A STOCHASTIC TARGET APPROACH TO RICCI FLOW ON SURFACES
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ABSTRACT. We develop a stochastic target representation for Ricci flow and normalized 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 sto-
chastic representation.

Based on this stochastic approach we give a proof that, for surfaces of non-positive Euler char-
acteristic, the normalized Ricci flow converges to a constant curvature metric exponentially quickly
in every C*-norm. In the case of C° and C'-convergence, we achieve this by coupling two parti-
cles. To get C*-convergence (in particular, convergence of the curvature), we use a coupling 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 cases too. At any
rate, this triple coupling provides a purely probabilistic approach to getting second-order derivative
estimates for second-order PDEs. Finally, for k& > 3, the C’“—convergence follows relatively easily
using induction and coupling of two particles.

1. INTRODUCTION

In [23], Soner and Touzi give a characterization of various extrinsic geometric flows (with
ambient space R"), including mean curvature flow, as stochastic target problems. More specif-
ically, they introduce the relevant target problems and then prove associated verification theo-
rems, namely theorems showing that if the curvature flow has a smooth solution for an interval
of time ¢ € [0,T), then the solution agrees with the solution to the stochastic target problem on
this interval. In the first part of this paper, we develop a similar characterization of Ricci flow (and
normalized Ricci flow) on compact surfaces, including the relevant verification theorems (see The-
orem 3). We then briefly brief 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 non-zero 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, com-
pact surface of non-positive 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 exponentially fast in C* (see Theorem 22 for a precise statement).

Ricci flow on smooth, compact surfaces is essentially completely understood, so none of the
geometric results in this paper are new. Nonetheless, one feature of our approach is that probabil-
ity 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 interpretation. For example, it’s nice to see the convergence of a
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manifold under normalized Ricci flow to a constant curvature limit as the equidistribution 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 stochastic 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 theory 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 employ 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 formulating notions of weak solutions. Indeed, in a second paper, Soner
and Touzi [22] show that generalized solutions to various extrinsic curvature flows can also be
understood in terms of stochastic target problems. Also stemming from these ideas, we note that
stochastic approaches to PDEs can lend themselves to the development of probabilistic numerical
schemes (as in [12]), 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 [6], stochastic target problems of certain kind are equivalent to
second-order backward stochastic differential equations. As discussed there, second-order back-
ward SDEs are natural stochastic objects to associate with fully non-linear PDEs. Thus, one could
presumably recast the results of this paper in those terms. Nonetheless, we have chosen to adopt
the stochastic target approach because it seems more geometrically intuitive and visually appeal-
ing, 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 [19, 18,2, 17, 9, 1]. The
ones that are somewhat close to our work are [9] and [1]. These papers investigate the Brownian
motion (and the associated parallel transport) 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 formula 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 corresponding solutions.

At any rate, though the Bismut formula is very useful for gradient estimates, we do not know
how to get a nice and useful version of this formula for second-order derivatives. This is one of
the reasons we prefer to deal with an alternative probabilistic tool, namely coupling. This idea
for dealing with the second-order derivatives comes from [10], 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
obvious 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. 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 exis-
tence of solutions to the target problem directly; rather, the verification 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 [3] and [14]. However, an immediate consequence of such
a verification theorem is that the solution (to the flow) is unique.
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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 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 Sec-
tion 3 we prove the verification/uniqueness theorem, namely that, if there is a smooth solution to
the Ricci flow (or normalized 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 un-
normalized 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 con-
sequence, we obtain the exponential convergence in the C%-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 (1) > 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 Brow-
nian motions associated to the target problems. This coupling makes sense 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 [17], 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 compar-
ison of the distance process with a Bessel process in order to estimate the coupling time, which is
a fundamentally probabilistic idea. Combining this result with those coming from the a priori es-
timates proves that, for non-positive Euler characteristic, the flow convergence in the CY-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 and the
initial distance. This in turn yields a functional inequality satisfied 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 convergence.

Going forward, Section 9 is dedicated to the triple coupling used in a crucial way for the Hes-
sian 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 z, or al-
ternatively, the distance p, from z to y. One of the main interests is the symmetry with respect to
swapping p; and po. The other thing thrust of the investigation is as follows. Assuming that = 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.
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Section 10 covers the Hessian estimates. Here we use the results from the previous 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 have to
use the coupling.

A few words about the sphere case, which definitely 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 non-positive 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 of dimension two and h a smooth Riemannian metric on M. Any other smooth
metric in the same conformal class as h can be written as g = uh for some smooth, positive function
u. The Ricci curvature of any metric metric g is given by

1) 2Ricy = R, = 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) 8tgij = —2RiCij

where Ric is the Ricci tensor. From this, it is easy to see that the Ricci flow preserves the conformal
class in two dimensions, and thus it becomes an evolution equation for the conformal factor ;. In
particular, the Ricci flow corresponds to u evolving by

(3) (9% = Ah IOg ﬂt — 2Kh

where K}, is the Gauss curvature of (M, h). In passing from (2) to (3), we have already used the
fact that if ¢ = uh, for two metrics, g and h, then (see [8, Exercise 2.8])

1
4) R, = E(Rh — Aplogu)

where the A}, is the Laplacian with respect to the metric A.

This is a non-linear parabolic equation, and thus the usual probabilistic methods of solution
(diffusions, Feynman-Kac, etc.) don’t apply. Instead, we will adopt a stochastic target approach
modeled on the approach of [23] to mean curvature flow, as mentioned above.

To be more concrete, we assume that the initial metric on M can be written as gy = Tgh for some
smooth, positive 7 and some metric h. There are two natural choices for h. Of course, we can let
h = go and up = 1. Alternatively, the uniformization theorem implies that there is a metric in the
same conformal class as gy which has constant curvature of —1, 0, or 1. Then we can take h to
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be this metric, in which case ug is determined by the condition that gy = uph. 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

(5) 8tgij = —QRiCZ’j + 27"91’3’

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

Oy = Aplogu — 2K, + 2r4ty.

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

/KgdAg = 2mx(M)

where x (M) is the Euler characteristic of M and A, is the area element of the metric g. Conse-
quently, if r, is the average of the Gauss curvature for g;, then

__2mx(M)
~area(M, g;)

where area()M, g) stands for the area of M with the metric g. From here, a straightforward calcu-
lation gives that

(9t area(M, gt) == Gt/atdAh == /atﬂtdAh == —2/KhdAh + 2Tt/ﬂtdAh == 0,

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

©) 2mx (M)

- area(M, go)
We can now translate (5) into an equation satisfied by the conformal change u; as (recall that
gt = uth)
(7) Oty = Aploga — 2Ky, + 2riy

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 confor-
mal class corresponds to the set of smooth sections of a one-dimensional bundle over M. More
concretely, fixing a “reference metric” h and writing any other (smooth) metric (in the same con-
formal class) as wh induces a global coordinate u on fibers of this bundle making the total space
E diffeomorphic to M x (0,00). Further, @ is given as the composition of the lift from M to E
(corresponding to the section) with w. This helps to explain the notation: « is a coordinate on the
fibers, and @ 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 won’t 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) log u.
Then any other metric in the same conformal class as h can be written as g = ¢*’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
h corresponds to the zero section, and fiberwise addition corresponds to composition of conformal
changes. However, we won’t need the vector space structure on fibers in what follows; we really
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just view the fibers as having a smooth structure. In terms of the coordinate p, the Ricci flow
equation becomes

(8) Opy = e P (Appy — Kp) ,

and the normalized Ricci flow equation becomes (see also [20, Equation 1.3.1])

) Oipy = e P (Awppy — Kp) + .

with 7 the constant defined in (6) and thus depending only on the are of M with respect to the
initial metric go.

At this point, we see that there is a one-to-one correspondence between metrics in the same
conformal class as h, 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 correspondence 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 py. 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 (z1,x2) be normal coordinates around g. Thus (x1,z2,p) are coordinates on a
neighborhood of {¢} x R. We assume that the controlled process is currently at (¢, p), say at time
7. The (z1,x2)-marginal of the controlled process will be (infinitesimally) Brownian motion on
M (with fixed reference metric h), time-changed by 2e~?P. 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 (1, z2)-marginal, and has its drift along the fiber at rate e K, (plus an additional
—2mx(M)/ area(M, h) for the normalized Ricci flow). More precisely, the control consists of a
choice of (a1, az) € R?, for which the processes evolves (infinitesimally, assuming the process is at
(¢, p) at time 7) according to

dxy , e P 0 1 0
dro, | = 0 e P [g zxfz] + 0
dp, 6723(11 e’ﬁag T 672pKh(Q)

where W' and W?2 are one-dimensional Brownian motions. Here we have written K} (q) to em-
phasize that the curvature depends on the point in M. The v/2 factors (in front of the Brownian
differentials) are needed because the Ricci flow is defined using the Laplacian, instead of half the
Laplacian, and rather than use a non-standard normalization for the Ricci flow, we choose to speed
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up our Brownian motions (this is analogous to the usual discrepancy between the analysts” and
the probabilists” versions of the heat equation). This is the controlled process, at least infinites-
imally, corresponding to the Ricci flow. For the normalized Ricci flow, the set of controls is the
same, but the process evolves according to

dr1 e P 0 L 0
dzo | = 0 e P [g g%@] + ) 0
dp- e Pa; e Pay T e ?Kp(q) —r

We point out that, for both the Ricci flow and the normalized Ricci flow, the (infinitesimal)
diffusion matrix is
2e2pr 0 2e 2P qy
0 2e2Pr 2e 2P g
2e %Pra; 2e Pray 2e” 7 (a? + a3)
in (x1, x2, p) coordinates at (g, p), of course.

Having given the infinitesimal picture, we now extend this to a global description. 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, k). 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
¢(q) is an orthonormal basis for 7, M with metric h. We identify ¢(q) with the corresponding
linear isometry from R? to T,M. Let e; and e, be the standard basis for R? and let €¢(e;) be the
corresponding canonical vector fields. Further, we let 7 : O(M) — M be the usual projection and
7y : 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
e(q) over g, and let (z1,22) be normal coordinates (for (M, h)) in a neighborhood of ¢ such that
Oz, = ¢(q)(e;) at g. Obviously, 7. [(’E(ei)|(qve(q))] = Oq,|q- Moreover, let s be a smooth section of
O(M) in a neighborhood of ¢ which is equal to ¢(g) at ¢ and horizontal at ¢, meaning that d,,s are
horizontal vectors at g. Then 7, [€(e;) o s| agrees with 0, to first-order around ¢. (Indeed, to show
that such a section s exists, start with normal coordinates and apply the Gram-Schmidt process to
{0z,, 04, } at every point in a neighborhood of ¢.)

We also recall the connection between the bundle of orthonormal frames and Brownian motion
on (M, h). We have that (€(e1)? + €(ez)?) /2is Bochner’s Laplacian on O(M), and the correspond-
ing 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, to M gives
Brownian 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 [15] or[24] for a detailed account
on the subject. Moreover, the process B, 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. Finally, 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 standard Brownian
motion on R?, or equivalently, two independent, one-dimensional Brownian motions. That is, B,
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can be realized as the solution to
dB; = €(e1) o AW} 4 E(es) 0 dW?

where odW 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 normalized Ricci flow). We write points
in F as (z,p) € M xR and the controlled process (for the Ricci flow) as Y; = (z-, p,). As suggested
above, the M-marginal =, 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 h). In particular, if we choose a frame ¢(z) at
the starting point, then we let ¢(x,) denote the parallel transport of this frame along z,. Abstractly,
the control consists in choosing a lift of T, M to T{,_, )E. In terms of our evolving frame, such
lifts can be identified with points of R?. This the time to formally introduce the control process.
In what follows, (€2, F,P) is a probability space where the Brownian motion (W, W?) is defined
and the reference filtration involved here is 7, the one generated by the Brownian motion.

Definition 1. For a fixed time t > 0, an admissible control process A is a bounded map A : [0,t] x M X
Q — R? which is continuous in the first two coordinates, and such that for each (z,7) € M x [0,1],
A(r, ) : Q — R? is F,-measurable. We write this in components A = (a1, az).

We will explain below in the first remark of this section why we require the control to be
bounded.

If we start our process from a point Yy = (xg, po) equipped with a frame e(xz¢) of T}, M, then it
evolves according to the SDE (note that we’re using both It6 and Stratonovich differentials)

2
de, =e Pr [Z e(:)(e))V2 o dWTi]

i=1

(10)

2
dp, = e P7 [Z aiV2dWE| + e %P7 Ky () dr.
i=1

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

2
di, = e P [Z ¢(e)V2 o dWT’] 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 fashion
in order to emphasize that we're ultimately only interested in the evolution of the surface in £
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 that fact that (10) requires evolving the frame ¢(z,) as
well.

The mixing of It6 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 characterization, which is just a consequence of It6’s
formula. For any smooth function ¢ : [0, 7] x M xR — R (assuming that the process (z-, p-) exists
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for r € [0,TY),
(11)
2
do(t,xr,pr) =€ P7 Z(ei(:cT)tp + aip)V2dW
i=1
2 2
+ (&rgp + e 2P Ky (2,)@ + e P App + e Z a2y + 2e7 P Z ai(el-cp)gd) dr
i=1 i=1

where all the “inside” functions are evaluated at (7, z,, p;), ¢;(z)p signifies the derivative (along
¢i(z)) with respect to the second variable of ¢, 0, ¢ is the derivative with respect to 7 variable, and
the prime is the partial derivative with respect to p. Note that if we let (z1,22) be appropriate
normal coordinates at a point, then applying this to x;, 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 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 motions (W}, W?) 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’ve specified the admissible controls A, and described the evolution of controlled
process Y. (A) that a choice of control gives rise to, it’s time to explain how this gives rise to a
subset of E.

Definition 2. We define the reachable set at a given time t € [0, c0), denoted V (t), to be the set of points
in E for which there exists an admissible control such that the controlled process, started at this point and
with this control, is in I'(0) at time t almost surely.

We follow Soner and Touzi [23] 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' (¢) doesn’t depend on the initial choice
of frame. Suppose A, is 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 y, then
there is some € O(2) such that ¢e(y) = re(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' (t) by writing A(z, po) or A(Yp), 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' (¢) and the associated successful control is that if we start the process at
this point in V(t), then Y;(A) € T'(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 ¢ € [0, ¢]. In particular, one might imagine that some choice of control gives rise to a solution
under which p; blows up prior to ¢ (z, can’t 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
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control gives rise to a solution Y;(A) which is unique in law, despite the fact that our notation
makes it look as though Y7 is always determined by A. (So it is conceivable that a successful control
might give rise to another solution Y] that doesn’t 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 (¢), that it is well-behaved, and
that this control uniquely determines Y;.

Finally, we recall that the stochastic target problem is the determination of the reachable sets
V(t). 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'(t) = 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 “normalized”) evolves according to

2
dx, = e P7 [Z e(z:)(ei)V2 o dWﬁ]

=1

(12)

dp, = e P7 + (efszKh(xT) — T) dr.

2
Z a;V2 dW!
i=1

Note that the only difference from Y; is that the drift of p, has an extra term.
We denote the corresponding reachable sets by V" (t). We also have the analog of Equation (11)
where e~ %7 K, there is replaced by e~ %7 K, — r:

(13)
2 .
dip(, 20, pr) =€ Y (ei(wr)p + i) V2dW]
i=1
2 2
+ <87g0 + (e Ky(zr) — 1) @' + e P App+e " Z azy” + 2e %" Z ai(eiap)d) dr.
i=1 i=1

Remark. We want to discuss why we insist that our control (a1, az) 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
dl‘t = a¢ th, To — 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 =;. However,
without some additional restriction on a;, 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 0 by time ¢ = 1/2. It is clear that this is possible, since letting a 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 hasn't, then x5 is some positive value. Again, we can find some
constant value for a, depending only on z; /5, such that if we let a; equal that constant for ¢ € [1/2,3/4),
then the process hits 0 in that interval of time with probability 1/2. Thus, by time ¢ = 3/4, the process has
hit 0 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
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is that this is a simple trick. We can think of a; as determining a time-change so that z; is a time-changed
Brownian motion, and since we know Brownian motion hits the origin in finite time, if we're allowed to
speed up time as much as we’d 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.

We now return to the target problem we associate to Ricci flow. In light of the above, if we assumed only
that (a1, az) 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 p, as time ¢. The result would be that every point would be
in V(t), which is obviously not what we want. Of course, what we’ve just described uses a discontinuous
control, but one can imaging 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 (a1, az) be bounded prevents this kind of easy trick and forces a successful control to re-
spect the geometry of the situation. Of course, one might imagine that there might be other, less restrictive,
ways to achieve this, such as requiring the controls to be in some LP-space for finite p or requiring some nat-
ural 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, non-compact surfaces, it seems like some weaker assump-
tion on the control would be appropriate. However, for the present paper, we have no need to speculate on
what other conditions one might want in other circumstances.

Remark. We close this section by noting that, in the case when (1, 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 z; and
be the usual Euclidean coordinates on R?, then h = dz$ + dz3 (after identifying M with R?/A). Further,
(WL, W2) 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 {(a1, a2) : a; € R}, and the controlled process simplifies, so
that it is given, for both Ricci and normalized Ricci flow, by the SDE

—pr

do [l 0 {ﬁdwﬂ

27| = 2"
dp- e Pra; e Prag V2dw;

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

3. VERIFICATION AND THE CONNECTION WITH RICCI FLOW

At this point, we’ve described a pair of closely related stochastic target problems, namely the
determination of V (t) and V" (t), which we associate with Ricci flow and normalized Ricci flow,
respectively. However, we’ve given no justification for these associations. 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 p, on the interval ¢ € [0,T") (where
we allow the possibility that 7" = co). At each time ¢, we can associate the solution with a section of
E over M and thus with a submanifold of the total space E, which is smooth and intersects each
fiber once, transversely. We call the resulting submanifolds I'(¢) and note that this extends our
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earlier definition of I'(0). Of course, knowing the I'(¢) for ¢ € [0,7") 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 pj = p, on the interval ¢t € [0, 7") (where, for the same manifold (M, h)
with the same initial metric go, it is not necessarily true that 7" and 7™ are equal). Then we have
the associated submanifolds 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
[23]. 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 initial metric gy = e2Poh, as above.
Suppose that the Ricci flow has a smooth solution p, on t € [0,T). Then I'(t) = V (¢) forall t € [0,T).
Similarly, if the normalized Ricci flow has a smooth solution p} ont € [0,T™), then I'"(t) = V" (t) for all
telf0,7m).

Proof. We start with the Ricci flow. We fix some ¢ € (0,7") and let 7 be the time parameter for the
controlled process Y- (A), T € [0, t] (as usual in probabilistic 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'(t — 7). That is, we consider n(z, p, 7) = (p — Dy_,(2)) 2 along the paths
of Y;, so that 7, = (pr — T)t_T(a:T))2.

Actually, we begin by considering a slightly more general quantity. Let {(z,p, 7) = p — p;_. (),
and for the moment let ¢ : R — [0, c0) be any smooth function. We wish to consider ¢(¢(z, p, 7));
clearly 7 is just the special case p(z) = 22.

We now apply It6’s formula (11) to (¢(§))-. In the following, p is always evaluated at time
t — 7 and position z,, we write ¢; for ¢(z,)(e;), and we suppress other arguments (such as for the
controls a;) as desired to make things more readable. Then we have

d((§))~ :\/ﬁgo/e—pf [(al —e1D) dW;-l + (ag — e2p) dWﬂ
2
(14) + Z e T [90” (—eip)? + ¢ (—e?ﬁ)} dr + ' Opdr
i=1

+ e [ K+ ¢ (o] + a3)] dT + 2e77" [—are1p — ageop] dr.

Recall that ¢? + ¢ is just Aj,. Then a little algebra and the fact that p satisfies Equation (8) allows
us to simplify this, yielding

(15) d(p(&))r = V2¢'e ™" [(a1 — e1p) dW} + (a3 — e2P) dIW7]
+ {6_2}” " [(al —e1p)” + (a2 — 8217)2] + (€7 —e77) (App - Kh)} dr.
We now return to considering 7. In this case, this equation specializes to
(16) dn, =2v2(p; —p) e P [(a1 — e1D) dW} + (az — e2p) dW?]
+ 2727 [(al — elﬁ)Q + (ag — 225)2} dr 4+ 2 (pr — D) (e*% — 672”7) (App — Kp,) dr.

First we show that any point (z,p,(z)) in I'(¢) is in V(¢). Obviously, this is true for ¢ = 0. Now
choose t > 0. We choose our controls a; and as as follows: For 7 € [0,¢], we let a; be ¢1p,_.(z;)
and ag be ¢2p,_.(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
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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

dT/T =2 (pT - T)) (6_2ﬁ - e_ng) (Ahp - Kh) dr.

Because pis smooth on M x[0,T") and M is compact, we know thatboth p, . (z) and Ayp,_,(z)—
K}, are bounded on (z,7) € M x [0,t]. Now choose any § > 0 and let §5 = inf{7 : n, > 0} be
the first hitting time of §. Also observe that both the controlled process Y: = (z., p,) and 7, have
continuous paths. If we stop our process at §;, then p; is also bounded (this follows from the fact
that p is bounded and the definition of 7). Combining the boundedness of both p and p, with an
easy estimate for the exponential function, we see that e 2P —e =27 is bounded above and below by
a constant multiple of + (p, — D), respectively. It follows that (for 7 < 65), we have dn, < Cn, dr,
for some positive constant C' depending on ¢, §, and the bounds mentioned above. Recalling that
no = 0, because we start our controlled process on I'(t), and integrating gives

TNl
Nrnos < C’/ nsds fort € [0,t].
0

Then Gronwall’s lemma implies that 7,,g, = 0 for all 7 € [0, ¢]. Because 7, has continuous paths,
this means that 65 > t, and thus we have that 7, = 0 for all 7 € [0, ¢]. In particular, 7+ = 0, and so
Y; € T'(0). Thus we've shown that I'(¢) C V(¢).

Next, we need to show the opposite inclusion, V' (t) C I'(¢). Again, this is clear for ¢ = 0, so we
fix some t € (0,7'). We have some starting point (o, 3) € M x R, and we assume that there exists
a control (ai, az) such that Y (a1, az) almost surely hits I'(0) at time 7 = ¢.

At this point, we produce a mollified version of 7 by a judicious choice of ¢. In particular, we
now let ¢ : R — [0, c0) be a smooth, symmetric function satisfying the following additional prop-
erties: ¢ is non-decreasing on [0, c0), ¢(z) = 22 in some neighborhood of 0, and ¢ is constant on
[A, 00) for an appropriately chosen constant A. It follows that the value of ¢ on [A, c0) is positive,
¢ is 0 only at 0, and all derivatives of ¢ are bounded. If we now let 7j(x, p, 7) = @({(z,p, 7)), then
7) is a mollified version of 7, in the sense that they agree for small values of 7 but 7) is bounded,
along with all of its derivatives.

Let D(7) = E [};]. Then Equation (15) shows that

(17)
D) = DO + [ B[ [(an — e + (0 — eap)?] 4 (7 = ) (Aup - K) | d.
0
Here, of course, the derivatives of ¢ are evaluated at {(z, p-, 7). Note that ¢1p, eop and App — K},
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 *#7¢"” and ¢’ (e P — e~ %7) are bounded

because the derivatives of ¢ are identically zero for £ > A. In addition, for any two constants
Cy,Cy > 0, there is another constant C3 > 0 such that for any £ € R,

C1¢"(€) — Ca! (£)€ > —C3p(8)

Combining all of these with the fact that a; and ay are bounded, we see that there is some
positive constant C (different from the one above) depending on the bounds just mentioned, but
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not on 7, such that
D(r) > D(0) — C’/ D(s)ds forall € [0,4].
0

This is trivially equivalent to

—D(7) < —=D(0) + (-C) /OT (=D(s)) ds forall T € [0,1].

Applying Gronwall’s inequality for the function —D(7) on this interval then yields
—~D(1) < (=D(0)) e " forall 7 € [0,1].

In particular, letting 7 = ¢ and multiplying by —1 gives D(0)e~¢* < D(t). By assumption, the
controlled process hits I'(0) at time ¢ a.s., and thus D(t) = 0. Since D is always non-negative
(because ¢ was chosen to be non-negative) and e~“* is positive, we conclude that D(0) = 0. This
is equivalent to saying that our initial point («, 3) is in I'(). Thus we have proven that V' (t) C I'(¢).

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

d(0(€))r =V2¢'e P [(a1 — e1p) AW} + (as — e2p) dW?]
2
(18) + Z e pr [go” (—eip)? + ¢’ (—e?ﬁ)} dr + ' opdr
i—1

+e 2P [@’Kh —re?Pr 4 (a% + a%)} dr + 2~ 2P " [—aje1D — agesp] dT.

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

From the point of view of control theory, the above result is a verification theorem. 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. If 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 [3] and Hamilton [14] show that, for a smooth, compact initial surface, the Ricci
flow always has a smooth solution on some (non-trivial) interval of time, and the normalized
Ricci flow has a smooth solution for all time. (Of course, much more can be said, including 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 [/, 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, 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 (0,7))
and point zg € M, there is a unique point (x, po) over zy (Where, of course, we use our standard
fiber coordinate p) in I'(t) = V (¢). If we now run our successfully controlled process Y, = (z,,p;)
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starting from this point, we know that it is on I'(¢t — 7) for all 7 € [0,t), or equivalently that
pr = Ppi_-(z,), for all 7 € [0,t] almost surely. Then looking at =, (which is just the M-marginal)
and recalling that g; = €?Pth, 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 — 7 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 #,. Then recognizing
it as Brownian motion under backward Ricci flow gives a way of representing 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

(19) Pe(x0) = E™ [py (21)]

where the expectation is taken with respect to the successfully controlled process started from
(0,P(20)) and run until 7 = ¢. 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) doesn’t 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 &, (or more
accurately, these two are intertwined by the system of SDEs they solve), so we can’t first determine
Z, 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 [9] and [I1]. 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 paral-
lel 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
{e7Pme(z,)(e1), e Pre(x;)(e2)} (which is an orthonormal frame for the time-varying metric) gives
the parallel transport along the Brownian path .

4. THE BLOW UPS OF THE RICCI FLOW FOR THE CASE OF POSITIVE OR NEGATIVE EULER
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 Euler charaterisitc, and hence the reference metric
K3}, is either positive or negative.

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

2

2
do(,pr) = €77 (pr) Y aiV2AW: + |0-0(7,pr) + €27 (¢ (7,p7) Kn(a7) + ¢ (7,p:) Y af) | dr.
i—1 i=1
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Since the successful control is given by a; = ¢;p;_,, we get

Za ’th T xT)’27
and this means that
o(7,pr) — / [aTgo(a, Po) + e e (‘P/(vaU)Kh(xo) + go”(a,pa)|V]3t_g(ch)]2)] do
0

is a martingale. In particular, taking expectation at times 7 = 0 and 7 = ¢ and using p,; = p;—-(z,),
yields

(0, pe(x)) =B [io(t, po ()]

t
/ E@D [810(0,po) + €27 (¢ (0,00) Kn(w6) + " (0,06)|Vi—o (20)[?)] do.
0

There are two obvious obstructions stemming from this formula. The first one is that if K (z) > 0
for all z € M, then taking (7, p) = €, the above formula (20) implies

(20)

¢ t
e2pt(z) — m(z:t) [eQPO(It)]_z/ E@1) [Kh(afo) + 2’v]5t_0(x0)’2] do < E@:t) [62100(%)]_2/ E@:t) [Kn(xs)]do
0 0

and thus, upon denoting the uniform norm by | - |, and taking K¢ = inf,cp Kp(x),
2Pt () < e2lpolu _ 2tKo.

As this is true for any ¢ € [0,7), the extinction time of the Ricci flow is finite and is certainly at
most e2lPole /(2Ky). 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,Cs > 0 such that

pe(x) >log(Cit +1) — Cy forallz € M and t > 0.

To see this, take Ky = inf,cps —Kp(x) > 0, thus Kp(z) < —Ky < 0 and then consider ¢(7,p) = p
in (20) to deduce that

t
o) = B Olpolan)] — [ BEOle e Kw)ldo > . po
0 xe

which means that p;(x) is bounded below uniformly in ¢ > 0 and z € M. Now consider the

test function p(7,p) = exp <a(t T — ﬁezp)). Since p;(x) is bounded below, this implies that

for large enough a, ¢”(0,p,) > 0. On the other hand, d,¢(c,p) — Koe ?P¢/(0,p) = 0, and this
combined with the preceding and the fact that ¢’ is negative leads to

(0, pi(x)) < E"[io(t, pole))] < 1,

which means that p;(z) > 3 log(2Kot) for any t > 0 for which p; exists. In particular 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 € M. The moral is that we can not 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. The blow up in the negative case does not take place in finite but this requires more arguments.
However we see this
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5. TIME-DEPENDENT A PRIORI BOUNDS FOR RICCI FLOW

We now turn our attention 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 h has constant curvature. By uniformiza-
tion, this is no loss of generality, and it simplifies the analysis considerably. After a preliminary
rescaling, we can assume that this constant curvature is either 1, 0, or —1. Further, we can rescale
the initial metric g so that it has the same area as h. Thus, without loss of generality, we are in one
of three cases (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 K, = » = 0. Finally,
when the Euler characteristic of M is negative we have that Kj, = » = —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 don’t depend on the structure of the reachable set.
We elaborate on this after Theorem 6.

We have one more comment about notation 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 h to be a metric of constant curvature is that the drift of the
SDE satisfied by p, doesn’t depend on z, (although the target always does, except in trivial cases).
In particular, we have the following three cases:

- o -
r=1: dp,=¢ePr Zai\/ide; + (6—21:»7 _ 1) dr
=1

-y .
(21) r=0: dp,=¢ePr Z aiﬂdWi
=1

. -
r=—1: dp, =¢e " Zai\/ﬁdWi + (1 — 6_21)7) dr
Li=1 |

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

+ U (pT ) dr,

2
(22) dp; = e 7P [Z a;dW?
=1

where the controls a;, ¢ = 1,2 are bounded and chosen such that p; is almost surely on M, the
section corresponding to py 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, i.e. for any
L > 0 there is a constant C, with |U,(p) — U,(q)| < CL|p —¢| forall 7 € [0,t] and p,q € [—L, L].
The basic point is that there are natural barriers for p; given in terms of equation (22) where the
martingale part is set to be equal to 0. To be precise, we define a barrier as a solution ¢, to the ODE

(23) dq; = Ur(qr)dr.
In this framework we have a general result as follows.

Lemma 5. Assume that p, and ¢, are solutions to (22) and (23) respectively for T € [0,t] with U a
uniformly locally Lipschitz function in the second variable on [0,t] x R.
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Ifat any time 7y € [0,t), pr, < qr, With positive probability, then at any later time To € (71,t], Dry, < G,
with positive probability.

Similarly, if at any time T € [0,t), pr, > ¢r, with positive probability, then at any later time o € (71,1,
Dry > qr, With positive probability.

Proof. The proof is a basic application of stopping time and Gronwall’s lemma. We will prove only
the first part, the second one being similar.

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

Now, for any smooth function  : R — R, we have
4) )
U(QT—PT) = 77((171 —Pn )+MT+/ (ei2ps77”(qg9 - ps)(a%(s) + ag(s)) + 77'((15 - ps)(Us(QS) - Us(ps))) ds

T1

where M, is a martingale with M (7)) = 0. Further, we choose the function 7(§) such that it is
non-decreasing, equal to 0 for ¢ < 0, equal to 1 for ¢ > 2L and 7(¢) = &2 for small ¢ > 0.
Next, we define the stopping time o = inf{u > 71 : p, > ¢, } A t. With this setup, we will denote
1

for simplicity n, = n(¢r — p-), 0, = 7'(¢- — p-) and 0! = " (¢; — p-). Furthermore, from (24),

E[nrao] = Elnr ] + /OTE[H[n,a](S) (672%77;/(@%(3) + a%(s)) + WQ(US(QS) - Us(ps)))]ds.

Since ¢ remains bounded on [, 73] and 7’ 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

U;(Us(%) - Us(ps)) > —077;(% - ps)'

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

(e nf/(ai(s) + a3(s)) + n,(Us(as) = Us(ps))) = —Cn.

To check this, one can reason as follows. For g5 < ps, both sides are 0. For € > ¢, — ps > 0 with
small ¢, the first term is non-negative and the second one is bounded below by —C'(¢, — ps)? which
is again a constant times n,. For ¢, — ps > ¢, the inequality follows easily as the left hand side is
bounded below by some negative constant and 7 is certainly bounded below by ¢2.

Summing up the findings we get that

E[T]T/\J] > E[Un] - C/ E[]l[n,o}(s)ns]ds

Since o is the first time p, = ¢, it follows that, L7, o] (s)ns = Nsno, consequently, for some C' > 0,

B[ ro] > Efn] — C / Esno]ds for 7 € [, 7).

At this point an application of Gronwall’s inequality results in
E[UTAU]ec(T_Tl) > E[n-] >0,

where the hypothesis ¢, > p;, with positive probability is translated into the last inequality. For
T = 19 we obtain E[n;,ns] = E[nr,,0 > 7] > 0 and therefore we conclude that {¢ > 7} has
positive probability; stated otherwise, the probability that ¢., > p,, is positive.
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One technical word is in place here. Namely, the definition from (22) is in the sense of local
martingales, but during the proof we look at 1(¢; — p,) and this is actually a true semi-martingale
not merely a local one. This is indeed due to the boundedness and continuity of the quantities
involved, namely e P17, e~2Psn" and the controls a;, i = 1, 2. O

Next, we solve equation (23) for each of the three cases described in equation (21) (this is
straight-forward, as the resulting ODEs are separable). For ease of reference, we will label the
resulting equations as BX (1) with super- and sub-scripts indicating relevant parameters. In the
case r = 1, we have that

1
Bl(7) = 3 log (1 —ce™?7)  for some constant ¢ € (—oc, 1).

The choice of ¢ allows any initial condition. Note that ¢ = 0 gives the constant solution B}(7) = 0.
For any ¢, as 7 — oo, we see that B! (1) — 0. The case r = 0 gives

BY(1) = ¢ for some constant ¢ € R.

Obviously, the choice of c allows any initial condition. (This is perhaps a bit pedantic, but we
include it for the sake of completeness.) Finally, r = —1 gives

B (1) = %log (1 —ce*™)  for some constant ¢ € (—oo, 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 £o0o as 7 increases (in finite time for
negative initial condition, and as 7 — 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 p, gives the initial metric gy and serves as the target
in the target problem (and which as a section we write as I'(0)). The the assumption that gy and A
have the same area implies that max,ens py(z) = o > 0 and that mingeps py(z) = 5 < 0. Further, if
either o or 3 is zero then both are, meaning that p, = 0 and gy is just h.

The logic of the proof of the following theorem explains why solutions ¢, of equation (23) 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 o and (3 as just described). For any t > 0, we
have that

slog (1—e 2 (1—¢€*)) ifr=-1,

sup  p<q « ifr =0,

(@p)EVT(t) tlog (1—e* (1—¢)) ifr=1,

and
tlog (1—e 2 (1—€*)) ifr=-1,
inf ><¢ ifr=0,
(@p)evn(t) %log (1—€2t (1—625)) ifr=1andt < —%log (1—62’3).

(If B = 0, we set —1 log (1 — €?%) = c0.)
Proof. We start with the upper bound in the » = —1 case. We consider some fixed but arbitrary

t>0.Letd =e 2 (1 — 620‘). Then

B,'(t)=a and B,'(0)= %log (1—e?(1-¢)).
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Thus, by the previous lemma, if we start from a point (xo, pp) with py > B;,l(O), we have that
pt > B,'(t) = a 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 (z, po) is not in the reachable set at time ¢, which we recall we denote V" (t). This implies the
upper bound on sup, ,)cyn (1) P given in the theorem.

For the lower bound in the r = —1 case, consider ¢ = e~% (1 — ¢**). Then

B '(t)=p and B,'(0)= %log (1 —e (1 - 625)) .
Analogously to the argument for the upper bound, the previous lemma implies that no point
(20, po) with py < B,,*(0) can be in V"*(¢). This implies the desired lower bound.

For the r = 0 case, analogous arguments apply, using ¢ = « for the upper bound and ¢ = 3 for
the lower bound.

Finally, we consider the » = 1 case. The upper bound is proven just as in the X' = —1 case, using
¢ = € (1 — e*™). The proof of the lower bound is similar, except that if t > —log (1 — e?7), we
have that B.(t) > 3 for any choice of ¢ € (—o0,1). Thus, these arguments do not produce any
lower bound for inf(, ,)cy»(;) p in this case. On the other hand, if ¢ < —% log (1 — 28 ), we can let
¢ = €% (1 — %) and argue just as before. O

In light of the verification theorem, these conclusions can be restated in terms of p,. Namely,
we can replace sup, ,)cyn () p in the above theorem with max;cn py(z) and inf(, pycyn(y) p with
mingens py(x). Nonetheless, there is a reason 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 (non-empty) closed set I' such that maxrp = o > 0 and maxrp = 8 < 0,
rather than just a smooth section corresponding a metric go on M. Then we can still ask about
the reachable set at time ¢ > 0. Assuming that it is non-empty, the bounds in the above theorem
still hold (with the same proofs). This shows that these bounds don’t depend on the verification
theorem and the resulting connection with PDEs, or on the structure of the reachable set, such as
its smoothness or whether it’s a section. (Moreover, similar methods could be employed even if «
and  weren’t assumed to be non-negative and non-positive, respectively.) 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(z pyevn(p) P = 0 for all t > 0, and this holds in all three cases. Similarly, if 8 = 0, then
inf(, p)evnyp = 0 forallt > 0, in all three cases. Since one of « or 8 being zero implies that both
are, we conclude that if either « or S 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"(¢) = {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 3 are not zero, we see much different behavior for the cases of the three
different curvatures. For r = —1, the bounds improve as ¢ 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 t 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.
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Remark. It’s worth point out that the above argument from Theorem 6 is overkill in the r = 0 case, since
then the lemma follows directly from the fact that p. is a martingale and martingales have constant expec-
tation.

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 C°-norm exponentially fast as t — oc.

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

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

el sy v

su
b tlog (2 —t) ifr=1andt < e*.

(z,p)eV™(t)

and

1 28 iy — _
nf > )2 log (62 + t) z.fr 1, )
(@p)EV(H) tlog (e —t) ifr=1,andt < e*.

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. 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
infinite. Thus, this result is probably a better result (in the case of negative constant curvature case) as the
one obtained in Section 4.

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 surface). 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 characteristic, and we
work relative to the underlying metric of constant curvature, as in the previous section. The pos-
itive Euler characteristic case (the sphere or projective 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 confor-
mal class, so that it's 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 don’t 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 transverse to the vertical
fibers. From now on, we’re only interested in the successfully controlled process, so for notational
simplicity we will let (z,,p,) always denote that process (that is, what we previously denoted
Y, = YT(A)). Moreover, if p is the smooth solution, we see that p, = p;—-(z;). 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 pos-
sible), it is enough to couple the z, 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
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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 = and y,. Recall
that 2, will be time-changed Brownian motion on (M, h), with the time change given by integrat-
ing a = 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’ve incorporated the /2 normalization factor into the time-change, so that we really do have
Brownian motion with respect to h as the underlying object. This makes the stochastic analysis
look a bit more standard.

We wish to implement the mirror coupling for =, and y., where the mirror map is with respect
to the fixed h metric. Viewed in this way, this is a fairly straight-forward variant of the mirror
coupling for two Brownian motions on a smooth (non-varying) Riemannian manifold. We sim-
ply generalize to allow our processes to be Brownian motions up to a random but smooth (in
terms of the particle’s position in space-time) time-change. References for the standard (non-time
changed) construction are [15] and [11], and we proceed by modifying this as necessary and by
not belaboring the aspects which carry over without modification.

Note that, since we’re working only in the cases of non-positive Euler characteristic, 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 C)s be the subset of M x M consisting of points (x, y) such that y € Cut(x) (which is
equivalent to € Cut(y)), and let D), be the diagonal subset of M x M. Then let E); be M x M
minus Cy; and D). Note that the distance function dist(x,y) is smooth on Ej;, and that the
direction of the (unique) minimal geodesic from z to y is smooth on Ej;. Let (z,y) € Ejy; then
the mirror map is the isometry from 7, M to T),M given by reflection along the minimal geodesic
connecting = and y. We see that the mirror map is smooth (on E,;, which is where it is defined).
As result, there is no problem in running the mirror coupling as long as the joint process is in E;.
That is, for one-dimensional independent Brownian motions W and W2, consider the system of
SDEs

2
dr, = a, [Z ei(xr) o de_]

=1

dyT = bT

2
Z \IIT [el(y’r)] © dWi] ’

i=1

where ¥, = U(z,,y;) = my, 4 ¢(z;)e(y,) "t with m,, being the mirror map, namely parallel
transport followed by reflection with respect to the perpendicular to the geodesic from z 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);.

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 2, and y, are time-changed Brownian motions as desired,
so we're coupling the right processes. The natural object of study is the distance between the
particles, with respect to the fixed metric . We denote this distance by p.. It is a (continuous,
non-negative) semi-martingale, so we derive the SDE that it satisfies by Ito’s formula. This is the
standard computation with the factors of a and b included, so we’ll be brief. For more on this, see
[15, Section 6.5].
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The martingale part is easily seen to be (a + b) dW, for some Brownian motion W,, whether
we're in the » = 0 or r = —1 case. (In what follows, we use WT to denote some Brownian motion,
which may change from appearance to appearance, 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 z
to y. We now summarize the computation.

Let v be the unique minimal geodesic from x to y (parametrized by arclength), and let v be a
unit vector field along ~, perpendicular to vy (this determines v uniquely up to sign, and either of
choice of sign is fine). Then we want the Jacobi field J(s)v(v(s)) where J : [0, p] — R satisfies

J+rJ=0, J0O)=a, J(p)=Do.

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

J(s)=a+ S.
Similarly, when r» = —1, the solution space is spanned by cosh s and sinh s, and the boundary
conditions give
— h
J(s) =acoshs + b= acoshp sinh s.

sinh p
The index of each of these Jacobi fields is given by

/7 ((j)2 B ”2> ds = J(p)J(p) — J(0)J(0),

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

(50 (5) -5

cosh p b—acoshp
—_— a —
sinh p

and for r = —1, the index is
1
sinh p

b |asinh p 4 (b — acosh p) ] = (a2—|—b2) coth p — 2ab

sinh p
= (a — b)* coth p + 2ab tanh g
Putting this together, we see that

(a—l—b)dWT—i-% @} dr forr =0,

de: “
(a+0b)dW: + 3 (a—b)2cothp—|—2abtanh§ dr forr=—1.

As mentioned, this holds until the first exit time from E);. Following the reasoning in [15, Section
6.6], one can show that W, = — 322 (¢;(x,), ¥ (0))dW! where ~, is the minimal geodesic joining
xr and y, starting at z,; and running at unit speed. We will come back to these expression in
Section 9.

When the particles meet, we’ve achieved our goal, and we can either stop the process, or allow
it to continue to run as x, = y,. Either way, there’s 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 proof of the following theorem.
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Theorem 9. Let M = (M, h) be a compact surface of constant curvature 0 or —1, and let a = a(x,7) and
b = b(y, ) be as above. Then there exists a process (x-,y.) on M x M, started from any (zo,yo) ¢ D and
run until the first time hitting time of D, 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

(a—i—b)dWT—i—% @ dr — L, forr=0,

(25) dpr = . 9
(a+b)dW; + % |(a—b)*coth p + 2abtanh g} dr — L. forr= -1,

where L is a non-decreasing process which increases only when (x-,y,) € Cr (and the set of T
for which (z-,y,) € Cp has measure zero almost surely).

Proof. As mentioned, the only issue is extending the construction mentioned above past the first
hitting time of C)s. As usual, we proceed by approximation.

Choose small, positive §. Until the process comes within distance J of Cj; (in the product
metric on M x M), we run the mirror coupling as above. When the process hits distance ¢ from
C\r, at time 71, we start to run z, and y, as independent (time-changed) Brownian motions. This
continues until the process is distance 2 from C), at time 7, when we again run them under
the mirror coupling. We continue this procedure, so that we have a joint process (2, y?) which
evolves under the mirror coupling on intervals of time [73,, 79, ) and as independent processes
on intervals of time [t ;,79 ), for non-negative integers n, where the 7, are the alternating
hitting times of the § and 26 level sets of the distance from C),.

It’s clear that 20 and y? are time-changed Brownian motions as desired, and that the p? satisfies
the desired SDE when (3% — %), is distance more than 2§ from Cj. It’s also clear that when 22
and y¢ are being run independently, p° satisfies an SDE of the form

dpi :udWT+vdT—f/T,

where u and v are bounded (with bound depending only on M and the bounds on a and b) and
L.isa non-decreasing process which increases only when (xf, yﬁ) € C) (again, see the references
mentioned above).

Suppose we show that, for any ¢ > 0, the expected amount of time on the interval [0, ¢] that the
process spends within distance 26 of Cys goes to zero with §. (Thus the amount of time the particles
spend being run independently goes to zero almost surely.) Then letting 6 go to zero, we know
there is at least one subsequence along which the process (z2,y%) converges to a limiting process
(z7,yr) (by compactness). That this limiting process satisfies the first property in the theorem is
immediate, since 22 and 2 do for all § > 0. For the second property, note that the contributions
from the u dW, term and the v d7 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 C'; 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 inter-
val [0, #] that the process (y°,z°), spends within distance 26 of the Cj; goes to zero with §. This
is the most tedious part, so we will try not to belabor it. Also, to simplify matters, we will take
advantage of the structure of M. In the r = 0 case, we can think of M as R2 modulo some lattice,
or equivalently, as a solid parallelogram with opposite sides identified. Then for fixed x, the cut
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locus is just the identified sides of the parallelogram (centered at x), which means that it is just
two intersecting closed geodesics. This implies that Cs consists of two intersecting smooth (com-
pact) hypersurfaces in M x M. The advantage here is that we can understand the time spent near
Cy in terms of the time spent near each of these two hypersurfaces surfaces individually. This is
nice because, in some (possibly local) tubular neighborhood of such a hypersurface, the (signed)
distance to the hypersurface is smooth.

The » = —1 case is analogous. Here M is the hyperbolic plane modulo an appropriate group
action, or equivalently, a polygon in the hyperbolic plane with sides identified. So for fixed z, the
cut locus is the union of a finite number of intersecting closed geodesics, and Cj; consists of a
finite number of intersecting smooth (compact) hypersurfaces in M x M.

In either case, it’s clearly enough to consider one smooth hypersurface component of C7, which
we denote ¥, and prove that the time spent within distance 26 goes to zero. We fix some dp > 0
such that the signed distance from ¥, which we denote ¢, is smooth on a neighborhood of the
closure of the §p-neighborhood of . (We will later also assume that dy is small enough to satisfy
one other condition.) Now the SDE satisfied by &, = £, for |€| < by, depends on whether the joint
process is being run under independence or under the mirror coupling (of course, &, depends on
9, but we'll suppress this for ease of notation).

Under independence, the bounded geometry and non-positive curvature of M implies that £,
satisfies an SDE of the form

dé; = udWy, +vdr for |€| < by,

where v and |v| are bounded and u is bounded from below by a positive constant (with all of these
bounds depending only on M, dyp, and the bounds on a and b). Under the mirror coupling, &,
satisfies an SDE of the form

dé; = adW, + odr  for 0 < [¢] < d.

(Note that the process never runs under the mirror coupling when ¢ = 0.) Here, the bounded
geometry and non-positive curvature of M again implies that % and |?| are bounded with bounds
depending only on M, éy, and the bounds on a and b. We further claim that @ is also bounded
from below by a positive constant depending only on M, dp, and the bounds on a and b. This is
the key fact, and it uses the particular structure of the coupling. We now establish this claim.

It’s easiest to visualize what’s happening by looking at a horizontal slice of M x M. The instan-
taneous picture is given by Figure 1, which illustrates the mirror map for Brownian differentials
obtained from (dW,}, dW?) by reflection and the minimal geodesics from y to = and the slice of ¥
(which we denote ¥y and which is a piece of Cut,), from which the gradient of £ and its interaction
with the generator of the process are determined. Let A be the distance from y to ¥y. By symmetry
under interchanging x and y, the symmetry of being in the cut locus of a point, and the product
structure on M x M, we see that £ = £)/+/2, with the sign coming form the fact that ¢ is a signed
distance.

Since the martingale part of d¢; depends only on the first order structure at a point, we see
that we can consider the horizontal and vertical components separately (and that the martingale
part is the same, infinitesimally, for both the K = 0 and the K = —1 cases). If we let ¢ be the
angle between the minimal geodesic from x to y and the minimal geodesic from y to X, then the
martingale part of \ relative to the evolution of y, (with = temporarily fixed) is —bcos  dW}! —
bsin p dW2. As we see from symmetry, the martingale part of A relative to the evolution of z, is
—acospdW}! + asin g dW?2. Combing these, we see that the martingale part of d¢; is

1
+— [—(a+b)cospdW! + (a — b)sinpdW?],
75 [0 +b) cospdW] + (= b)sin g aw?)
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FIGURE 1. The configuration of the joint process relative to the cut locus.

and thus, using that W} and W? are independent, we have

= \/(a+b)20052<p+(a—b)2sin24p

for an appropriate choice of W in the SDE satisfied by &,.

Next, we need to show that ¢ is bounded away from 7/2 (on the set {0 < |£| < dp}), with the
bound only depending on M and éy. To do this, consider the behavior of ¢ as we let y, approach
a point in 3. In the limit, the geodesic from x, to y, cannot be tangent to X, since for surfaces of
non-positive curvature the geodesics from z are transverse to Cut,. Thus, the corresponding limit
of ¢ is strictly less than 7/2. By compactness (and continuity of ), all such limiting values of ¢
are bounded away from 7/2, with bound depending only on the geometry of M. Now ¢ varies
continuously as y, approaches any point in ¥y, so again by compactness, ¢ will be bounded away
from 7 /2 on any sufficiently small neighborhood of 3. Thus, by assuming that d, is small enough
(this is the other condition on §p mentioned above), we see that ¢ is bounded away from 7/2 (on
the set {0 < |{| < do}), with the bound only depending on M and dy. Continuing, since a and b
are bounded below by a positive constant, the claim that % is bounded from below follows.

Thus the SDE satisfied by &, switches between these two possibilities at the stopping times 77.
Using the bounds on the coefficients of the SDEs just given, it is a standard exercise in stochastic
analysis to show that the time, over 7 € [0, ¢], that &, spends in the interval [—26, 2] goes to zero
with § almost surely, and we omit the details. As noted, this completes the proof. 0

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 manifold M. We take here a flat metric h, which is
possible under the assumption that x (M) = 0.
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The main result of this section is the following.

Theorem 10. For M, h, and po as above, suppose that we have a smooth solution p, to Equation (9) for all
t € [0, 00). Then there exist constants, c, C' > 0 which depend only on the metrics gy and h such that
(26) sup |p()| < ce” ",

zeM
Proof. Fix a time t > 0, a time s € [0,t) and a point z € M so that the Ricci flow has a solution on
[0,t]. The first thing to notice is that p; = p;—,(x,) is a martingale. Thus we have the following
stochastic representation

(27) pi(z) =E [Tjtfcr(xU)]
valid for any stopping time o with 0 < o < t. In particular, setting o = t shows that p;(z) is a
weighted average of the values of py. Thus

28 minpg < minp, < maxp, < max
(28) linpg < minp; < maxp, < maxpo

for any ¢. The main idea for getting (26) is to prove that for some ¢, C' > 0,
(29) oscpy < ce” .

Indeed, if this is true, then combining this with the fact that the integral of e?”* with respect to the
volume induced by h is 1, we deduce that there is at least one point Z for which p;(Z) = 0 and
from here it is clear that we get (26).

We now choose any two starting points = and y for the processes z. and y.. Over each of these
points, there’s exactly one point (5, (z) and p; (y)) in the fiber which is in the reachable set I';. We
wish to run the controlled process starting from both (z,p,(z)) and (y, p,(v)), and couple them so
that they meet as quickly as possible. Our reachable sets have the semigroup property, i.e. the
process (z-,p;) at time 7 € [0,¢] is on I';_,, and since we know that we have a solution until time
t, we know that after running the controlled processes for time 7 < ¢ they will be on the solution
section corresponding to the Ricci flow at time ¢ — 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, _.(z.) = P,_,(y-) as well.

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

Pe(r) — pe(y) = E[pt—ons(Tons)] — E[Dt—ons(Yons)]
(30) = E[pt—o(25) = Dt—0(Yo), 0 < 8] + E[pt—s(s) — Pt—s(ys), s < 0]
= E[pt—s(vs) — Pr—s(ys), s < al.
The outcome of this is that
(31) oscpy < P(s < o) osc py—s.

What remains to be controlled here is P(s < o). While the above is true for any coupling of z,
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 (25) which gives the equation satisfied by the
distance function p, = d(z;,y,), namely

- 1
(32) dpr = (a+b)dW; + ;—(a— b)2dr — L,
Pr
with a, = e Pt—=(@r) p_— ¢=Pt—r(yr) agnd W being a one dimensional Brownian motion on the time
interval [0, ¢]. Obviously the time 7 runs up to o (the hitting time of 0) or ¢, whichever comes first
and the term L. is non-negative. We are 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 (28)
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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

(33) A<a,b<B.

To move on, we let

w 1
A= | @l

be the time-change making the martingale part of p, from (32) into a Brownian motion. Then with
the notation py, = py(u),

1 (a—b)?
2pu (a + b)?
where a and b are evaluated at time \(u) and the above equation is valid for u € [0,¢ A A71(2)),
where A\71(t) 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 (33),

a—b B-A
<
a+b| - B+ A

(34) dpy = dW, + du — dL,

=1-6<1.

Ignoring the L term in (34) and then using standard comparison for ordinary stochastic differential
equations, we learn that the process p is bounded above by a Bessel process of index § < 2 and
starting at some value pg bounded by the diameter (with respect to the metric /) of the manifold
M. Thus, invoking [13, Equation (15)] which gives the distribution of the hitting time ¢ of 0 for a
Bessel process of index § < 2 starting at p, we obtain

1 Po/(2s) 5
=\ — —6/2,~y
P(s < &) T —0/2) /0 Yy /Ce Ydy.

Finally, since cu < A(u) < Cu and the diameter of the manifold M is finite, we arrive at

1 D/s s
< —_— - /2 -y =
]P’(s<a)_r(1_5/2)/0 y e Ydy =: A(s)

where D is a constant which depends only on the initial metric gy and some geometry of the
underlying metric h (more precisely the diameter of M with respect to ). Hence it turns out that
the function A is determined by the metrics i and go.

To summarize, from (31) and the preceding we now have that

oscpr < A(s)oscpy—s.

Using this, it is easy to get (29) as follows. For ¢ € [0, 1], we know from (28), that oscp; < osc py.
Now for each t € [n,n + 1], n > 1, using repeatedly the above inequality, we arrive at

oscpr < A(1)" oscpy_,, < A(1) oscpo/A(1)

which is exactly the exponential decay of (29) since 0 < A(1) < 1. O

Remark. It is interesting to point out that we can prove the same exponential decay as in Theorem 10 for
the case of x(M) < 0 using the coupling argument. 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.
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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
h of constant curvature 0 or —1 (so M has non-positive Euler characteristic by the Gauss-Bonnet
theorem) and gg is a smooth initial metric in the same conformal class and with the same area as
h, so that the normalized Ricci flow has a smooth solution for all time which is given by p;. Now,
P+ converges 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 constants ¢, C' > 0,

(35) sup |pi(z)| < ce” L
xeM

Let

Gy = sup |Vp(x)|
xeM

(V). & = Jim PN =Pl

h—0 h
where ¢ is a unit vector in the tangent space at x and 7;(x) is any curve started at x with initial
speed £. Then we use the coupling to estimate p;(z) — pt(y) for  and y close to one another. Due
to the non-linearity 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 Gy, from which we are able to derive the desired estimate.

The idea is to start with

Theorem 11. If x(M) < 0 then G, goes to 0 exponentially fast. As a consequence, p; converges to 0
exponentially fast in C*.

Proof. Pick two sufficiently close points z,y € M and some t > 0, and let p, = d(z,y,) for
0 < 7 <t be the distance (measured with respect to the time independent metric h) between the
processes x, and y, started at x, and y respectively. We are going to use mirror coupling for the
processes . and y.. Recall that the equations coupling equations satisfied by (z,p-) and (y-, ¢r)
are given by

r2
dx, = e P7 Z ei(xT)\fQ o de_]

Li=1

2

dyr =7 | ei(ys)V2 o dWTi]

(36) -
dp, = e P7 Z ai\deWi

Li—1

-, B

dgr =e T Z a2 dW

Li=1

+ T(e_ZPT —1)dr

+r(e72 —1)dr,

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 [ (1 — e”?*)du is a
martingale and p, = p;—-(z,), we write,

tAT
37) o) = 3e) = Elpins — o] 1B [ [ (72— ey
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for any stopping time 7. The useful estimates we are interested in are estimates from above of
pe(z) — pe(y), and this is good if we assume that p;(z) — p;(y) > 0. This is always possible unless
Py is constant in which case the gradient is 0, so there is nothing to prove then. Thus, assume that
pe(z) — pe(y) > 0 for some points = and y (which is the same as py > ¢o) and take « to be the first
time u for which p, = ¢,. With this choice of the stopping time, for any u € [0, a] we know that
Pu > Gu, which thus means e 2P+ — =24« < (). This combined with the crucial fact that » < 0 and
the exponential decay of p;, implies that for any s € [0, ],

pe(@) = pe(y) < Elpa — ga o < 8] + Elps — 45,5 < o] < ce”“IP(s < ).
The point is that if o is the first coupling time, of the processes z. and y., it is obvious that a < o
and thus
P(s < o) <P(s < o) forany s € [0, t].
which in turn yields
(38) pe(z) — pir(y) < ceCU"9P(s < o) forany s € [0,1].

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

(e_pT _ e_QT)2

(39) dpr < (e7P" 4+ e 7)dB; + —————dr
20,
in the case r = 0 and
1
(40) dpr < (€77 + e )dB, + 3 [(efpf — 772 coth p, + 2¢ P79 tanh % dr
in the case r = —1. Here B; is a one dimensional Brownian motion run in the time interval [0, ].

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 (39) and (40), we compared 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 = Pi—r(27) and similarly ¢; = p;—+(y7).
The upshot of this is that the term e™P — ¢79" is in fact of order p,. More precisely, due to the
boundedness of p,

le™Pr — 79| = |e 7P @r) _ o Pr W) < Cd(ay,yr ) sup |Vir_r ()| = CGy_rpsr.
zeM

Since p, < D, where D is the diameter of M, it is straightforward to show that either of (39) and

(40) implies

dp; < (7P +e79)dB, + C(1 + G%_)p.dr.
To go further from here, consider /. the solution to

dp; = (e™P" + e 9)dB, + C(1 + G%_)p.dr.
with the same initial condition py = d(z, 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 0 for p is less then or equal to the first hitting
time of 0 for p. Now if ¢ denotes the hitting time of 0 for the process p:

41) P(s <o) <P(s <) forall s € [0,¢].
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Therefore the task now is to estimate the latter, and to do this we solve for p as
T
pr = <po + / (e +e ) lo f(z)ddev> elo 1()dz
0

with the notation f(7) = C(1+G%_,), for 0 < 7 < t. Consequently the first hitting time of 0 for j is

the first hitting time of —p for the time-changed Brownian motion [ (e 7 + e % )e~ Jo 1&g,
In law, this is the same as the first hitting time of —pg of B,(,), with the time change

o(r) = / (e P + e—qv)26—2f§ f(2)dz g,
0
Once again using the boundedness of p, we can find a constant C' > 0 such that

o(r) > () = C / 203 1&gy for 7 € (0,4
0
Now, if 0_,, is the first hitting time of —pg for the Brownian motion, then the hitting time of
—po for By ;) is given by ¢~ ! (o_p, A c(t)). This combined with (41) yields that
(42) P(s <tNG)=P(s < cH(o_py Ac(t)) <Ple(s) < o_py) <P(C(5) < 0_py).

The distribution of o_,, is actually well understood (see for instance the Remark after Propo-
sition 3.7 in [21]), and its density is given by \/poiefpg/ (22) on the positive axis, which results

23
in
TP /e 2 [VE a2
P(c(s) < o_ :/ ———e F0 wdac:/cse_T dr.
€s) ) d(s) V2ma3 V2m Jo

Going back to (38) and using the preceding, we conclude that for s € [0, t],

rg
pe(x) — pe(y) < ce—Ct—s) /\/W 6772/2d7-,
0

from which, using the fact that d(z, y) = po and letting py go to 0, we fairly easily deduce that

Gy < cie_C(t_S)
t > c,(g) 3

which we rearrange as

At/ e Jo A-udugr < ce=Ctforall s € [0,1] with A, = CtG2.
0

From here the exponential decay of A, is taken care of by the following Lemma. O

Lemma 12. Suppose A, is non-negative, depends continuously on t for t > 0 and has the property that for
some constants ¢, C' > 0,

(43) At/ e~ Jo Avudugr < ce=Cli=9) forall s € [0, t].
0

Then there are constants k, K > 0 such that

A < Ke*ktfor allt > 0.
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Proof. For each n > 1, let m;, = supycp, ny1) At and M, = supyep,—1 ,41) At- Notice that the expo-
nential decay we are looking for is actually equivalent to m,, < Ke~*" 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;_,, > —M,,,
which combined with (43) yields, for ¢ near the supremum of A; on [n,n + 1], and eventually
another constant ¢ > 0

1 1—e Mn
mn/ e ™Mndr = m,———— < e " forall large n.
0 Mn
which in turn gives
M,
*% m < e*C’n
() o

Now, for each particular n, we have one of the following two alternatives:
(1) M, < e~°/2,in which case it is clear that

(#) my, < e—cn/Q‘

(2) M, > e /2, and in this case 1 — e M > 1 — e S %e‘”c/z for large enough n, say
n > ng. From (**), it follows that m,, < 2M,,e=“"/? < M, e~%? for all n large enough, say
n > ni. This inequality implies that

(##) Mn < mp_1e~ % foralln > 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 particular we trivially have
(#+#). If the supremum of A; on [n — 1,n + 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 ns such
that m,,, < e~°"2/2. Then an easy induction using the two alternatives above give that m,, < e="/?
for all n > ny. If there is no such ny, this mean that for all n > n; we clearly have the second
alternative and in this case m,, < my,e "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 constant X > 0, which
will be chosen later. Now we look at B; = A;e**. Assume there is a time ¢ > K such that B, is the
maximum over the time interval [0, ¢]. We then have A, < A,e™*" for 7 € [0, ¢] and from (43) with
s=1,

1
— k —
At/ e TAte dudTSCQ C’t7
0

and from this

k_—Ct

Ak _
1— e e e ",

< ce
which gives that
Ap < —e Flog(1 — cefe™CY).
If we choose the constant K large enough and k small enough, so that 1/2 < 1 — cefe~“K, then
we arrive at
Ay < ce Ot < Ce M,

In particular this means that Aseft < C. As this B; is the maximum of B, over 7 € [0,t], we get
that A, < Ce ¥, The other alternative which remains is that there isno t > K for which B; attains
a maximum on [0, ¢] for t > K. In this case we deduce that B; has a maximum for ¢ € [0, K| and
the exponential decay follows again. O
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Remark. As one can see we do not fully use the condition in (43) for all s € [0,¢]. It suffices to have this
hold for s € [0, 1] and large enough ¢.

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,

(44) P(s < o) < C% fors € (0,1

Proof. This follows by combining (41), (42), and the fact that ¢/(s) is bounded (due to the gradient
estimate). 0

9. TRIPLE COUPLING

9.1. Basicidea. We have just used coupling to prove the exponential convergence of p to 0 in the
C'-topology. The next step in our analysis is the estimate of the decay of the Hessian of 5, which,
from the Ricci flow equation, implies the convergence of the curvature to a constant. The basic
idea starts with writing

(Hess py(2)&, £) = ploiglo pt(v(=po)) — 21;:2)(2) + p:(v(po))

where ¢ is a unit vector at z, and + is a geodesic running at unit speed started (at ¢ = 0) at z with
velocity {&. Now we are concerned with three points, z = v(—po), ¥y = 7(po), 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 pe(v(=po)) — 2p¢(2) + Pe(7(po)) in terms of po.

There is very little literature on this idea, though it certainly seems that this probabilistic tool is
quite useful for estimating second-order derivatives for evolution equations. The only reference
to this approach we’re aware of is in [10], 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 (that is, a
coupling of three particles, as opposed to just two). We will use mirror coupling for the processes
corresponding to the particles = 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” remain on the geodesic
joining the other two. We will see that this is possible (at least in the cases we’re 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 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 condi-
tions 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.

9.2. Rigorous Approach. Assume we start with an arbitrary Riemannian surface M and that z,
yr run as time-changed Brownian motions with the time changes a and b, as above. The idea is
that the middle point z; on the geodesic joining x, and y, is completely described by specifying
the distance p; - from 2 to one of the ends, say z,. We use a mirror coupling of the particles z,
and y, and p; , will be described in terms of a real-valued SDE. In addition to p;, we will also
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consider py, which in intuitive terms is just the distance from the middle 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(7,z,y, p1, p2) and
b= b(t,z,y, p1, p2) are two positive functions defined on [0, t] 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 m , : T, M — T,,M
the mirror map, that is, the parallel transport along the minimal unit speed geodesic v, , 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
dx; = a(T) [Z ei(z;) o dW;]

i=1

2
dyr = > U ei(yr)] o dWi]
(45) =
dp1r = —a(r) Y (ei(zr), - (0))dW! + a(r)dW? + B(r)dr
=1

2
dpa,r = b(7) Y (Vrlei(yr)]. 3 (U7))) AW + G(r)dWS + B(r)dr

\ =1

where ¥, = my_, e(x;)e(y,) ! is the reflection map acting on Ty, v, is the minimal geodesic
running at unit speed from z to y,, and W3 is a one-dimensional Brownian motion independent
of (W', W?). As a notation, let (1) be the length of the geodesic .. Here we do not specify what
the functions o, &, 3, 3 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,¢] x M x M x [0,00) x [0,00). The equations for
p1 and ps can be thought of as the equations of the distances from the middle point 2, to 2, and
yr, as indicated in the previous section, and also as discussed for the coupling in [15, Section 6.6].
Notice here an important point- since

(Wrei(yr), - (U(1))) = —(ei(z7),¥-(0)),

the last equation of (45) can be rewritten as

2
(46) dpor = —b(T) Y (ei(xr), 4 (0))dW} + &(7)dW2 + B(r)dr
=1

There is no problem with the existence of a solution for the system (45) (as long as the entries
a,b,a, 8,&, and 3 are smooth) up to the stopping time 7, which is the first time 7 when p; ;s ,
hits 0 or when d(z-,y;) hits a (small) ro smaller than the injectivity radius. 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 (45) is run until 7.
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The object of interest to us is the process (z,y, p1, p2). It is clear that this is a diffusion, and it is
a relatively straightforward task to determine that the generator of (z,y, p1, p2) is

a? v? a? —|—a 5
EAQC + EAy —0;,
—a* (X1, 'VI,y(O»Xl,iapl - ab<X1m Y,y(0)) X1,i0p,

— ab{May X146, Y2y (0)) X1,:0p, — b (May X162,y (0)) X1,:0p,

b+a

62 + ab<mxyX1,ia )/2,j>X1»i}/é’j

2
+ (aa — abZ<X17iv ;Vx,y(o»z)aﬂlam + /68/71 + Baﬂzv

=1

with Xy, i = 1,2 being an orthonormal basis of 7),M and Y5, j = 1,2 an orthonormal basis
of TyM. In fact, we can choose X1 = %,,4(0) and X1» = & € T, M, which is perpendicular
to 4,,4(0). Similarly, choose Y21 = 4, ,(0) and Y22 = & = my &1, or said simply, the parallel
transport of {; along the geodesic v, ,,. With these choices, the generator simplifies to

a2 b2 a + a b + ~2
L= 5Al« + §Ay 52 32 + (Y24 (0)Ay.2(0) + &162)
47) — a2%7y(0)6p1 — abiy z(0 )3,)1

— bz y(0)9p, — bz;}’y,x (0)0p,
+ (ad — ab)8p18p2 + B0p, + B0,
The first property we want to see is that p; + po = p. This property is nothing but the geometric

picture that p; is the distance from z, to 2, while p is the distance between z. to y,.
To do this we recall that the distance p, between the mirror-coupled processes x, and y, is given

by
2

(48) dpr = —(a(T) +b(1)) > _(ei(xr), 4-(0))dW} + %I(T)dT

=1

where 7 is the index form of the Jacobi field J(7) along the geodesic v, 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

v .
Z(J,J) :/0 | J(w)? + (R(5(w), J (u))F(w), ] (w))du,

with () being the length of the geodesic 7. Here the curvature tensor is the standard tensor
curvature given as in [5]

R(X,Y)=VxVy = VyVx - Vixy]
On the other hand, from (45),

2
d(prr + p2r) = —(a(r) +b(r)) D_{ei(wr), 4 (0)dW] + (a(r) + &(7))dW; + (B(r) + B(7))dr.
i=1

We clearly see here that p, and p; - + p2 - have the same martingale part if @ = —ca. The choice for
B and f is provided by the following result.
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Theorem 14. Assume that
a=—«a
(49) B(r,2,y,p1,02) = 5 J§* [T () + (R(3(w), T (u)i(u), I (u))du
B(rz,y, o1, 02) = 5 [, 1T @I + (RG (), T (w))3(u), T (u))du
where J is the Jacobi field along the geodesic ~y from x to y and having values o E at 0 and bE at I(y).
If in addition, p1o = p2,0 = po/2, then almost surely pr = p1+ + p2.r.
Proof. Take p1r = pr — pa,r. It is clear now that we have

ﬁl,T P1,T
dprr—p1r) = A(u)du — A(u)du
0 0

with

N | =

Aw) = 5 (1) 2+ (R(I(w), 5 (w))i (), J (w))dul

From here, the fact that p10 = p1,0 (or p1o — p1,0 = 0) and standard application of Gronwall’s
inequality leads to p1 » = p1,-, which is what we want. O

We return now to the case where the curvature is constant and start with [4, Lemma 3.4] which
says that
(50) R(X,Y)Z = —r((X,2)Y — (Y, Z)X).

We should point out that the Do Carmo [4], takes the curvature to be given by the negative of
the curvature we consider here, or for that matter other people. Then the Jacobi field equation
becomes )

J—R(, Ty =0
or equivalently,

(51) J+rJ—r(y,J)%=0.

Since this Jacobi field is perpendicular to the geodesic, it follows that
J4+rJ=0
J(0) =aFE
J(I(7)) = bE.

The solution is
(52) J(s) = (awi(s) + bws(s))E(s) for s € [0,1(7)]

where wy, wy are defined on the interval [0, ()] by the following odes

w, +rw; =0 wWe + rwy =0
(53) wi(0) =1 and < wy(0) =0
wi(l(v)) = 0. wy(l(v)) = 1.

An integration by parts argument together with the equation of the Jacobi field and the constant
curvature assumption reveals that

/0 @) — (RO, A () (), T () = /0 i) — 7l ) P
— (F(5), T (5)) — (F(0), J(0)) = (auwy (5) + bws(s)) (atig (5) + beia(s)) — a(aty (0) + bii(0)
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and

i) . .
/ [T (@) * = (R(J (w), (w))F(w), I (u))du = (J(U(7)), JA))) = (I (s), T (s))
= a(ar(I(7)) + b2((7))) — (awi(s) + bwa(s))(ai(s) + biva(s)).

A direct consequence of these formulae and the fact that wy(s) = w1 (I(y) — s), plus a few elemen-
tary manipulations, results in

.
/1( ' [ ()P~ (R(J (w), 5 (u))y(w), J (w))du = (bwi (s)+aws(s)) by (s)+atba(s)) —a(bir (0)+ai2(0))).

Summarizing, the choices of 3 and 3 from (49) in the case of constant curvature become more
explicitly:

(54) B = 5 ((awi(p1) + bwa(pr))(awr(p1) + bibz(p1)) — alain (0) + biz(0)))
B =% ((bwi(p2) + awa(p2)) (b1 (p2) + arva(p2)) — a(bivy (0) + aii(0)))) .

It goes without saying that here a and b are evaluated at (7, z, y, p1, p2).
We say that a function f (7, x,y, p1, p2) is symmetricin p; and p2 if f(7, 2, y, p1, p2) = f(7,2,y, p2, p1)-
Before we move on to another property of the diffusion (z,y, p1, p2), we close the discussion so

far with the following property of the choices of 5 and /3 from (49) :
(55)  If a and b are equal and symmetric in p; and ps, then (7, x,y, p1, p2) = B(r,x,y, p2, p1)-
A symmetry which plays a crucial role in the Hessian estimates is the following.

Theorem 15. If, in equation (45), we take

a and o symmetric in py and py
b=a

a=—«

B(r, 2.y, p1.p2) = B(T, 2.y, p2, p1)
1,0 = £2,0;

then the processes (x,vy, p1, p2) and (x,y, p2, p1) have the same law. In particular, the processes (z,y, p1)
and (x,y, p2) have the same law.

Proof. Although this is almost trivial, we say a word about it. If £ is the generator of a diffusion
wr on a manifold M and 7 : M — M is such that for any smooth function ¢ : M — R,

Lpom) =(Ly)om,
then uniqueness of the diffusion implies that w and 7(w) have the same law. This can be easily

seen from the martingale characterization of the law of the diffusion. We apply this to the operator
L from (47) and the map 7 (z,y, p1, p2) = (2, y, p2, p1). The rest follows. O

Notice that (cf. (54)), the choices of 8 and 3 from Theorem 14 are actually consistent with the
conditions of Theorem 15 under the assumptions that a and b are equal and symmetric.
The “middle particle” process we are interested is

(56) 2r = Yo, . (P17)-

The symmetry between p; and p2 should be interpreted as saying that the reflection of the
process zr with respect to the middle point of the geodesic v, ,, has the same law as z; itself.
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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 play that are the main actors in our compu-
tation.

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

D D
K(s) = Tude — f(u,v, s)‘u:(mzo.
Let J,(s) = 2 f(u, U s)‘ be the Jacobi field obtained by differentiating f with respect to v.

Similarly let J,(s) = D f(y,v, 5) ’u:O be the Jacobi field obtained by differentiating f with respect
to u. In order to determine the equation satisfied by K, we recall here [4, Lemma 4.1], which asserts
that for any two-parameter family g(a, b) and vector field V" along g,
DD, DD _ Dg Dg

©7) dads’ " dbda’ T R(db da )
Recall here that Do Carmo [4] uses the curvature as the negative of what other people use, as for
instance [5].

Now, what we want to do is find a differential equation satisfied by K. As pointed out already,
K(s) = %Jv(s) and starting with (51) for .J,,, namely,

2

75 —Jy+ 1y — (¥, Jy)¥ =0
we take the derivative with respect to u to arrive at
D D? D, D
o d2J +7“IC—7“<du'y,J>fy k(% KC)~ —r(’y,J>du =0.

To move forward, use that 24 = 2 2~ — Ju 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 (57) and (50)
to justify

Ty 4 1K = (G — (s T — (A, )y = 0.

D D? D DD Df Df\ . DDD , :
) it = R (G ) = B RGA)
_DDD o .
ds dud J +7"(<77 Jv>Ju_ <JU7JU>’Y> .
Now we once again employ (57),
D D D D? D D Df Df - D .
i~ g (A () ) R g a1
" D
(*) _IC+747 (<’77J>Ju_<Ju>Jv>7)

ds
= ]C +7r <<’y, Jv>Ju + (’y, Jv>ju - <Ju7 Jv>;>’ - <Jua J’U>7) .
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Putting together (*) and (**) at u = 0, we obtain

D D? .. . ) . . _ .
du gz =R (200 0T+ (s Jo)Ju = (s Ty = 200 1)
and finally,
(58) IC + K — k<’Ca 7>7 +2r (<7’ Jv>Ju - <Juy Jv>7 - <Jua Jv>'7> =0.

The boundary conditions imposed here are the natural ones

K(0) = g f(w,0,0)
K(l) =22 f(u,v,1).

The typical example of the type of perturbation f(u,v, s) that will appear below is given by the
following. Take a geodesic v defined on [0, /] and consider two geodesic curves, n; (u) starting at
7(0) and another, n2(v), started at v(I). Then we take f(u, v, -) to be the geodesic run at unit speed
from 1 (u) to na2(v).

We discussed the case of a two-parameter perturbation of the geodesic v 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 v, and we consider the field

2
K(s) = oy F(0,5)], g

The main result from the argument above then gives that
(59) K+ rIC = (8,45 + 20 (3 Jud Ju = 200 Ju)7) =0,

with Jy,(s) = %f(u, $) lu=o0-
We are finally ready for the next result.
Theorem 16. Assume that
(60)
a(r, 2,9, p1, p2) = a(T, 2y, p1, p2)wi(p1) + (7, 2,y, p1, p2)w2(p1)

p1
9(7—7337 Y, P17P2) = 6(T7$7y7p17p2) + T’(/ (a(77$ay7p17p2)w1(‘7) + b(vav Y, P17P2)w2(0>)2d0
0

o

L Jo

with wy and wy defined by (53). With these choices, the process zr = vz, . (p1,r) has the property that, for
any smooth function ¢ on M,

T (a?(u
61) oter) = [ (51D + 0T Ao (1,00 )

is a martingale with respect to the filtration generated by W1, Wa, and W. Inside the integral, a(u) and
0(u) are shorthand for o and 6 evaluated at (u, xy, Yu, P1,u, 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, to y,.

(a7 2.y, prs p2)w1(0) + b(T. 2y, 1, Pz)wz(U))2d0>

Proof. The idea of the proof is to start with the generator of the diffusion (z,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 (47), we need to compute the action of each term of this
expression on ¢(7,4(s)). Notice that the part which involves derivatives of py simply drops out
in this calculation.
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For simplicity we will drop the dependence on 7, z, and y in the notation and let | = d(z,y).
Thus the geodesic v, , will appear as 7. Let E denote the parallel vector field along v which is
obtained by parallel translation of &;.

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

(1) We write the Laplacian term as
d2 d2
Aalp oy ()] = 250 (Mmuaw(s)) + 250 (Mm.aw(s)

where 7,1 and 7,2 are geodesics starting at  and having derivatives given by 71 =
Y2,4(0) and 79 2 = &1. Then we continue with

Azlp(vz,y ()] = (Hessp(v(5))7(s), 7(s)) + (Hessp(v(s))J1(s), J1(s))

(62) D? D?

+ (Vo). gurnasts)| Y+ (Tel) Gzt )
where J; is the Jacobi field along v given by Ji(s) = %'ynwyy(sﬂu:o, which can also be
characterized as the Jacobi field with the boundary conditions J;(0) = & and J;(I) = 0.
On the other hand, if we look at K(s) = aD—:Q’yWQ,y (s)] ,using (59) we obtain the equation

u=0
satisfied by K as
K 47K = (6,4 + 20 (3, J) I = 2001, J1)3) =0
K(0)=0
K(l) =0.
Notice here that the boundary conditions follow from the fact that 7, > is a geodesic and
that v,, , 4(1) = .
Now, the Jacobi field J; is given by
Ji(s) = wi(s)E(s)
and this in turn gives the equation of K as
K + 7K — (K, %)% = drwpin s
K(0)=0
K(l) =0.
We solve this as
s l
(63) K = w0y with wy g(s) = QT/ w?(o)do — QZﬂ wi(o)do.
0 0
The conclusion is that
(64)

As[o(ey(s))] =(Hessp(v(s))7(s), ¥(5)) + wi(s) (Hesso(y(s)) E(s), E(s)) + wi0(s)(Vo(v(s)), ¥(s))-
(2) In the same vein, with very few changes, we can treat the next term, which is the Laplacian
A, applied to ¢(v(s)). To this end, start with the following equation,
u=0>

Ayle(y(s))] = (Hessp(y(s)) Ja(s), J2(s))
D2

65
(65) 4 <Vg0(’y(8)), W’Yﬂc,nu,l(s)

)+ (Vo) e

u=0
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which is an analogue of (62) with the role of x being played by v, 1,1 a geodesic starting
at y with initial speed given by ~(I), and 7,2 a geodesic starting at y with initial speed
& = E(l). Here Js is the Jacobi field which is 0 at 0 and &; at [. As in the case of J;, we can
show that

Jo(s) = wa(s)E(s).

The first term in the second line of (65) is 0 because 7y, , (s) does not depend on u. The
second term can be dealt with in a similar way to that outlined above in dealing with the
derivative of the Jacobi field. We skip the details and give the main result. Let

D2
K(s) = 53 7a(5)

u=0
From (59), the equation satisfied by K (with ws given by (53)) is

2sr 12

(66) K = w17y with wg 1(s) = QT/O w3(o)do — =/, w5 (o)do.
Then we have

(67)
Ayl (s))] =Hessp((5))7(5), 7(5)) + w3 (s)(Hessp(v(5)) E(s), B(s)) +wo,1(s) (Ve (1(5)), (5)).-

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

(68) 03[0 (Vay ()] = (Hesso(Va,y () (5), Yoy (5))-
(4) Nextin line is

(69) Y.y (0) 3,2 (0) [ (Ve (5))] = 0.
This produces 0 because
Yy,2(0) [ (12,9 (5))] = 0,
which follows from the fact that perturbing y along a curve 7, 2 in the geodesic direction
of 7,y yields that v, 5, ,(5) = 7z,4(s), and thus is independent of .
(5) Now we deal with
§1&2[p (v (s))]-

To this end, consider the geodesics 7,1 and 7, 2 which start at x (respectively y) and have
the tangent vectors ¢; (respectively &2). What we need to compute is

D D D D

Tl = (ool (DD (5) s+ (Tolrea ). o ool )

u=v=0

If we let DD
’C(S) = %%Vnu,hnvﬂ (S)

from (58), we obtain B
K+ 1K — r(K,3)% = 2r(witbg + watn )Y
K(0)=0
K(l) =0,

which we solve as

2sr [

(70) K= w171"y with w171(s) =2r /Os wl(a)wg(a)o — T ; wl(a)wz(a)da.
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We conclude that
1) &&le(Vey(s))] = wi(s)wa(s)(Hessp(v(s)) E(s), E(s)) + wi,1(s)(Ve(v(s)), 7(s))-
(6) Next is the following

Ya,5(0)9s[0(V2,5/(5))] = F(0)(Vep(v(5)), ¥(s))
= (Hessp(7(5))7(5), ¥(s)) + (Ve (v(5)), 5(5))-

Therefore, since 7 is geodesic,
(72) 7(0)05[p (2, (5))] = (Hesso(v(5))7(s), ¥(s))-
(7) Now,
(73) Vy,2(0)0s [ (Ve (s))] = 0,

as can be easily seen from the fact that perturbing y in the geodesic direction (say, along
) reveals that v, ,, (s) = Vz,4(s), so that the derivative with respect to v vanishes.
(8) The last term is easy to deal with and gives

(74) Aslp(Yey(s))] = (Vo(1(5)),¥(s))-
Putting together all the results from (64)-(74) we arrive at (we drop the subscripts = and y)

a’ awn (s wa(s))?
Llp(v(s))] = 7<Hessg0( v(8))¥(s),5(s)) —|-( 1( )‘;b 2(5))

+ (/3 MR Q“b“”‘) (Ve(r(s)),4(5)).

(Hessp(7(s))E(s), E(s))
(75)

A little simplification follows from

S

] l
a*wy o + b*wo 1 + 2abwy 1 = 2r </ (a(s)wi (1) + b(s)ws(T))*dT — 7 / (a(s)wi(T) + b(s)wQ(T))2d7'>
0 0
which then gives the result of the theorem, for the choice of « as in (60). O

We close this section with the following result summarizing all of the important findings for the
next section.

Corollary 17. Assume that the entries of (45) satisfy

(a is symmetric in py and po

(
a®(7,2,y, p1, p2) (w(p2)w(p2) — w(0))

b=a
= — wW+rw=20
(76) a(ﬂx Y, p1, p2) = a(T, 2, Y, p1, p2)w(p1) with ¢ w(0) =
(T,2,9, p1,p2) = %GQ(T .y, p1, p2)(w(p1)w(p1) — w(0)) w(d(z,y)) = 1.
2

b
B(T,z,y, p1,p2) =
\ 21,0 = P2,0 = po/2

Then

(1) p1+ + par = pr almost surely.
(2) Thediffusions (x+,yr, p1,r, p2,r) and (T, yr, p2,-, p1,7) have the same law. In particular, (x,,y-, p1.+)
and (z+, y-, p2,-) have the same law.
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(3) If zr = Ya, . (p1,+), then for any smooth function ¢ on M,

T (a?(u
& olor) = [ (IR + 00Tl Ao (0100 )

is a martingale with respect to the filtration generated by W, Wa, and W3, where

P1 d(CE,y)
Q(Taxay7p17p2) :ﬁ(Tvxay’pl)pQ)+Ta2(7-7x7yap1)p2)</ MZ(U)dU_ A1 / ’IUQ(O')dO').
0 d(z,y) Jo

A word is in place here. The statement of Theorem 15 requires the symmetry of a with respect to
p1 and ps. This is not satisfied by the choice in (76) for arbitrary p; and ps. However, because of the
choice of 8 and /3 and Theorem 14, we know that (almost surely) p1 - + p2.- = pr. So it suffices to
ensure the symmetry of o and & with respect to p; and pz only in the case that p; +p2 = p = d(z, y),
which follows from the fact that w(s) = w(d(z,y) — s) for s € [0,d(x,y)].

For a given [, the solution w to (76) is

cos ((I — 2s)y/1/2)
cos(lv/r/2)

In particular, for r = 0 or —1 and ! bounded, w(s) is bounded and so are all its derivatives.

(78) w(s) =

10. ESTIMATES ON THE HESSIAN DECAY FOR X(M) <0

For Euler characteristic less than or equal to 0, we know that p; and Vp; decay exponentially
fast. Our goal is now to extend this to the Hessian of p;, resulting in the converge 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 a coupling procedure for three points rather than two.

Let us denote, for ¢t > 0,

H; = sup |Hess py(z)].
zeM
What we want to show is that H; decays to 0 exponentially fast.

Theorem 18. For the case x(M) < 0, H; converges to 0 exponentially fast as t — oc.

Proof. To begin with, notice that

) — lim pr(v(=po)) — 2pi(2) + pr(v(po))

(79) (Hess pr(2)€, € Jimg p
0— 0

where 7 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 py.

For convenience, fix a time ¢ > 0 and let s € [0, 1 At]. Pick two points z,y € M, with d(z,y) = po
small enough, and let z be the middle point on the geodesic between x and y such that d(z, z) =
d(z,y) = po/2. Consider the triple coupling described by (45) with the choices from Corollary 17.
All the data there is completely described by the choice of the time change a of the processes x,
and y.. In this section we choose

(80) a(77m3y7p1,p2) = e_ﬁti‘r()\x’y)

where ), , is the middle point on the geodesic between x and y. This choice does not depend on
p1 Or pa, and consequently it is symmetric in p; and p», as required by Corollary 17. Other choices
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are possible for the argument here, but we stick with this because it is symmetric with respect to
z and y and makes some of the estimates look more natural.

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

dpt—T<zT) = Ml,T + (_atpt—T(ZT) + a2(T)Aﬁt—T(ZT> + 0(7')<v]§t—7'(7-)7 7T>) dr.

where M; ; is a martingale. From the Ricci flow equation, 0;p;—-(2-) = e‘Qﬁf*T(zf)Apt_T(zT) +
r(1 — e~2Pi-=(3r)) 50 we continue with
(81)

i (27) = Mo+ ((03(r) = 2= 0) Apyr(20) + 0(7) (V-1 (7), 37) = (1 — €72 (0)) ) .
For the semimartingale p;—,(z-) we have from (45) and the Ricci flow equation that

82)  dprr(z;) = My, + ((6*2@—%) — e P @ NAp () — (1 — 6*2@—7(%)) dr

where \; is the middle point of the geodesic joining z, and y,. Similarly for p;—-(y-),

(83)  dpy_-(y;) = M3, + ((6—217”(%) — e W ARy (y,) — (1 — e—ZﬁH@r)) dr.

Now, putting these together,
(84)
Dt—r(@r) = 2D1—7(22) + DPr—r(yr) = De(z) — 2P¢(2) + Pe(y) + M7

+ /OT ((aQ(u) — 672@‘“(%)> Aﬁt—u(»’«“u)) du
/0 " 0u) (Y1), fu)du

/ ((e—zptfu(Au) N 6—2ﬁt7u(l'u))Apt_u(xu) + (e—Qﬁtfu(Au) N e—zﬁtfu(yu))Aﬁt_u(yu)) du
0

+
+
-
+ 7“/ (6—2@%(%) _ Qe_Qﬁtfu(ZU) + e_Qﬁtfu(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 7y, it is not hard to prove that there is a constant
C > 0 such that

la(u) — a(u)| < Cprd(z, y),
which in turn, using the gradient decay estimates and the fact that d(zy, A\y) < d(zy, yu)/2 = pu/2,
leads to

o?(u) — e P-ul@)| < Cpy o+ [e7 2P (Z0) _ o 2P-uN) | < O p2 4 Ce™Cp, < Cpy,.

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 conjunction with the definition of 6
from Corollary 17 it justifies

|0(u) <vﬁt—u (’U,), 7u>| < Cpl,ue_Ct~
Finally, from the exponential decay of the gradient and elementary arguments,

6_2ﬁt7u(xu) _ e_2ﬁt7u(zu)

+ ‘e—Qﬁtfu(yU) — 6_21%7“(2’“) S Cpue_Ct
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and also
e_Qﬁtfu(-Tu) _ e_Qﬁtfu()\u)

Now, let o be the first time © when p; ,, or p2,, becomes 0, and let ¢ be the first time v when p,
hits rp, a small number (less than half of the injectivity radius). Replacing 7 by 7 Ao A ¢ in (84) and
then taking the expectation at 7 = 0 and 7 = s, combined with the above estimates, leads to

‘ﬁt (JZ‘) - 2]515(2) + pt (y) ’ S ‘E[ﬁtfs/\a/\g (935/\0/\4) - 2]32575/\0'/\C(z$/\0'/\<) + ﬁtfs/\o/\g (ys/\a/\C)] ’

(85) SAoNC SATNAC
+ce “'E [/ pudu] + cE [/ pthudu]
0 0

Next, the stopping time o is 71 A T3, where T and 75 are, respectively, the first time p; hits 0 and
the first time ps hits 0. Now we can write

(86)

E[pi—snonc(Tsaonc) = 2Dt—snonc (Zsnone) + Di—snonc (Ysnonc)]

=E[pt—snc(Tsnc) — 2Dt—snc(2sac) + Pr—snc(Ysnc), € < o]
+ E[pt—sno (Tsno) = 2Dt—sno(Zsna) + Pi—sna (Ysno), 0 < (]

=E[pt—snc(Tsnc) — 2Dt—snc(2sac) + Pr—snc(Ysnc), € < o]
+ Epi—1, (y1,) — De—m, (21, ), Tt < T < s AN+ Epr—n, (213) — Dr—15 (Y1), T2 < T1 < s A (]
+Epe—1, (yr,) — De—m (21y), Tt < s < To A+ Ep—1,(21,) — D1 (y1,), T < s < Th A (]
+ E[pr—s(xs) — 2p1—5(25) + Pr—s(ys), s < o < (.

The main point of this expresson is that, due to the symmetry with respect to p; and p; from
Corollary 17, we have the crucial cancellations

(87) E[pt—r, (yry) — Pr—1 (v1y), Th < To < s ANC]+ E[pr—m, (1) — Pe—1, (Y1), To < Tt <A =0
and also
(88) Elpi—m, (yry) — pe—1i (x1y ), Th < 58 < To ACI+ E[pe—1,(273) — Pe—1, (Y1), T2 < 8 <T1 A (] = 0.
Furthermore, from the exponential decay of p and Vp, for any s € [0, ¢] we have
|E[Dt—snonc (Tsnonc) = 2Di—snonc (Zsnonc) + Pi—snonc (Ysnonc)]|
S|EDt—snc(@snc) = 2Di—snc(zsnc) + Pr—snc(Ysnc), € < o]l + [E[Pr—s(xs) — 2D1—s(25) + De—s(ys), s < 0 < (|
Sce_CtIP’(C <sAho)+ ce_CtIE[ps, s<aA(].
where we used the following inequalities
IE[Pt—snc(@snc) = 2Pt—sn¢(2snc) + Pr—snc(Ysnc), ¢ < o]
< |E[pr—s(ws) = 2D1—s(2s) + Dr—s(ys), s < ¢ < o]l + [E[pr—c () — 2Pe—¢(2¢) + Pe—¢(yc), ¢ < s A ]
< ce “Elps,s < o Al]+ce P < sAo).
Putting these together into (85), plus a little simplification, gives that for any s € [0, t]
1pe(x) = 21(2) + Pe(y)| Sce” P(C < s A o) + ce”Elps, s < 0 A (]

s S
+06_Ct/ Elpu,u < U/\C]du+c/ Hi—uE[py, u < o A (]du.
0 0

A further simplification is due to the symmetry with respect to p; and ps from Corollary 17, which
has the effect that
Elpu,u < o A¢] = 2E[p1u,u < o A (],
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and thus for s € [0, ],

Pe(z) — 2pi(2) + i(y)| <Ce™“"P(C < 5 A 0) + Ce “Elp1s,5 <o A(]

(89) o s s
+e E[piu,u <o Alldu+C Hi Elp1u,u < o A(]du.
0 0

The key step forward is the following result.

Theorem 19. Let W1, W2, and W3 be three independent, one-dimensional Brownian motions, and let p;
and po be two processes such that p1 o = p2o = po > 0 and

00 {@M—U+O@MWAMW+BMW%+Q+O@me§+WUW

dp2.r = (1+ O(p2,))(ArdW3 + BrdW2) — (14 O(pa,))dW? + O(1)dr

with A2 + B2 = 1. )
Let G be the first hitting time of O for the process p1p2 and ¢ the first time either py or po hits some value
7. Assume that (90) is valid for T € [0, & A C], and in addition that for some constant C' > 0

(91) Elpas,s < 6 AC| < CE[p1.s,8 < AL forall s €[0,1At.
Then, there is a constant C' > 0 such that, for all s € [0, 1 A t] and sufficiently small py > 0,

(92) E[p1s,5 <6 Al < Cpp/V/'s
and
(93) P({ < sAG) < CpR.

Proof. If we regard the process (p1,-, p2,+) as a process in the first quadrant, the equations in (90)
give the property that near the axes the process behaves as a Brownian motion.

To give a bit more insight, what we want to do is to compare E[p; 5, s < &] with the analogous
quantity in which p; and p; run as independent Brownian motions.

In the simplest case, (j1,/2) is v/2 times a planar Brownian motion started at (po, fo) and
E[f(p1,s, p2,5),s < ] is simply ¢(s, po, po), with ¢ being the solution to the following PDE on
the upper-right quadrant Q = {(x,y), z,y > 0},

O = Ap
(94) o(t, (z,y)) =0, (z,y) € 0
90(07 (Sli,y)) = f($7y)7 (:C,y) € Q.

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

1 (z—y)2 (z+y)>
o = ()

for all z,y,t > 0. On €, the heat kernel with the Dirichlet boundary condition is simply
hi((21,22), (Y1, 92)) = he(21, y1)he (Y1, y2)-
Turning back to the PDE (94), the solution is given by

@@%W:Améwm@w%mWMﬂMMWM@L
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For the case we are most interested in, namely f(z,y) = z, the solution above can be computed as

o(s,2,y) = ® (\%) with ®(z f/ e du.

Now we go back to the system (90) and take ¢(s — 7, p1 -, p2,-) as a semimartingale which, from
[t6’s formula and 9y = %A@, becomes

o ) ) 1 ) o 1 i
dp(s =7, prrs o) =0up AP 5 + Oyp dpor — OupdT + S0;00 dlpr)r + Oy p dipr, o)y + 50,0 d(p2)

527 ﬁlT / ﬁQT
=M.+0() (P : P : d
-om (v (25 ) + B (25 ) or

~ ~ ne P2 N N _
N p170(p2,)® (\/ﬁ)dTJr O(p1,7+pz,f)(b, P2\ ar
P Vsort Vi-r) "

where M is a martingale. Since ®' and y®”(y) are bounded, we deduce that the drift in the above
C(ﬁl,‘r"‘ﬁQ,‘r)
S—T

. Now replacing 7 by 7 A & A ¢ and evaluating at 7 = 0

/S/\U/\C P17+p27d7_
0 VS —T

is bounded in absolute value by
and 7 = s, we are led to

E[ﬁl,sv s <o A E] < E[SO(S AT 57 /5175/\5/\@ ﬁ275/\&/\§)] < 90(3’:507/30) + CE

(o S Elp1r + porr7 <3 AL
< Cpp® | —= C > . dr.
= <\/§>Jr /0 Vs—7 !

Denote for simplicity f(s) = E[p1.s,5 < & A{] and g(s) = Cpo® (%) Now condition (91) implies

S—T

95) F(s) < gls)+ C /0 8

This functional inequality is interesting enough to be treated separately, and so we do this for-
mally in the following.

Lemma 20. Assume f, g : [0,t] — [0, 00) are bounded, continuous functions such that for all s € [0, 1 A t]

A dr.

0 S—T

(96) f(s) <g(s)+C

If g(s) < Cp?/+/s forall s € [0,1 At], then
f(s) < Cp*//sforall s € (0,1 At].
Proof. Rewrite (96) in the form

/(1)

S—T

f(s) < ()+C\f dr = g(s)

Now introduce the random variable W with density - \/7 and observe that the right hand side of

the above equation becomes ¢(s) + C/sE[f(sW)]. Hence, the inequality at hand can be re-written
as

f(s) < g(s) + CVSE[f(sW)].



48 NEEL AND POPESCU

Iterating this inequality, one can prove that if we pick an iid sequence W1, Wa, ... with the same
distribution as W, then for any n > 1,

f(s) < zn:(C\/E)kE[\/WI\/I/IﬁWQ N WIWy L W1 g(sWiWa ... W)
k=0

+ (CVS)"E[V Wi WWy .. A/ WiWa . Wy f(sWiWa ... Wit
The random variable W has moments

kg _ VL(E+1) B
E[W"]| = Tk +3/2) forall k > —1.
Particularly important is the case of £ = —1/2, so that ﬁ is integrable, and in fact E[1/vW] =

m/2. It is an elementary task to obtain from this that, for some constant C' > 0,

E[W*] < C/Vk forall k > 0.

Since g is bounded, the series

[e.o]

D (CVSIENWAN AW, ... /WA, . W1 g(sWiWa ... Wy)]
k=0

is absolutely convergent and (C'/s)"E[vWivVWiWa...V/WiWy .. . W, f(sWiWa...Wy1)] goes
to 0 as n — oo. Consequently,

£(s) <D (CVS)FENV WV WW, .. /WA, . W1 g(sWiW, ... W)
k=0

If g(s) < Cp?/+/3, the above yields

\/Wl\/W1W2... \/W1W2...Wk,1 _ Cp2
WAW, ... Wy NEE

2 o0
f(s) < CLN"(0s)E

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

The rest of the proof of (92) follows now from Lemma 20.
We now turn our attention to (93) and observe that, from (90), we easily deduce that

dp1p2 = p1dpz + p2dpy + d{p1, p2)~
=dM; + O(p1 + p2)dr

with M, a martingale. Using this at the times 7 = 0 and 7 = s A6 A { with 0 < s < 1 At and

integrating, we get
SAGAC
/ (ﬁl,T + ﬁ2,7’)d7—
0

§%+c/ﬁwmﬁ+mnm<&Aaw
0

(91)&(92) s ,52
< pr+c | ldr=Cp
= Po + /0 \/F T o

which is what we needed. (|

F%IP’(Q: <sAG) < E[ﬁLsA&Afﬁzs/\&/\E] < fo+CE
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Now we go back to (89). We cannot use Theorem 19 to conclude that E[p; 5,5 < o A(] < Cp3//s
because the equations satisfied by p; and p, are not of the form (90). However, if we take p1 , =
p17seﬁt*5(>‘s), Pl,s = pl,seﬁtﬂ(*@), then (45) and an application of Itd’s formula (followed by several
rearrangements) show that 5, and po do satisfy (90). In addition, Corollary 17 combined with the
fact that ePt—(*) is bounded shows that (91) is also satisfied. Therefore, according to Theorem 19,
E[p1s,8 < 0 A¢] < Cp?/+/s and this in turn implies

E[p1s,5 < o A (] < Cpt//s and / E[p1.u,u < o Aldu < Cpii/s.
0

Using the preceding in (89), we write the resulting equation as

—Ct s

e H_

Pt(x) — 2p¢(2) + Pe(y)] < cpg—— + cp(Q)/ \t/audu forany s € [0,1 A t].
0

NG
Now dividing both sides by p3 and then letting py tend to 0, we arrive at
—Ct s
€ - Ht—u
H <c +ce O [ =gy foranys e [0,1At1].
Ve o Vu g

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,

97) Ht§6<€;t+ Shf?”du), 0<s<1At,
S 0 u

then there are constants k, K > 0 such that
H, < Ke forallt > 0.

Proof. It suffices to concentrate on the case t > 1.

Let my, = supycpy pq1) He and My, = supye(,—1 pp41) Hi- Clearly, m,, < M, and M, is either m,, or
Mnp+1-

Now, if we take the ¢ which maximizes H; on [n,n + 1] and use (97), we get that for some
constant C' > 0 and any s € [0, 1],

e—Cn
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 + by/s with s € [0, 1] is attained at § A 1. Hence

ean e—Cn
e~ n
T A n

We split the analysis according to the following cases:
(1) Case: e=¢™/2 < M,,. This leads first to e‘C"/Mn < e "2 < 1, and then to

my, < 2ce"C"2\ /M, < 2ce=C"*M,.

This is enough to conclude that we can find a large n; such that for all n > n; one gets
my, < M,/2, which means that we cannot have M,, = m,, unless m,, = m,_; = 0. Hence
M,, = my,,—1, which in turn implies that for some k& > 0

(*) my < e_kmn,1 ifn > n.
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(2) Case: M,, < e~“"/2. This yields
**) my, < e k.

Notice that we can arrange the constant £ > 0 to be the same in (*) and (**) simply by
taking the smaller.

By combining (*) and (**), we can show that m,, decays exponentially fast. Indeed, if there is
ng > ny for which the second alternative holds, then m,, < e k"2 Then an easy induction and
use of both alternatives yields that m,, < e~ for all n > nsy. On the other hand, if there is no such
ns, that means the second alternative holds, and this means that m,, < m,_ie"* for all n > n,.
This then results in m,, < m,,e *("~") and thus in the exponential decay. O

This completes the proof of Theorem 18. O

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 constant C' > 0 such that
(98) sup |p¢(z)| + sup |Vpi(z)| + sup |Hesspy(x)| < ce”¢ for all t > 0.

zeM zeM zeM

Alternatively stated, p converges to 0 exponentially fast in the C?-norm. In particular, this proves
that the metric g; converges to the constant curvature metric h in the C?-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 extend-
ing 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 go be a smooth initial metric in the same conformal class as h and with the same
area. Then if we let py for t € [0, 00) be the associated solution to the normalized Ricci flow (as given in
equation (9)), we have that

pe — 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, 0o) is the family of solution metrics to the normalized Ricci flow (and so
the metrics corresponding to pt), then g« — h in C*°, exponentially fast.

Proof. We start with the equation
P = e P Apy + (1 — e ).

Now we can assume, by induction, that all derivatives of p; of order [ with 0 <[ < 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 ﬁgk) = V(*)p,, after commuting the Laplacian with the covariant de-
rivative we obtain
99) oy = e ap + e + QY

where Q¥ depends on the lower order derivatives of p;, and thus we may assume by induction
that for k > 2,

(100) QW] < ce ¢t
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The idea now is to write a Feynman-Kac formula for the solution to (99) and get the estimates
from this. Indeed, notice that if z, is the time changed Brownian motion starting at  which is
defined by (12), then

(101) exp <2r/ ept—“(x“)du> %ﬁgﬁ)a(xa) —/ exp (27“/ ept—”(z”)dv> Tu ,gli)u(xu)du
0 0 0

is a martingale, where 7, is the extension to tensors of the parallel transport along the path x|, g
from z,, to 9 = x. From the technical side this expression can be seen in a clear way by lifting
the equation (99) to the orthonormal frame bundle, where the lift of ﬁgk) takes values in a tensor
product space of a fixed 2-dimensional Euclidean space. This is standard in stochastic analysis
and we do not belabor it.

One result of equation (101) is that evaluation at ¢ = 0 and o = ¢ gives
(102)

t t “
58 (2) = [exp <2T/ eI_’t—u(fEu)du> Topl (wa)] —-E [/ exp <27‘/ e P mdv) T.Q" (qu)du} ‘
0 0 0

Notice the first consequence of this, namely that |p§k)] is bounded for » < 0 (which is the case
under consideration). We consider separately the cases r = —1 and r = 0.
Case: » = —1. From the exponential decay of p; and the induction hypothesis (the decay of

ng)) it is easy to see that
P (2)] < e forall ¢ > 0,

and thus the induction is done.

Case: 7 = 0. For the flat case, we still learn from (102) that pgk) (x) is uniformly bounded in ¢
and z. Since the curvature of the underlying metric h is 0 we know (cf. [16, Theorem 8.1]) 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 used for the
gradient estimates. Start with a fixed point + € M and a unit vector &, and write

(k=1) _

o T2 O ) 9 @)
(103) p@)e=Vep" " = lim ; ,
where here 7}, is the parallel transport from 7', ;) to T;; along the geodesic v started at z with initial
velocity &.
Now we use the martingale representation (101) with & replaced by (k — 1) to see that, for x and
y close enough and 7 the parallel transport from T), to T, along the minimizing geodesic,

7o )0 =8 [Tl ) - o) -2 | [ (TR0 ) - Tl ) .

0

Take t > 1 and let o be 1 A 7 with 7 the coupling time of x,, and y,,. Now, because the holonomy
group is trivial, it follows that

E [T Tinsbiinr ine) = Tinebierpn@ine) | = B [T Tipl ) = Tt w1 < 7]

From this and the exponential decay of pgkil) and ngil), we have

1
75" V) — 5 V(@) < e OPA < 1)+ e / P(u < 7)du.
0
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Finally, using the estimate (44), we get

du = Ce™%d(z,y).

1
S(k=1)(y  S(k=1) (o —Ct —cr [ d=@,y)
T () — oV ()] < e Cld(a,y) + e /0 N

Now taking y = v(h) and considering the limit as h goes to 0 leads to
5y (2)€] < ce "
for any unit vector £, which implies the exponential convergence of ﬁgk). O
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