi—snc (Zsne) + Pi—sne Ysaz), £ < 0]
(98) +E[pi—1,(y1) — Pr—1y(x1,), T1 < Th <5 A ]
+E[pr-1,(x1,) — Pr—1,(y1y). Tr < Tt <5 A
+E[pi—1,(y1) — Pr—1,(x1,), T1 <5 A ¢ < Tr]
+E[pi-1,(x1y) = pr-1,(y1), T2 <s A < T ]
+E[pr—s(xs) = 2pr—s(25) + pr—s(s), s <o < ¢].

Here, we bear to fruit the work done in the previous section and argue that due to
the symmetry with respect to p; and p; from Corollary 17, we have the crucial
cancellations

E[pi—r,(y1,) — Pr—1,(x1), Th < Th <s N ]

99)
+E[pi-1,(x1y) — pr-1, (1) o < T1 <s A L] =0
and also
E[pr—1, (1) — Pr—1, (x1y), T1 <s AN ¢ < T
(100)

+]E[ﬁt—T2(xT2) - p_t—Tz(yTz)’ T2 SSAL < Tl] =0.
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Furthermore, from the exponential decay of p and V p, for any s € [0, 1 At] we
have

|E[ﬁt—s/\a/\§ (xs/\a/\{) - Zﬁt—s/\a/\{ (Zs/\a/\g“) + ﬁt—sAU/\{ (ys/\aAg):”
<E[|pr—snc (xsnc) — 2Pt—snc (@sne) + Pi—snc Ysac)|. ¢ < o]
+ EHﬁtfs(xs) - 215175(Zs) + pr—s(Ys)|, s <o < {]

<ce Pt <s AG)+ce Elps,s <o AL,

where we used the following inequalities:
|E[pr—snc (Xsnc) = 2Pr—sne @sne) + Pi—snc Ysac), ¢ < o]

< B[] prs (x5) = 2P1-5(25) + Pr—s(3s)

+E[| pr—g (x¢) = 2p1—¢ (z¢) + pr—e (y¢)

s <¢ <o)

E<sA0]
<ce CE[ps,s <o AC]+ce  C'P(L <5 A0).

Putting these together into (97), plus a little simplification, gives that for any s €
[0, 1 A1]

1P (x) = 2P (2) + pi ()]
<ce C"P(L <sAo)+ce “E[ps,s <o AL]

+ce_Ct/“ E[,Ou,ufa/\ﬂdu-i-c/“ H(t —uw)E[p,,u <o Aldu.
0 0

A further simplification is due to the symmetry with respect to p; and p; from
Corollary 17, which has the effect that

E[pu’ u<on C] :2E[p1,ua Uu<on g]v
and thus for s € [0, 1 A ¢],

|15z(x) —2p:(2) + ﬁz(y)|

< Ce_CtIP’(g‘ <SAO)+ Ce_C’E[,ol,s,s <o AC]
(101)

N
+e_C’/ Elp1.u,u <o A¢ldu
0
S
+ C/ H(@ —wE[p1,u,u <o Alldu.
0
The key step forward is the following result.

THEOREM 19. Let W', W2 and W3 be three independent, one-dimensional
Brownian motions, and let p1 and py be two processes such that p1,0 = p2,0 =
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00 > 0 and

dp1c =1+ 0(p1,0))(Ar dW] + B dW?)
+ (14 0(p1,1))dW? + O(1)dr,

dprc = (1+ 0(p2.1))(Ar dW; + B, dW7)
— (1+ 0(p2,0))dW3 + 0(1)dr,

(102)

with A2+ B2 = 1.

Let & be the first hitting time of O for the process p1p> and ¢ the first time either
01 or P2 hits some value ro. Assume that (102) is valid for t € [0,6 A E], and in
addition that for some constant C > 0

(103) Elpas,s <6 ALI<CE[p1s.5s <6 AL]  foralls€[0,1At].

Then there is a constant C > 0 such that, for all s € [0, 1 A t] and sufficiently small
po >0,

(104) Elp1s,s <6 AL1<Cpg//s
and
(105) P(Z <sA&)<Cp3.

PROOF. If we regard the process (01,7, 02,7) as a process in the first quadrant,
the equations in (102) tell us that near the axes the process is near /2 times a
two-dimensional Brownian motion which certainly satisfies both properties (104)
and (105). Consequently, what we will do is to compare E[p1 ¢, s < 6] with the
analogous quantity in which p; and p; run as independent Brownian motions.

In the simplest case in which (p1, p2) is /2 times a planar Brownian mo-
tion started at (0o, po) the quantity E[ f (015, p2.5), s < ] is simply ¢(s, 0o, 00),
with ¢ being the solution to the following PDE on the upper-right quadrant
Q={(x,y) eR? x,y>0}:

o = Ag,
(106) o(t, (x,y)) =0, (x,y) €09,
90, (x,y) = f(x,y), (x,y)eQ.

This solution can be written in an explicit form in terms of the heat kernel, which
we discuss now. On the half line, the heat kernel for the Laplacian with the Dirich-
let boundary condition is given by

1 2 2
hy(x,y) = e~ =)A= (dy) /A
e =t )
for all x, y, ¢ > 0. On €, the heat kernel with the Dirichlet boundary condition is
simply

hy ((x1, x2), (y1, ¥2)) = he(x1, yDhe(x2, y2).
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Turning back to the PDE (106), the solution is given by

so(t,x,y>=/0 /0 by (v, ), Gt y0)) £ (et y1) doxg dys.

For the case we are most interested in, namely f (x, y) = x, the solution above can
be computed as

y . 1 y 2 4
<p(s,x,y)=x<l><—> with dD(x)z—/ e .
s J7 Jo

Now we go back to the system (102) and take ¢(s — , 1.7, 02,7) as a semi-
martingale which, from It6’s formula and 9, = A¢, becomes

de(s — 7, P17, P2,7)
= O (pdﬁl r+ ay(pdﬁZ,r — Opdt

o1 .
+5 a 0 d(D)e + 05,0 d (51, o) + 505, 0d(P)e

162,1’ ,51,1' / ,52,t
_M +01(q>( )+ q>( >)d
‘ M Js—1 N Js—T ¢
/51 10()52 r)q)”(lalr/\/s - T) 0(;51,1 + 52,r)q>/( /52,r )d‘L’

+ — : dt +
s—T Js—T NS =T

where M. is a martingale. Since ®’ and y®”(y) are bounded, we deduce that the

drift in the above is bounded in absolute value by %. Now replacing 7 by

T A& AL and evaluating at T = 0 and T = s, we are led to
Elp1s.s <6 ACI<E[p(s =5 AGNE. Dy 0505 Prsrind)]

- SAGAL 5 +5
S(ﬁ(s,ﬁo,po)JrCEUO Mdt}

AS—T
- (Po SElp1c + pre, T <G AL]
< Cpod| — Cf : : dr.
=Cho (ﬁ)+ NG ’

Denote for simplicity f(s) =E[p15,5 <G A g ]and g(s) = CpOCIJ( ) Now con-
dition (103) implies for all s € [0, 1 A ¢] that

(o dr.

(107) £(s) < g(s) +Cf

This functional inequality is interesting enough to be treated separately, and
so we do this formally in the following result. Incidentally, this also appears in
renewal theory, but we were not able to pinpoint exactly this statement in the liter-
ature.
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LEMMA 20. Assume f, g:10,t] — [0, 00) are bounded, continuous functions
such that for all s € [0, 1 A t]

(108) F(s) <g(s) +C/S O e

0 A/S—T
If g(s) < Cp?//s forall s € [0, 1 At], then
f(s) <Cp%//s  forallse0,1At1].

PROOF. Rewrite (108) in the form

f(s><g<s)+C/ f() (>+cf/ f(sw)

Now introduce the random variable W with density and observe that the

24/ l—w
right-hand side of the above equation becomes g(s) + C/sE[ f (sW)]. Hence, the
inequality at hand can be rewritten as

f(s) <g(s) + C/SE[f(sW)].

Iterating this inequality, one can prove that if we pick ani.i.d. sequence Wy, W, ...
with the same distribution as W, then for any n > 1,

F(5) = Y (CV E[VWIVWIWa - [ WiWa - Wi 1 g (s W1 W2 - - W)
k=0

+ (CVs)" T E[VWIVWI Wy - Wi Wa - Wy, f (s Wi Wa - - Wog)].
The random variable W has moments

E[Wk] _ Sl (k+1)

= forall k > —1.
2I'(k+3/2)

Particularly important is the case of k = —1/2, so that ﬁ is integrable, and in

fact E[1/+/W] = m/2. It is an elementary task to obtain from this that, for some
constant C > 0,

E[W¥]<C/vVk  forallk > 0.

Since g is bounded, the series
o0
Y (CV E[VWIVW Wy -\ Wi W Wi 1 g(s Wi Wa - Wip)]
k=0

is absolutely convergent and

(CVS)"E[VWiVWiWa - Wi Wa - Wy f(sWiWa - Wyp1)]
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goes to 0 as n — oo. Consequently,
o0
fs) < Z(Cﬁ)kE[v WivVWiWyo-o o Wi Wa o Wi 1g(sW Wa - Wp)].
k=0

If g(s) < Cp?/+/s, the above yields

\/WI\/WIWZ"'\/WIWZ"'Wk—l}_ Cp?
/W1W2---Wk ﬁ’

where we used the decay of the moments of W together with the fact that 1/~/W
is integrable to justify that the series is convergent. [J

2 o0
p k
() <C—=) (CVs) E[
NG

The rest of the proof of (104) follows now from Lemma 20.
We now turn our attention to (105) and observe that, from (102), we easily
obtain that

d(p1p2) = p1dp2+ p2dp1 +d{p1, p2)«
=dM. + O(p1 + pr)dt

with M, a martingale. Using this at the times 7 =0 and T =5 A& A ¢ with 0 <
s <1 At and integrating, we get

~ - - 5 ~ SAGAL 5
r(%P(C <SS AU) S E[plys/\&/\é"pz’s/\&/\g] S /0(% + CE[/(; (lOLT +p2,‘[)dt]
S »
<@+ [ Bl + ot <5 AElde

~)
(103) and (104) _ s -
< 2+C/ 20 4e = g2,

= 0o 0 VT

which is what we needed. [l

Now we go back to (101). We cannot use Theorem 19 to conclude that
Elp1s,s <o AZ]< C,og/ﬁ because the equations satisfied by p; and p, are not
of the form (102). However, if we take p; s = ,ol,seﬁH()‘-Y), P25 = ,oz,seﬁ’*s()‘f),
then (53) and an application of It6’s formula (followed by several rearrangements)
show that p; and p; do satisfy (102). In addition, Corollary 17 combined with the
fact that e”—*s) is bounded shows that (103) is also satisfied. Therefore, accord-
ing to Theorem 19, E[p;1 5,5 <0 A L] < C,og/ﬁ and this in turn implies

S
E[pl,s,s<0/\§]§C,03/\/E and /AIE[,oLu,u<a/\§]du§C,08\/E.
0
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Using the preceding in (101), we write the resulting equation as

_ _ - e ¢t S H(t —u)
15 (0) = 25, (2) + P (0)| < cpé7 +cp5/0 e du

for any s € [0, 1 A ¢].
Now dividing both sides by pg and then letting pg tend to 0, we arrive at

H() <c

67Ct+ /SH(I_”)d f €[0.1A1]
c| ———~du or any s , .
N N Y

From here, the rest is taken care of by the following lemma.

LEMMA 21. If H:[0,00) — [0, 00) is a continuous function such that, for
some constant C > 0,

—Ct K —
(109) H(t)fc(eﬁ +/0 H(i/ﬁu)du>, 0<s<I1At,

then there are constants k, K > 0 such that

Ht)<Ke™  forallt>0.

PROOF. It suffices to concentrate on the case ¢ > 1. The strategy is similar to
the one for proving Lemma 12 with a few tweaks.

Let my = sup, ¢y n411 H (@) and My, = sup, ¢, 417 H (#). Clearly, my, < M,
and M,, is either m,, or m,,_1.

Now, if we take the + which maximizes H (¢) on [n,n + 1] and use (109), we
get that for some constant C > 0 and any s € [0, 1],

e—Cn
mn§c<ﬁ +\/§Mn>.

We want to minimize the right-hand side of the above expression over s € [0, 1].
For any a, b > 0, the minimum of a//s + b+/s with s € [0, 1] is attained at § A 1.
Hence,

e—Cn e—Cn
o = o( ey ([ A1)
Je=Cn /M, A1 M,
Now, for each given n, we have one of the following two cases:
(1) Case: e~ €"/2 < M,,. This leads first to e‘C”/Mn < e /2 < 1, and then to
m, <2ce "2 /M, <2ce " M,,.

This is enough to conclude that for a large | (e.g., such that 2ce~¢"1/4 < 1/2) and
n > np one gets m, < M, /2, which means that we cannot have M,, = m,, unless
my, =my,_1 =0. Hence M,, = m,_1, which in turn implies that for some k > 0

(*) my < e Fmpy_ ifn>ny.
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(2) Case: M, < e~€"/2 This already yields
(%) m, <e ",
Notice that we can arrange the constant k£ > 0 to be the same in (*) and (**) simply
by taking the smaller.

By combining (*) and (**), we can show that m, decays exponentially fast. In-
deed, if there is no > ny for which the second alternative holds, then m,,, < e knz,
Then an easy induction and use of both alternatives yields that m,, < e~ for all
n > ny. On the other hand, if there is no such n;, that means the first alterna-
tive holds, and this means that m,, < m,_e % for all n > ny. This then results in
my < npy, e~k(=m) "and thus the exponential decay follows again. [J

This completes the proof of Theorem 18. [J

11. C* convergence of p on surfaces with x (M) < 0. In the previous two
sections, using the same notation and assumptions, we proved there exists a con-
stant C > 0 such that

sup| p (x)| + sup |V, (x)| + sup|[Hess j; (x)| < ce™"
xeM xeM

(110) xeM
for all t > 0.

Alternatively stated, p converges to 0 exponentially fast in the C?-norm. In partic-
ular, this proves that the metric g; converges to the constant curvature metric / in
the C2-topology, and thus the curvature of g, converges uniformly to a constant.

We now complete our discussion of the convergence to the constant curvature
metric by extending this to C°°-convergence. The culmination of the last several
sections is the following theorem.

THEOREM 22. Let M be a smooth, compact surface with x (M) <0, with a
reference metric h of constant curvature 0 or —1, and let gy be a smooth initial
metric in the same conformal class as h and with the same area. Then if we let p;
for t € [0, 00) be the associated solution to the normalized Ricci flow [as given in
equation (9)], we have that

pr— 0 in C*°, exponentially fast,

in the sense that this convergence takes place exponentially fast in the C*-norm
for all positive integers k. Stated differently, if g; for t € [0, 00) is the family of
solution metrics to the normalized Ricci flow (and so the metrics corresponding
to py), then gy — h in C*°, exponentially fast.

PROOF. We start with the equation
atﬁ = eizﬁtAﬁt + r(l — 672]3[).
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Now we can assume, by induction, that all derivatives of p; of order / with
0 <1 <k — 1 decay to 0 exponentially fast as ¢ goes to infinity. In light of the
C?-convergence, we may assume that k > 3.

Taking the kth derivative p( )
covariant derivative we obtain

(1 05 = 2P AP + 202 pP 4 0,

= V® p,, after commuting the Laplacian with the

where Q¥ depends on the lower order derivatives of p;, and thus we may assume
by induction that for k > 2,
(112) 00| < ce €.

The idea now is to write a Feynman—Kac formula for the solution to (111) and
get the estimates from this. Indeed, notice that if x, is the time changed Brownian
motion starting at x which is defined by (12), then

exp<2r/ ~2j- ﬂm)du)%p(k) (o)
0

o k
—i—/ exp(Zr/ —2Pr—v () dv)’ﬁ, ) L () du
0

is a martingale, where 7, is the extension to tensors of the parallel transport (with
respect to the underlying metric /) along the path x|, o) from x, to xo = x. From
the technical side, this expression can be seen in a clear way by lifting the equa-
tion (111) to the orthonormal frame bundle, where the lift of p (k) takes values in a
tensor product space of a fixed 2-dimensional Euclidean space. Th1s is standard in
stochastic analysis and we do not belabor it.

One result of equation (113) is that evaluation at 0 =0 and o =1 yields

t _
50 () = E[exp (2r fo ¢ 2P-u) du)’ﬁﬁé’”(xt)}

—HE[/Ot exp<2r/(; —2pi- ”(x”)dv>7;Q(k) (xu)du].

Notice the first consequence of this, namely that |p, )| is bounded for » < 0 (which

(113)

(114)

is the case under consideration). We consider separately the cases r = —1 and
r=0.
Case: r = —1. From the exponential decay of p; and the induction hypothesis

(the decay of Q;k)), it is easy to see that

Ct forallt >0,

—(k —
159 ()] < ce
and thus the induction is done.

Case: r = 0. For the flat case, we still learn from (114) that ﬁ,(k) (x) is uniformly
bounded in ¢ and x. Since the curvature of the underlying metric £ is 0, we know
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(cf. [31], Theorem 8.1, Chapter II) that the holonomy groups are trivial (perhaps
after lifting to the orientation cover). Stated differently, the parallel transport along
loops is the identity.

To finish the argument, we are going to use the coupling technique we already
exploited for the gradient estimates. Start with a fixed point x € M and a unit
vector &, and write

_(k— —(k—
56D _ i T V) — V)

15)  preE=Vep " = lim ;

where 7}, is the parallel transport from T, () to T, along the geodesic y started at
x with initial velocity &.

Now we use the martingale representation (113) with k replaced by (k — 1) to
see that, for x and y close enough and 7 the parallel transport from 7 to 7 along
the minimizing geodesic,

T ") -5 ")
=E[TTop1y o) = To iy (xo)]
- 2| [T 0 00 - T 01 ) |

Take r > 1 and let o be 1 A T with 7 the coupling time of x, and y, which run
mirror coupled. Now, because the holonomy group is trivial, it follows that

E[T,]-l/\fﬁz(li_ll\)r (YVinr) — 7-1/\tﬁt(li_]/1\).[ (XMT)]
=E[TTip 7 o0 = Tip V.1 < 7).

From this and the exponential decay of p(k D and Qt(k_l) , we have

1
\Tﬁt(k_l)(y) — ﬁt(k_l)(x)} <e C'P(1 < 1) + e_C’/ P(u < 1) du.
0
Finally, using the estimate (52), we get

1755 V() = V()|

bd(x, Y
Vo

Now taking y = y (k) and considering the limit as & goes to 0 leads to

<e_Ctd(x,y)+e_Ct =Ce_C[d(x,y).
0

13 (x0)&| < ce™ "

for any unit vector &£, which implies the exponential convergence of p(k). O
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