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Abstract

We introduce and study Brownian bridges to submanifolds. Our method involves
proving a general formula for the integral over a submanifold of the minimal heat
kernel on a complete Riemannian manifold. We use the formula to derive lower
bounds, an asymptotic relation and derivative estimates. We also see a connection to
hypersurface local time. This work is motivated by the desire to extend the analysis
of path and loop spaces to measures on paths which terminate on a submanifold.
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Introduction

Brownian motion is a stochastic process naturally associated to any Riemannian man-
ifold. The distance between Brownian motion and a submanifold was studied by the
author in [41], using an inequality for the Laplacian of the distance function based on
Jacobi field comparison. The Brownian bridge is given by conditioning Brownian mo-
tion to hit a fixed point at a fixed positive time. We extend this concept by replacing the
fixed point with a submanifold. There has so far been very little research on this topic,
even if the ambient space is Euclidean, although such processes have appeared in the
context of Wiener measure approximation, as in [36].

Suppose that M is a complete and connected Riemannian manifold of dimension m
and that N is a closed embedded submanifold of M of dimension n € {0,...,m — 1}.
Assume for this introduction that M is compact. Denote by p the heat kernel on M
and define

M (2, N) = /N M (2,) dvoly (y) )

where vol y denotes the measure on /N induced by the embedding. For the case in which
N is a point, voly is a delta measure and the integral reduces to a pointwise evaluation.
The integrated heat kernel will be the central object of study. Some examples of it are
given in Section 1. Following [41], it can be identified as the time derivative of a mean
hypersurface local time. A comparison theorem for this object is included in Subsection
4.1.

In Section 2, denoting by X (z) a Brownian motion on M starting at x, we fix T' > 0
and prove that if t € [0,7T) then for a bounded ]-"tX (*)_measurable random variable F we
have
E [py,(Xi(z), N)F]

E[F|Xr(z) € N] = oM (2, N)
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This gives rise to a diffusion over the time interval [0, T) starting at « and arriving in N
at time 7', with time-dependent infinitesimal generator

1 ,
5A+v1ogp§k’_t(-,1\f).

We call this a Brownian bridge to a submanifold. To show that it is a semimartingale on
[0,T] we prove the gradient estimate

1 1 d*(z,N
IV togs (2. N)I? < € (3 + Flog g+ H5 )

and derive a Hessian estimate as corollary. These estimates are given in Section 6
by Theorem 6.2 and Corollary 6.4, respectively. We prove them using the method of
Stroock [37], the inductive element of which had previously been discovered by Cheng,
Li and Yau [7]. Our estimates generalize the main theorem of Engoulatov [13] and the
gradient and Hessian estimates of Hsu [21], who considered only the one point case.

To prove the gradient estimate we require a suitable lower bound on p} (x, N). In
Section 3 we define ry(-) := d(-, N) and introduce the diffusion on M starting at = with
time dependent generator

1 9]
AN 9
2 T —tory
where -2 denotes differentiation in the radial direction. We call such a process a

or
Fermi brijcvlge. It is an example of a submanifold bridge process, by which we mean a

Brownian motion with drift which arrives in a submanifold at a fixed positive time. This
terminology was introduced by Ndumu [26]. In Section 4 we prove the main result of
this article, Theorem 4.1, which in terms of a Fermi bridge X (z) yields the formula

exp Vot W@As +dLs> ] .

Here dA is an absolutely continuous random measure, which takes into account the
geometry of M in between N and the cut locus, while dL is a singular continuous
random measure, which takes in to account the effect of the cut locus itself. If N is a
point, this yields a formula for the heat kernel itself.

Theorem 4.1 is proved using a modification of the method of Elworthy and Tru-
man [12]. Elworthy and Truman’s heat kernel formula and Ndumu’s extension of it
to integrated heat kernels [26-29] typically require some invertibility of the exponen-
tial map and so cannot be applied directly to manifolds with a cut locus. The problem
of extending these formulae to manifolds with a cut locus was posed to the author by
Xue-Mei Li. Theorem 4.1 provides this extension and can also be adapted to include
a drift and a potential, in analogy with the Schrodinger equation for a magnetic field,
considered by Watling [45-47].

The formulae in [12], [26] and [45] are all expressed in terms of a stochastic process
called the semiclassical bridge. The semiclassical bridge will be used to obtain derivat-
ive formulae for kernels of Schrodinger operators in a future publication by the author
and Xue-Mei Li. It is similar to the Fermi bridge but has an additional drift which de-
pends on the Jacobian determinant of the exponential map. This additional drift results
in the appearance of a potential function which is difficult to understand geometrically.
The random measure dA can, on the other hand, be written explicitly in terms of Jacobi
fields.

This allows us in Section 5 to use Theorem 4.1 and the estimate on A given in [41]
to deduce a lower bound on the integrated heat kernel. This bound is stated in Theorem

pM(z,N) = (27rt)*(m2in) exp {— limE

CF(IM] i
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5.1. It is used to prove an asymptotic relation, stated in Theorem 5.2, and in Section 6
it is used to prove the desired gradient and Hessian estimates.

Although for this introduction we have assumed that M is compact, this is not always
necessary. In fact, we will usually only require some control on the Laplacian of the
distance function. Geometric conditions for this were given in [41]. In particular, it
was proved there that if there exists a function « : [0,00) — [0, 00) such that one of the
following conditions is satisfied off the union of N and its cut locus:

(C1) n €{0,...,m—1}, the sectional curvature of planes containing the radial direction
is bounded below by —x2(ry) and the absolute value of the principal curvature of
N is bounded by a constant A > 0;

(C2) n = 0 and the Ricci curvature in the radial direction is bounded below by —(m —
k2 (rn);

(C3) n = m — 1, the Ricci curvature in the radial direction is bounded below by
—(m — 1)k?(rx) and the absolute value of the mean curvature of N is bounded
by a constant A > 0;

then the inequality
1
5&7"12\, <(m—n)+ (nA+ (m—1k(ry))ry

holds off the cut locus pointwise and, by [35], on the whole of M in the sense of distri-
butions. Conditions of this type are used to deduce Theorem 5.1.

The problem which originally motivated this piece of work was to extend Elworthy
and Truman’s formula to manifolds with a cut locus. Theorem 4.1 was the first new res-
ult to be proved in this article and led to the remainder of the investigation. The author
wishes to thank Xue-Mei Li for for advising this and the study of point to submanifold
bridges, as either conditioned Brownian motions or as Brownian motions with directed
drift, and for suggesting several useful references.

1 The Heat Kernel Integrated over a Submanifold

Suppose that M is a complete and connected Riemannian manifold of dimension m and
that X (x) is a Brownian motion on M starting at € M defined up to an explosion time
¢(x). An open connected subset D of M is called a regular domain if it has smooth
boundary and compact closure. If p” denotes the Dirichlet heat kernel on a regular
domain D then p? is the fundamental solution to the heat equation on D with Dirichlet
boundary conditions. If f is a non-negative measurable function on D then p” satisfies

E [11crp1f(Xi(2))] = y F)p? (x,y) dvoln (y)

for all ¢ > 0 where 7p denotes the first exit time of X (z) from D. If {D;}?, is an
exhaustion of M by regular domains then the minimal heat kernel on M is given by
pM :=lim;so pP7. It is the minimal fundamental solution of the heat equation on M and

coincides with the transition densities of Brownian motion.

Example 1.1. On R™ the heat kernel is given by the Gauss-Weierstrass kernel

d*(z, y))

(2)

P ) = (2mt) % oxp (-

forz,y € R™ andt > 0.



Example 1.2. On H2, the hyperbolic space of dimension 3 with constant sectional
curvatures x < 0, there is the formula

(3)

&(, y)] V=rd(z,y)e’s
2t sinh (v/—=kd(z,y))

<1

H3 _3
P () = (2m) 2 exp [—

forxz,y € H? and t > 0.

Example 1.3. On $!, the unit circle, there is the summation formula

1 _1 d*(z,y) 2rk(d(x,y) + wt)
¥ (2.9) = (2mt) oxp | - EG] 57 p | 2T

keZ

>1

forz,y € $' and t > 0, a result of the fact that $' is covered by R.

The articles [17] and [25] provide iterative formulae for the heat kernels on the
standard hyperbolic and spherical spaces, respectively, of arbitrary dimension. It is
generally difficult to find deterministic formulae, unless the manifold in question exhib-
its a certain amount of symmetry, as in the above examples.

Now suppose that N is a closed embedded submanifold of M of dimension n €
{0,...,m — 1} and recall the definition of the integrated heat kernel given by formula
(1). If D is a regular domain in M then define similarly

py (z,N) = /pr’(fv, y)dvoly (y) 4

for x € M and t > 0, where voly denotes the measure on N induced by the embedding.

Example 1.4. Forr > 0 denote by $!(r) the circle of radius r centred at the origin in

R2. Then
Bessell (O, T”:)

for x € R? and t > 0, where Bessell denotes the modified Bessel function of the first
kind. A plot of the integrated kernel is given below in Figure 1.

2 2
P (2,81 (r) = rt " exp l_(r ';DmH )

Figure 1: A density plot of the integral over a circle of the heat kernel on R?, at a fixed small
time ¢ > 0. The origin is located at the center of the image.



For y € M one can think of p™(-,3) as a solution to the heat equation on M for
the measure-valued initial condition given by the Dirac measure based at y. Similarly,
pM (., N) can be thought of as a solution to the heat equation on M for the measure-
valued initial condition voly. For example, if N is a closed embedded surface in R3
uniformly heated at time zero then pBB (-, N) describes how the heat diffuses for positive
times. Alternatively, if N is a closed embedded loop in R? then p?Rg'(-, N) could be used
to describe the temperature around a hot metal wire. A probabilistic interpretation of
the integrated heat kernel will be given in the next section by Theorem 2.1.

Our basic approach will be to compare p* (-, N) to the function

(m—n)

qi(z,N):= (2nt)" "2  exp {—

dQ(””’N)] (5)

2t

since if R” is viewed as an affine linear subspace of R then
pr (2, R") = gr(z,R"). (6)

Example 1.5. Viewing the 2-dimensional hyperbolic space H? as an embedded totally
geodesic submanifold of H3, Ndumu [26] used formula (3) with k = —1 to show that

cosh(d(z,H?)))

[SIEN

P (2, H?) = gy (x, H?) 7)

forx € H3 and t > 0.

2 Brownian Bridges

Suppose in this section that M is a stochastically complete and that NV is compact. Fix
T > 0and x € M and consider the associated canonical probability space

(W(M), B(W (M), P*)

equipped with canonical filtration {B,(W (M))}o<i<r. Here W (M) is the space of con-
tinuous paths defined on [0, T] taking values in M, #,(W (M)) is the o-algebra generated
by the coordinate maps upto time ¢ and P* is Wiener measure, with respect to which
the coordinate process {X; : t € [0,T]} is a Brownian motion on M starting at z.

2.1 Conditioning on the Distance Function

Recall that the normal exponential map is simply the exponential map restricted to
the normal bundle TN-. Denote its Jacobian determinant by 6. Inequalities for this
object were provided in [41]. The following theorem shows how the integrated heat
kernel appears naturally when a Brownian motion is conditioned to arrive in N at the
fixed time 7.

Theorem 2.1. Chooset € [0,T) and a bounded %,(W (M ))-measurable random variable
F. Then
E* [ppl (X, N)F(X)]

E® [F(X)| X7 € N] = piey

(8)




Proof. For sufficiently small € > 0 it follows from the definition of conditional expecta-
tion, the Markov property, Fubini’s theorem and the smooth coarea formula that

E* [F(X)|d(Xr, N) <

_ B [ n<g F(X)]
Pe{d(X7,N) < ¢
E* [PT—tl{d(~,N)<e} (Xt)F(X)]
Pr{d(Xr,N) < €}

B Jo. () E° [p7" (X1, y)F(X)] dvola(y)
- S Pyl (x,y) dvolp (y)

fN fo(o) I5* [left(Xt’eXp(f))F(X)} On (&) d§ dvoln(z)
T I T o P @ exp(€)6n (€) dE dvoly (2)

where BZ(0) denotes the open ball in 7, N1 of radius € centred at the origin. Since the
volume of these balls is constant and independent of z, it follows by the continuity of
the above integrands and 6y |y = 1 that

S E® [PY (X, 2) F(X)] dvoln(2)
S P (2, 2) dvoly(z)

from which the result follows, by the definition of the left-hand side of (8) as a Radon-
Nikodym derivative. O

1€iﬁ)ﬂE” [F(X)|d(X71,N) < ¢] =

For each ¢ € [0,7) it follows, by Theorem 2.1 and the smooth coarea formula, that
conditioning a Brownian motion to be in the interior of a tubular neighbourhood of N
of radius ¢ at time T while separately conditioning Brownian motion to belong to the
boundary of that tubular neighbourhood at time 7T results in two measures on B;(W (M))
which converge weakly to the same limit as € | 0.

2.2 Existence of the Bridge Measure

If for y € M we define a measure P%¥%7T on B(W(M)) by P=¥T{A} = P{A|X7 = y},
for A € B(W(M)), then Theorem 2.1 implies that P*%7 is absolutely continuous with
respect to P* on B,(W(M)) for any ¢t € [0,T) and that the Radon-Nikodym derivative is
given by
AP g wary  pr(Xe,y)
dpe P (@y)

In particular, if P*%7 exists as a probability measure on the space of continuous paths
starting at = and terminating at y at time 7 then under P*%7” and for 0 < ¢; < --- <
tr < T the joint density function of Xy, ,..., X;,, denoted by pi‘f’m’tk (x,21,..., 2k, ), iS
given by

_ pi\f(%xl)p%ftl (5(51,1'2) o 'pTMftk (:T}g,y)
py (z,y)

; 9

pi\il,.“,tk (mwrla v 7xk7y)

as is well-known. We will prove the existence of P*¥7T

stants c, 02 > 0 such that

assuming that there exist con-

o2t (10)

& (w, z)}

pf(w,z) < ct™ % exp {

6



for all w,z € M and ¢ € (0,7] and a constant S > 0 such that

0.,(€) < exp [B(1+ [1€]1?)] (11)

forall w € M and ¢ € T,, M. By [16] and [41], such bounds exist if the Ricci curvature
is bounded below by a constant with voly; lower regular. In particular, by [9] and [41],
such bounds exist if the Ricci curvature is bounded with M having positive injectivity
radius, in which case the constants ¢ and o2 can be chosen so that ¢ is arbitrarily close
to 2. For the case in which M is compact, a version of the following lemma was proved
by Driver in [10].

Lemma 2.2. Assume (10) and (11), suppose 0 < s < t < T and without loss of generality
assume 3 > 0. Then for all v € (0, 1) there exists a constant C(m,c,02,3,7,T) > 0 such
that for all p > 0 we have

v T (g C(m,c.0% 6,7 T) T (*37) (aza—s))?
E*VT [dP (X, X;)] < G p) ey =

solong ast—s < y(c?B)7!
Proof. First assume 0 < s <t < 27/3. If a > 0 then

o0
/ exp [—arz] rmlds =
0

I'(m/2)
207

and so for w € M we have

/ pM (w, 2)dP(w, z) dvol s (2)
M

<ct—s)"% /M exp [—j;((:}_’zs))} dP (w, z) dvoly(2)

setle-9% [ peren|(5- g ) 617 ao

w

gmm? (t—s)" % /°° ptm—l [( 1 ) 2]
cel —————— r ex ——— || dr
r(z+1) 0 G o2(t—s)

RED(B52) (1= 9% (1 ot )\~
rw (o)

gceafr(g;) (1;)’5‘ <a21<t_—vs>>§

Thus there exists a constant Cy(m, ¢, 0?2, 3,7) > 0 such that

= C@ﬁ

: 2 5y L) (=)
/Mp?fs(w,z)d (w, 2)dvolu (z) < Colm. €% £.7) 1y ( b )

forall p > 0, w € M and s,t satisfying t — s < v(c?3)~!. For such s,t we see that
L [dp(X57 Xi)]
/ / (2, w)piL (w, 2)d" (w, 2)pp_ (2, y)
Py (z,y)
m+p 204 5
< (T/3 m/QCI(m o aﬁ ’Y) ( 2 ) (U (t 8))
br ( 'Y) r (5) 1—7v

The same result is obtained for 7/3 < s <t < T. The cases s = 0 or ¢t = T can be
treated similarly. O

dvolps(w)dvolps(2)




If F' is a bounded %,(W (M))-measurable function on W (M) for some ¢ € [0,T") then
it follows from Theorem 2.1 that

M(z,y)E*¥T [F(X)] dvol
pT (.’13, N)
which implies, by Lemma 2.2, that for all p > 2 there exists ¢, C. > 0 such that

E” [dP (X4, X)| X7 € N] < C(t — )%

forall 0 < s <t <T witht— s < e. It follows from Kolmogorov’s continuity theorem, by
covering the interval [0, T] with finitely many closed intervals each of length less that e,
that there exists a probability measure P%":” on the bridge space

Loynt(M) ={weWM): Xo(w) =2, Xr(w) € N}

which satisfies P%V'T{A} = P?{A|Xr € N} for A € #(W(M)) and whose finite-
dimensional distributions can be deduced from equations (9) and (12). In particular,
if lPﬁ(]TV T denotes the law of the random variable X7 under the measure P%V:T then

z;N, T __ p%(ﬂj, )

= voly .
o ph(x,N)

For example, if M = R™ with N the unit (m—1)-sphere and « = 0 then IP?ZTV’T is given by
the uniform measure on N. In contrast, if M = R™ with N an n-dimensional subspace
and z = 0 then IPf(JTV "' is given by the heat kernel measure on N. Note that the measure
P=N.T clearly exists in the latter case, even though N is non-compact.

Using Lemma 2.2 we can prove the following concentration inequality for tubular
neighbourhoods.

Proposition 2.3. Assuming (10) and (11), for all v € (0, 1) there exists ¢ > 0 such that
1 . 1—7

lim — logP*VT{X, ¢ B,(N)} < ———— '

r}rronor2 o8 {Xe & B (N)} = o?(T —t)

forallt € (T —¢,T).

Proof. Without loss of generality, assume 3 > 0. Since d(-, N) = inf,cn d(-, y) it follows

that for each y € N we have E*¥" [dP(X,, N)] < E*¥T [d”(X,,y)]. Therefore, by apply-

ing (12) with FI(X) = d?(X;, N), we see by Lemma 2.2 that for all v € (0,1) there exists
C(m,c,02,8,7,N,T) > 0 such that

C(m, e,0% 8,7, N,T) T (=52) (02(T—t)>g
p¥(z, N) r2) 1—v

2
forall 0 <t < T with T —t < y(¢?3)~L. For such ¢, choosing ¢ > 0, applying this bound
to the case where p is an even integer and summing yields

E“NT[dP(X,, N)| <

. 00T — 1)\ *
E5NT g2 (XeN) | < ¢ 2 NT) (1- 22—
|:€ :| = (m,c70 ,ﬂ,’}/,(E, ) ) 2(1 _’Y)

solong ast > T —2(1—+)(#c?)~!. Under these conditions on ¢, it follows from Markov’s
inequality that for all > 0 there is the estimate

m
2

2 _ - 2

P=NTIX, & B.(N)} < C(m,d,v,cg,x, N, T kw e~ T,
2(1=1)
-

Fixing § € [0,1) and choosing 6 = 25(1 — v)(o?(T — t)) ! this yields
o(1 =)
a?(T —t)

from which the result follows since § can be chosen arbitrarily close to 1. O

1 .
lim — log PNTIX, ¢ B.(N)} < —
rtoo T



2.3 Semimartingale Property

It follows from (12) and Girsanov’s theorem that under the measure P*¥-7 the coordin-
ate process on W (M) is a diffusion on the half-open time interval [0,T) starting at z
with time-dependent infinitesimal generator

1
§A+V10ngM_t(-,N)

for t € [0,T). To show that it is a semimartingale under this measure over the closed
time interval [0,7] we require a suitable estimate on the logarithmic derivative. This
estimate will be deduced from the results obtained in Sections 3, 4 and 5. It is given by
Theorem 6.2 in Section 6 and the semimartingale property is given by Corollary 6.4.

3 Fermi Bridges

In this section we introduce a bridge process defined in terms of the distance function
ry(-) := d(-,N). Recall that the cut locus of N, denoted by Cut(N), is given by the
closure of the set of points at which r%; fails to be differentiable. It is a closed set of
volys-measure zero which is, upto a set of Hausdorff dimension at most m — 2, an at
most countable union C’(N ) of open subsets of hypersurfaces. These facts follow from
the work of Angulo Ardoy and Guijarro [1] and Mantegazza and Mennucci [24] who
used Hamilton-Jacobi equations and the theory of viscosity solutions. The vector field
8fN will denote differentiation in the radial direction, defined off the union of N and
Cut(N) to be the gradient of ry and set equal to zero elsewhere. For T > 0 fixed with
q. (-, N) defined by equation (5), the time-dependent vector field

TN 8

LancuanyVioggr—i(-, N) = T Brm

where ¢ € [0,7) is smooth away from the cut locus but generally not continuous on
it. One imagines the deterministic flow associated to this vector field as being one for
which Cut(N) is a source and for which N is a sink. The strength of the flow increases
dramatically as the terminal time T is approached, while the vector field vanishes on
N. A diffusion on M starting at x with time-dependent infinitesimal generator

1 A TN 8

2 T—tf)rN

will be called a Fermi bridge between x and N in time T. Such processes will always
be defined upto a predictable stopping time less than or equal to 7. We use the name
Fermi bridge since the time-dependent part of the drift acts in a direction normal to N,
which would be the radial part of a system of polar Fermi coordinates, and since there
are conditions under which this process arrives at /N at time 7T almost surely. Note
that if M = R™ with N a point then the above definition reduces to that of a standard
Brownian bridge.

3.1 Radial Part

Suppose that X (z) is a Fermi bridge between z and N in time 7, defined upto the min-
imum of T and its explosion time. Suppose also that D is a regular domain in M and
denote by 7p the first exit time of X (z) from D. Since C'(N) is polar for X (z) and since
the martingale part of an antidevelopment of X (z) is a standard Brownian motion, the
1t6 formula of Barden and Le [3, Thoerem 1] implies that there exist continuous adapted



non-decreasing and non-negative processes LY (X (z)) and LeW )(X (z)) whose associ-
ated random measures are singular with respect to Lebesgue measure and supported
when X (z) takes values in N and C'(IV), respectively, such that

R 1 tATD .
TN(Xt/\‘FD (l‘)) = TN(!.C) + Bt/\‘?D + 5/ A?“N(XS(J})) ds
0
(13)

[ et
0

T — 5 tATD

for all t € [0,7T), almost surely, where 3 is a standard one-dimensional Brownian motion
and

AL (R (2)) = 5 (D = D7) gy i) AL (R 2) s

1

2
Here n is any unit normal vector field on C'(N) and the Gateaux derivatives D¥ry are
defined for z € C(N) and v € T, M by

D rn(v) = lim = (f(exp. (er)) — r(2))

and DZry(v) := —DFry(—v). The processes LY (X (z)) and LE@) (X (z)) are, roughly

speaking, given by the local times at zero of d(X (z), N) and d(X (z), C(N)), respectively,
whenever the latter make sense. Using this formula we can estimate the radial moments
of the Fermi bridge, restricting our attention to the domain D and doing so under the
assumption that there exist constants ¥ > 1 and A > 0 such that

1
imfv <v+ My (15)

on D \ Cut(N).

Theorem 3.1. Let v > 1 and A > 0 be any constants such that inequality (15) holds on
D\ Cut(N). Then we have

E [1{t<,;-D}T12V(Xt({L‘))} < (TJQV(:C) (TT_t) + 1/1%) (TT_t) et (16)
forallt € [0,T).
Proof. Define the function fx,g :[0,T) —» R by
foo(t) = Bl crpyri (Xe()))]
for ¢t € [0,T). By It6’s formula and formula (13) we deduce the differential inequality

{2A0§v+OTL)ﬂAﬂ
fr2(0) = % (@)

forall t € [0,T). Applying Gronwall’s inequality to it yields

Fualt) < (ﬁv(gg)ﬂ/ot <TT_S>2€sAdS> (Ttt>26M
< (7‘12\/(3?) + vt <Tt—t)> (Tt_t>2€,\t

where we used the assumption A > 0 for the second inequality. O

10



Note that for M = R™ with N a linear subspace, with v = m —n and A = 0, one can
set D = M and inequality (16) holds as an equality. Also, Jensen’s inequality implies
the following estimate on the first radial moment.

Corollary 3.2. Letv > 1 and A > 0 be any constants such that inequality (15) holds on
D\ Cut(N). Then we have

Bt ermr o) < (o) (E0) +00) (T)) g

forallt € [0,T).

In the next subsection we consider the case where there exist constants v > 1 and
A > 0 such that inequality (15) holds on the whole of M \ Cut(N).

3.2 Bridge Property

Suppose for this subsection that there exists constants » > 1 and A > 0 such that
inequality (15) holds on M\ Cut(/N). Suppose also that X (x) is a non-explosive Brownian
motion on M starting at x, defined on a filtered probability space

(Q7 ]:7 {]:t}tZOv ]P)

satisfying the usual conditions. Note that, by [41, Theorem 5], if N is compact then
inequality (15) implies the non-explosion of X (z). For ¢ € [0,T) define

where U is a horizontal lift of X (z) to the orthonormal frame bundle with antidevelop-
ment B. It follows from [41, Proposition 3] and Novikov’s criterion that M is a mar-
tingale up to time ¢ for each ¢t € [0,T). For each ¢t € [0,7) we can therefore define a
new probability measure Q; on F; by dQ; = M;dP. It follows from Girsanov’s theorem
that the process X (z) when restricted to [0, ¢) and considered on the filtered probability
space
(2, Fi, {Fe}sero,n), Q)

is a Fermi bridge between xz and N in time 7. We therefore obtain a new process,
denoted by X (z), defined on [0,7) and equivalent to the Brownian motion X (z) on [0, t)
for each ¢t € [0,T). By considering an exhaustion of M by regular domains, Theorem 3.1
and the monotone convergence theorem imply that it satisfies the bridge property

ltlTr%er(Xt(x)) =0
almost surely. In particular, if NV is a point p then one then can extend X (z) to a con-
tinuous process on [0, T by setting Xr(x) = p.
4 Heat Kernel Formula and Comparison Theorem

In this section we prove the main result of this article. Denote by M(N) the largest
domain in TN+ with star-like fibres and such that exp | Mm(n) s a diffeomorphism onto
its image. Then the image of exp|n) is M \ Cut(N). Recalling that 0y denotes the
Jacobian determinant of the normal exponential, define also

On = On o (exp )

11



and note that from [15] there is the formula

1 0

on M \ Cut(N). Recall also the definition of the geometric local time LC"(N)(X (z))
given in Subsection 3.1 by formula (14).

Theorem 4.1. Suppose that M is a complete and connected Riemannian manifold
of dimension m, that N is a closed embedded submanifold of M of dimension n €
{0,...,m — 1} and that D is a regular domain in M. Suppose that v € M with T > 0
and that X(x) is a Fermi bridge between x and N in time T'. Denote by 7p the first exit
time of this process from D. Then, with ¢r(z, N) and pZ(z, N) defined by (5) and (4),
respectively, we have

D o .
pT(I7N)_QT(xaN)%g}E T _s

.
tcon | [P (an, )
0

where

dA, := %bg @jv% (Xs(x))ds, dLg = dLS" ™) (X (z)). (18)
N

Proof. To begin with, we see by the smooth coarea formula that

lim [ pf (z,y)qr—i(y, N)dvolu (y)
T f o

_(m—mn)

. ’ N I 1
=t [ [ 0P @ ewtu ot ©erT -1) exp |~ 5o s | deavotn )

T

— lim / / (0P (2, exp) La (00 O ) (VT — 26) (2m) "7 exp [—W] dédvoln (2)
NJT,NL 2

_(m—n)

= /N/ZNL(pg(m,eXp)le(N)QN)(Oz)(ZW) T exp {—@} déd voly (2)
= /Np:?(%z)dvolz\;(z)

where 0. denotes the origin of the vector space 7, N+ and where the third equality
follows from the compactness of the closure of D and the dominated convergence the-
orem. Then, denoting by {PP : t > 0} the Dirichlet heat semigroup, it follows from
Girsanov’s theorem that

/ PRz, 2)dvoly () = lim / PP (2, )47y, N)dvolas (y)
N T J g

— Tim PP ,
=lim " qr—(, N)(x)

=limE [1{t<%D}QT7t(Xt($)> N)Mt}

4T
with
tAF o tAFD 2 [
. Prn(Xs(z))/ 0 - B 1/ D3 (Xs(z))
Mip+, = €xp [/0 T By’ Us;dBg 2 ), 7(77 — sy ds (19)

where U is a horizontal lift of X () to the orthonormal frame bundle and where B is the
associated R™-valued Brownian motion given by the antidevelopment of U. Now, using

12



1t0’s formula and formula (13) we deduce that

log qT—(t/\‘f'D) (Xt/\f'D (I), N)

Ny (X(x) ) 9 -
- logQT(xaN)_/O T — g <arNuUsst>

tATD . tATD T2 X’S T
+/O %loqu_s(Xs(x),N)der/O ?&E‘())dsds

1 tATD
=+ 5/ AIOgQT—s()(s(x)v‘N’)d‘s
0

o [ IR (),

and so we can eliminate the stochastic integral in (19) by rearrangement and substitu-
tion. Finally, using the fact that

0 m-—n 72, (-
—loggr—s(-,N) = b

Os 2T —s) 2(T—s)?
and also that )
__ A0
Aloggr—s(-,N) = AT —s)

on M \ Cut(N) together with formula (17) we can further simplify the resulting expres-
sion so as to obtain the desired formula. O

Theorem 4.2. Suppose that {D,;}, is an exhaustion of M by regular domains. Then,
with p} (z, N) defined by (1), we have

. .
1{t<'f—Di} exp [/ 7TN(XS (z)) (dAS + dL5>
0

M . .
N) = N)limlimIE
p¥ (2, V) = gr(z N) lim lim —

iToo t1TT

where dA and dL are defined by (18).

Proof. Recalling that p™ is given as the limit of the increasing sequence of Dirichlet
heat kernels p?, it follows from the monotone convergence theorem that

Py’ (@, N) = lim pp* (2, N)

and so the result follows from Theorem 4.1. O

The absolutely continuous random measure dA can be understood precisely in terms
of Jacobi fields, using Heintze and Karcher’s comparison theorem for % log 8y which
was carefully explained in [18, Section 3]. The singular random measure dL vanishes if
the cut locus is polar for X (z). In particular, we have the following corollary of Theorem
4.2, which shows that we recover identity (6) in the Euclidean setting.

Corollary 4.3. Suppose that M is stochastically complete, that the cut locus of N has
Hausdorff dimension at most m — 2 and that one of the following conditions is satisfied:

(A1) n €{0,...,m—1}, the sectional curvature of planes containing the radial direction
vanishes and N is totally geodesic;

(A2) n € {0,m — 1}, the Ricci curvature in the radial direction vanishes and N is min-
imal.

13



Then we have
pr (2, N) = qr(z, N)
forallx € M andT > 0.

Proof. The corollary follows from Theorem 4.2, the Heintze-Karcher theorem and the
monotone convergence theorem. O

If N is a point then Theorem 4.2 provides a formula for the heat kernel itself. In
this case, by the Heintze-Karcher theorem, the random measure dA has the property of
being non-negative if the Ricci curvature of M is non-negative and non-positive if the
Ricci curvature of M is non-positive. The Heintze-Karcher also yields a comparison the-
orem, stated below, in which we view H} as a totally geodesic embedded submanifold
of H} and set I := R™ and ' := R™. It is a partial generalization of the heat kernel
comparison theorem of Cheeger and Yau [6].

Theorem 4.4. Suppose that M is stochastically complete and that one of the following
conditions is satisfied:

(B1) n € {0,...,m—1}, the sectional curvature of planes containing the radial direction
is bounded below by k < 0 and N is totally geodesic;

(B2) n € {0,m — 1}, the Ricci curvature in the radial direction is bounded below by
(m — 1)k <0 and N is minimal.

Then we have
H’"Z
py (2, N) > pp~ (y, HY)

for any y € H]!' satisfying rn(x) < run(y).

Proof. First suppose « = 0. Then % log©On < 0, by [41, Theorem 1], so the assertion
follows from Theorem 4.2 since L is non-decreasing. So assume x < 0 and define a
function g, by

gi(t) == (m —n — 1) (V—=rt coth(v/—kt) — 1) + ny/—xt tanh(v/—kt).

Then, by the Heintze-Karcher theorem, it follows that
r 9 logOn < gi(rn)
N Oorn EYN = Ge(T'N ).

Since L is non-decreasing with g, non-negative, it follows from this, Theorem 4.2 and
dominated convergence that
T .
9x(rn (Xs()))
— —_—"d .
exp l /0 3T — ) S

Now let Y(y) be a Fermi bridge between y and HJ in time T such that its radial
part ru» (Y (y)) satisfies a stochastic differential equation driven by the one-dimensional

p7’ (2, N) > gr(z, N)E

Brownian motion 5 which drives the equation for (X (z)). Then the Heintze-Karcher
theorem, applied to the coefficients of the stochastic differential equation for 73, (X (z)),
combined with the comparison theorem for solutions to stochastic differential equa-

tions given in [31], implies that ry (X (z)) < rEn (Y (y)), almost surely. Since g, is non-
decreasing this yields

P (2, N) > gr(y, H')E

T gu(rmy (Ya()))
exp [—/0 2(Ts)dSH . (20)
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m

But the right-hand side of (20) is equal to p]}TI; (y, H?), by Theorem 4.2 and the fact that
(rgn) =71 9 log ©
Gx\THr ) = THn 67“11{2 g Yun,

so the result follows. O

4.1 Hypersurface Local Time

If X(x) is a Brownian motion starting at € M then ry(X(z)) is a continuous semi-
martingale. For the case in which N is a hypersurface, the local time of this process at
zero is denoted by LY (X (x)) and referred to as the local time of X (z) on N. In certain
circumstances, such as when M is compact, it was explained in [41] that there is the
formula

E[LY(X(2))] = /tpfy(m,N) ds. (21)
0

In the hypersurface case, the integrated heat kernel is therefore given by the time
derivative of a mean local time.

Example 4.5. Viewing the 2-dimensional hyperbolic space H? as an embedded totally
geodesic submanifold of H3, if X (z) is a Brownian motion in H?® starting at x then
rpz (X (z)) is a Markov process and so, by results in [14] and a change of variables,
formula (21) holds in this setting. Therefore, by (7), it follows that

tm B (L1 (X(0)] = seehtriee)) [ (2nt) b exp [ L

= sech(rpz2(x)) exp [—rmz ()] .

In contrast, if R? is viewed as a linear subspace of R*® with X (x) a Brownian motion in
R3 starting at = then
lim {L]f (X(x))} = .

tToo

Theorem 4.4 yields the following comparison for the mean local time, where we
retain the notational convention outlined before Theorem 4.4.

Corollary 4.6. Suppose that N is a minimal hypersurface and that the Ricci curvature
in the radial direction is bounded below by (m — 1)k < 0. Suppose also that X (z) is a
non-explosive Brownian motion on M starting at z, denote by LY (X (z) the local time

on X (z) on N and assume that formula (21) holds. Denote by Y (y) a Brownian motion
on H}! starting at y with ry(x) < rym-1(y). Then

E[LY (X (2))] > E[L™ (Y (y))] (22)
forallt > 0.

Proof. This follows from directly from Theorem 4.4 and formula (21). O

In particular, if K = 0 with x € N and Tt (y) = 0 then the right-hand side of (22) is
equal to /2.
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5 Lower Bound and Asymptotic Relation

The heat kernel lower bounds of Cheeger and Yau [6] were proved using a bound on
the Ricci curvature in the radial direction and a Laplacian comparison theorem. These
are similar to the objects we use, although our method is quite different. Our method
is closer in spirit to that of Wang [44], who also used stochastic techniques with un-
bounded curvature, but only in the one point case. Note that the constants C;, 5 and
A appearing in the following theorem typically depend upon N.

Theorem 5.1. Suppose that M is stochastically complete and that there exist constants
C1,C5 > 0 such that one of the following conditions is satisfied off the union of N and
its cut locus:

(C1) the sectional curvatures of planes containing the radial direction are bounded
below by —(Cy + Cory)? and there exists a constant A > 0 such that the principal
curvatures of N are bounded in modulus by A;

(C2) n = 0 and the Ricci curvature in the radial direction is bounded below by —(m —
1)(Cy + Cory)?;

(C3) n = m — 1 and the Ricci curvature in the radial direction is bounded below by
—(m — 1)(Cy + Cory)? and there exists a constant A > 0 such that the mean
curvature of N is bounded in modulus by A.

Then for each T > 0 there exists a constant C > 0, depending only on T,Cy,Cs, A, m
and n, such that

n 2
P (M) 2 1 e |- o0 )

forallxz € M andt € (0,T].

Proof. By [41, Theorem 1], the curvature conditions imply
log@N<0z+57"N (23)
arn

with a := nA + (m — 1)C; and 3 := (m — 1)Cy. Using the process X (z) constructed
in Subsection 3.2 it follows from this, Theorem 4.2 and the fact that L") (X (z)) is

non-decreasing that
¢ oD
f(Xs(2))
L{t<tp,} €XP [— /O o, U

where f:= 1 (ary + Br% ). Fort € [0,T) we see that

>
7 (z,N) > gr(z,N) Jim L 12

tF(Xs “””ds)

f T—s
L{t<sp,} XP [ / — ds = L{<ip, }Z ( 7
p=0 ’

t x
> (_1{t<+D‘} [gceail ds)
=Lpcrpy — 14+ o)

tp(R,
_1{t<'fDi}/O f(T(?)ds]

= 1{t<‘f’Di} —1+exp
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from which it follows, by Jensen’s inequality, that

P F(X(x
Lit<ip,} €XP [/0 f(T—(s))dS]

-E

E

R
> Qi{t <7p,} —1+exp 1{t<+pi}/0 f(;(s_(z))dsl

Inequality (23) implies by formula (17) that inequality (15) holds on M \ Cut(N) with
v=m—n+ 5 and A = § + 3 and so, by Theorem 3.1, we see that

t .2 (v
i (Xs())
10 - NAES\))
(1<} /0 T—s ds

<

E ds

t E[l{s<+D1}T]2V(XS (I))}
/0 T—s

< (r(z) +vT) e

for all t € [0,T). Similarly, by Corollary 3.2, we have

t o t X
rn(Xs(2)) / E[l{scrpyrn(Xs(2))]

1o - EEARSELANY4 < J

{t<7—Di}A T—s “|=/ T ds

2 3 t
< (TN($)+V1L) 6%/ (T—S)ié ds
0

et (7))

AT
2

E

Nl

=2 (7“12\,(36) + vt)

<2(r¥(z) + I/T)% e

forall ¢ € [0,T). Consequently

Nl=

E e + (r¥(z) +vT)

™

Loerny [ 20 ds] < a (&) + 1)

for all ¢ S [O,T) Furthermore
limlim Q;{t < 7p,} =1
it T {t <7p,} =1,

by the bridge property and the monotone convergence theorem, so we have a lower
bound

p¥(x, N) > qr(z, N) exp [—oz (T?V(x) + VT)% ez —
= qr(z, N) exp [—(nA + (m—=1)Cy) (r§ () + Z/T)% ez

—w (szv(x) +T) eAT}

forall T > 0 and = € M, from which the result follows. O

Since the heat kernel is a positive fundamental solution to the heat equation, fixing
one of the spatial variables for small times results in densities whose mass is localized
around that fixed point. Riemannian manifolds are locally Euclidean, so for these small
times the resulting densities should be comparable to the Gauss-Weierstrass kernel
(2). The precise sense in which this is true is given by Varadhan’s asymptotic relation,
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originally proved in [42,43], which states for the minimal heat kernel p™ of a complete
Riemannian manifold M that

d?(z,y)
2

lim ¢ log p;’ =—
im ¢ log p; (z,y)

uniformly on compact subsets of M x M. Similarly, the embedding of N in M is locally
diffeomorphic to an affine embedding of R™ in R™ so for small times the integrated heat
kernel pM (-, N) should be comparable to the kernel ¢.(-, N) defined by equation (5).

Theorem 5.2. Suppose that M is a complete and connected Riemannian manifold of
dimension m and that N is a compactly embedded submanifold of M of dimension
n€{0,...,m —1}. Then

d*(x, N)

limtlogpM(x, N) = ——2""~ 24
im ¢ log p; (z,N) 5 (24)

uniformly on compact subsets of M.

Proof. It is a simple matter to show that the left-hand side of (24) is less than or equal
to the right-hand side, using Varadhan'’s relation and the fact that rn(z) < ry(z) for
all y € N. To prove the opposite inequality assume first that M is compact. Then the
result follows immediately from Theorem 5.1. So assume that M is non-compact, let
K be any compact subset of M and for z € K and y € N denote by I'; , the set of all
length-minimizing geodesic segments between = and y, viewed as a subset of M. Then
I'; , contains (the image of) at least one such geodesic and by the triangle inequality
the set
Teni= |J Tuy
zeK,yeN

is a bounded subset of M. Now let D be any regular domain in M containing I'x n.
Modify M outside of D so as to obtain a compact Riemannian manifold Mp (by doubling,
for example) and suppose that D is sufficiently large so that

i P (@:Y)
0 D MD ()
0 p,°P (x,y)

uniformly for x € K and y € N. This is the principle of not feeling the boundary
considered by Hsu in [20]. Such D can always be found, as explained by Norris in [30],
since we are assuming that M is non-compact. Then for all ¢ > 0 there exists t. x > 0
such that for ¢ € (0, ¢, x) we have

=1

(1= e)pp"™ (z,N) < pf(x,N) < p' (2, N)
for all x € K. It follows from this and the result in the compact case that

_d?\4D (SC, N)

limtlogp;” (w, N) = 5

where d);, denotes the distance function on Mp. But since I'k, y is contained in D it
follows that € K and y € N implies dys,, (z,y) < d(x,y). Therefore dys, (x, N) < d(z, N)
and the result follows. O

Example 5.3. Suppose that D is a regular domain. Then 0D is a compactly embedded
hypersurface and, according to [22, Theorem 5.2.6], one has
d*(x,0D)

lim ¢ log P =—
imtlog P{rp(z) <t} 5
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for all x € D, where 7p(z) denotes the first exit time from D of a Brownian motion X (x)
starting at x. On the other hand, according to [30, Theorem 1.2], one has

d*(z,0D)

limtlog p} (z, D, x) = —
im ¢ log p; (z,D,x) 5

for all z ¢ D, where pM (z, D, y) = pM (z,y) — pi*\* (2, y) is the measure of heat passing
through D. Theorem 5.2 and formula (21) imply that, in either case, we have

. d oD d?(x,0D)
ltlfgtbg %E [L{P (X (2))] = ——
Example 5.4. If TM is equipped with the Sasaki metric [33, 34] then Theorem 5.2
implies
€N

limtlogp! ™M (&, M) = — 15
im ¢ log p, (&, M) 5

uniformly for £ in compact subsets of T'M .

One could also prove Theorem 5.2 using Ndumu'’s asymptotic expansion [28]. While
this expansion is only valid away from the cut locus, it could be used in place of our
lower bounds by connecting points in K to N with smooth curves, covering them with
small balls and invoking the Markov property.

Alternatively, it was proved by Hino and Ramirez in [19], in the context of Dirichlet
spaces, that
d*(A, B)

2

for all measurable sets A and B of positive measure, where X denotes the Markov
process associated with the underlying local regular Dirichlet form and where d is an
associated intrinsic distance. Using Sturm’s upper bounds [39] and pointwise lower
bounds, one can deduce from this the pointwise relation of Varadhan, as shown by
Ramirez [32, Theorem 4.1]. A modification of this approach, replacing balls with tubular
neighbourhoods and the pointwise lower bounds with our integrated heat kernel lower
bounds, might also be used to deduce a relation similar to (24).

ltiﬁ)ltlogIP{Xo €A X, € B} =—

5.1 Obtaining an Upper Bound from the Lower Bound

Grigor’yan Hu and Lau showed in [16] how Gaussian upper bounds on the heat kernel
can be obtained from lower bounds. While lower bounds are frequently obtained from
upper bounds, as in the method of Aronson [2], this was the first result to go in the
other direction. Having proved a lower bound on the integrated heat kernel, and since
deducing an upper bound directly from Theorem 4.1 seems hard, it is natural for us
to use this approach to obtain an upper bound. To do so, we require the following
definition.

Definition 5.5. We say that vol,; is lower regular if there exist constants Ty, C > 0
such that
V}(l‘) > Crm

forallx € M and 0 < r < /T1p.

For example, if the injectivity radius of M is positive and the Ricci curvature is
bounded above by a constant then vol, is lower regular. For geometric conditions
which imply a positive injectivity radius, see [5]. Now assume that vol,, is lower regular
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and that the Ricci curvature of M is bounded below, by a constant. Then the lower
bound of Theorem 5.1 implies a near-diagonal lower estimate of the form

pil(z,y) > C't %

forall0 < ¢ < Tpand z,y € M satisfying d(z,y) < t2. This implies, by [16, Corollary 3.5],
that there exist constants c, c2 > 0 (which might depend upon Tp) such that

d*(z, y)]

M _m
xz,y) <ct 2 e —
yz ( y) - Xp |: O'2t

forallt € (0,7p) and =,y € M. We therefore have the following theorem, by observing
that y € N implies ry(z) > rn(2).

Theorem 5.6. Suppose that the Ricci curvature of M is bounded below by a constant,
that voly, is lower regular and that N is compact. Then there exist constants c,c? > 0
(which might depend upon T) such that

2
p(x,N) < ct™ % exp { TN(x)}
g

forallz € M andt € (0,Tp).

6 Gradient and Hessian Estimates

We are now in a position to prove gradient and Hessian estimates. They are global and
hence require assumptions on curvature. For comparison, recall the derivative estim-
ates of Cheng, Li and Yau [7]. They proved, in particular, that if the injectivity radius
of M is positive and there exist constants A; which bound the " covariant derivat-
ives of the curvature tensor then for all 7 > 0 there exist positive constants a(m) and
C(m, Ao, ..., A;—1,T) such that

(m+1)

V"M (- g)all < Clm, Ao, .., Apy, TY= 52 exp [—

a(m)d;(ﬂ% y)}

forall z,y € M and ¢ € [0,T]. Our estimates will be on the logarithmic derivatives of the
integrated heat kernel. They will be derived using a slight modification of the method
used by Stroock in [38]. We will show precisely how the gradient estimate is derived,
whereas for the Hessian estimate we will refer to [38] for the details. In particular, to
prove the gradient estimate we will need Theorem 5.1 and a formula for the derivative
of the heat semigroup, which we will now state.

Assume that the Ricci curvature of M is bounded below, denote by X (x) a Brownian
motion on M starting at = and denote by U a horizontal lift of X (z) with antidevelopment
B. Denote also by {Q; : s > 0} the solution the ordinary differential equation

) — _1Rj
Q( El ICUS Qs (25)
Qo = U()
where Ricy, = U;! Ric’ U,. Then for any bounded measurable function f : M — R
there is the formula ,
1
Urf)e =B |15 [ (uan)] 26)
0

for all ¢ > 0. This differentiation formula was proved by Elworthy and Li in [11] and by
Li in [23], using basic stochastic calculus, while another, related, approach was given
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by Thalmaier in [40]. It was proved originally by Bismut in [4] for the case in which M
is compact. An analogous formula was used by Stroock, whose estimate is based upon
the following lemma, proved as [38, Lemma 6.45] using Jensen’s inequality.

Lemma 6.1. Suppose ({2, F,P) is a probability space and ¢ a non-negative measur-
able function on Q) with E[¢] = 1. If ¢ is a measurable function on 2 such that ¢ is
integrable, then E [¢p)] < E [¢log @] + log E[e?].

Theorem 6.2. Suppose that M is a complete and connected Riemannian manifold of

dimension m and that N is a compactly embedded submanifold of M of dimension

n € {0,...,m — 1}. Suppose that the injectivity radius of M is positive and that the

curvature tensor is bounded. Then for all T > 0 there exists a constant C' > 0 such that
1 d?*(x,N)

1 n
IViogp (NP < (4 + Flos 7 + 5N @7

forallz € M andt € (0,T].

Proof. For a bounded measurable positive function f and 7 € R set

K@)
(b'_ Ptf(l’) ) ¢—’Y/O <QSU,dBS>
and see, by Lemma 6.1 and formula (26), that
w‘% < hy(; f) +log B [exp [v/0t<gs,st>H
e fXi(z)) ,  f(Xi(x))
Sy =8 { Pif@) " Pif() } ' 28)

Furthermore, denoting by R the minimum of the Ricci curvature, equation (25) implies

t 2 gt
logE [exp [7/ <st,st>” < %/ e Rsds
0 0

and so, after minimizing over v, we deduce

d(Pf).| 1 o e \?

Now we choose f(-) = pM (-, N). Then P, f(z) = p}!(z, N), by Tonelli’s theorem, and for
all z € M it follows that

M
pi" (2, N)
he(z;p}" (-, N)) < sup log ( : (29)
k zeEM p%(% N )
The curvature assumptions imply that there exist constants C;,C5 > 0 such that the
sectional curvatures of planes containing the radial direction are bounded below by
—(C1 + Cng)2 and so, by Theorem 5.1, there exists a constant ¢; > 0, depending only
on T, C1,Cs, m and n, such that

2
pM (2, N) > (2t)~ 7 exp [— Tfil(tm) — (14 7“12\,(93))} (30)

for all z € M and t € (0,7]. The assumptions also imply, by Theorem 5.6 and the
Chapman-Kolmogorov equation, that there exists a constant co > 0 such that

pM(2,N) < cot™ % (31)

for all ¢ € (0,7] and z € M. Substituting the estimates (30) and (31) in to (29) proves
the theorem. O
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It follows that the gradient estimate (27) holds automatically if M is compact. Fur-
thermore, we can now prove the semimartingale property promised in Subsection 2.3.
As pointed out by Thalmaier, the semimartingale property should hold without any as-
sumptions on curvature. Glineysu proved this for the one point case using local estim-
ates on the heat kernel. We do not yet have such estimates for the integrated heat
kernel and so, for the time being, we make do with the assumptions of Theorem 6.2.

Corollary 6.3. Under the assumptions of Theorem 6.2, the coordinate process on the
bridge space L.y r is a semimartingale with respect to the bridge measure pzNT,

Proof. It suffices to control the singularity in the drift close to the terminal time. Since
the distance function ry is defined as an infimum over N, it follows from (12) and
Lemma 2.2 that there exists ¢,C. > 0 such that E=NT[r% (X,;)] < C(T — t) for all
t € (T — €,T). Therefore, by Theorem 6.2, there exists C' > 0 such that

T
EN.T [/ |v1ongMt(Xt,N)dt]
T—e¢

T 1
< [T g (X )] e
T—e

T Ew;N,T 2 X %
Ve <1+"1 Ly Wf”)dt

o \T ¢ T T ¢ (T — 1)

T 1
1 n 1 Ce \?
<C 1 ) at
= TE(T—t+T—tOgT—t+T—t>

< 0
and the result follows. O

Note that we could have derived our gradient estimate using assumptions slightly
weaker than those of Theorem 6.2, using Ricci curvature, the sectional curvature of
planes containing the radial direction and lower regularity of the volume measure. To
derive our Hessian estimate we need only add to these assumptions some suitable con-
trol on the curvature two-form and the derivative of the Ricci tensor. For simplicity,
however, we state our Hessian estimate, as we did the gradient estimate, in terms of
injectivity radius and the full curvature tensor. This way, our estimates can be easily
compared to that of Cheng, Li and Yau, stated above for the case in which the injectivity
radius of M is positive.

Corollary 6.4. In addition to the assumptions of Theorem 6.2 suppose also that the
first covariant derivative of the curvature tensor is bounded. Then for all T' > 0 there
exists a constant C' > 0 such that

, 1 n 1 d%x,N
| Hesslog py’ (-, N)o|| < C (t + 7 log - + (t2)>

forallz € M andt € (0,T].

Proof. It was proved by Stroock in [38] that for any continuous positive function f there

exists C' > 0 such that
|| Hess(P f) |l

P f(x)

for all z € M and t € (0,7T] where h;(z; f) is defined by (28). Choosing f = p}M (-, N), us-
ing the lower bound (30) and the on-diagonal upper bound (31) we obtain the corollary,

< C(1+ he(z; f))
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by Theorem 6.2 and the fact that

Hess P, f

Hess log Ptf = Tf
t

—dlog P f ® dlog P, f

forall ¢t > 0. O

Note that the constant C' appearing in this estimate depends only on the injectivity
radius of M, the length of the time interval 7', the dimensions m and n and the bounds
on the curvature tensor and its derivative.

6.1 Further Applications

The results in this article, in particular the estimate on the Hessian, will lead to a study
of the space of continuous paths which end on a submanifold, intended to shed light on
the relationship between the geometry of the path space, the intrinsic geometry of the
ambient manifold and the extrinsic geometry of the submanifold.
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