Radial processes on RCD*( K, N') spaces
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Abstract

In this paper, we show a stochastic expression of radial processes of Brow-
nian motions on RCD*(K, N)-spaces. The expression holds under the law for
all starting point provided the reference point is sufficiently regular. We fur-
ther prove that the regularity condition is satisfied for almost every reference
point on RCD*(K, N)-space. Our results extend the comparison theorems over
Alexandrov spaces proved by [30,37].

1 INTRODUCTION

In this paper, we show a stochastic expression of radial processes of Brownian mo-
tions on RCD* (K, N)-spaces and its applications. Let (M, g) be a complete smooth
Riemannian manifold and d(x,y) = d4(z,y), z,y € M is its Riemannian distance.
We put 7,(x) := d(x,p) for x,p € M and call r, a radial function. Let us consider
the Brownian motion X = (X;,P,) on M starting from = € M, which is a diffusion
processes associated with the Laplace-Bertrami operator Ay,. Then r,(X;) is called
the radial process of X. It is proved in |26, Theorem 1.1| that the radial process on
M has the following expression:

ro(Xy) — 1(Xo) = V2B, + /t Ayry(Xy)ds — L, t<C. (1.1)
0

Here B, is a one-dimensional standard Brownian motion, L, is a non-decreasing process
which increases only at X; € C(p), where C(p) is the cut-locus of (M, g) with respect
to p, and (¢ is the life time of X. Moreover, Ay, = 0 is assumed at the point on
which 7, is not differentiable.

The radial process of a Brownian motion on a Riemannian manifold has played an
important role in many applications to differential geometry. As an application of the
expression of radial process, under the lower bound of Ricci curvature (resp. upper
bound of sectional curvature), we can compare the radial process to that of the space
form of constant curvature, consequently we obtain a comparison of the heat kernel
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to that of the space form of constant curvature. From the heat kernel comparison,
S. Y. Cheng’s eigenvalue comparison theorem follows under the lower bound of Ricci
curvature. Moreover, the stochastic expression of radial process yields a stochastic
proof of S. Y. Cheng’s Liouville theorem for sublinear growth harmonic functions.

The stochastic expression of radial processes like (1.1) has been also expected on
singular metric measure spaces with a lower curvature bound, such as Alexandrov
spaces or more generally for RCD*(K, N)-spaces. Due to the technical reason, this
was not accomplished yet, because the cut-locus may be dense even on an Alexandrov
space. However, we can consider another (but similar) type of stochastic expression of
radial processes based on the Laplacian comparison theorem holding for RCD* (K, N)-
spaces, in particular, we prove the semimartingale property of radial processes on
RCD* (K, N)-spaces.

Laplacian comparison theorem on Alexandrov spaces was done by von Renesse [37|
under an additional condition. He proved a heat kernel comparison and comparison of
radial processes of weaker type, because the semimartingale property of radial pro-
cesses was not proved in [37|. The Laplacian comparison theorem, which asserts
Ar, < (N —1)cot,or, in a distributional sense (see (2.5) below), for Alexandrov
spaces was done by [30] without assuming the additional assumption as in [37], how-
ever a comparison of radial processes of weak type is only announced, because of the
lack of semimartingale property of radial processes. Laplacian comparison theorem on
RCD(K, N)-space was proved by Gigli [19, Theorem 5.14| based on the technique of
optimal mass transport theory. Since RCD*(K, N)-space coincides with RCD(K, N)-
space by Cavalletti-Milman [9], Laplacian comparison theorem holds for RCD*(K, N)-
space (see [19, Remark 5.16] also).

Hereafter we take an RCD* (K, N)-space (X, d, m), which is a geodesic metric mea-
sure space having a notion of lower Ricci bound by K € R together with a notion
of upper bound of dimensions by N € [1,00] (see Subsection 2.1 for the precise def-
inition). Based on the Laplacian comparison theorem on RCD*(K, N)-space, we first
prove the following stochastic expression of the radial process:

(X)) — 7p(Xo) = V2B, + (N — 1) /t cot or,(Xs)ds — Ay (1.2)

holds until X; hits p under the law P, for all quasi-every starting point x € X \ {p}.
Here A, is a positive continuous additive functional. The expression (1.2) is different
from (1.1), because we do not use the notion of cut-locus. Under a condition (R1)
(see Definition 3.5 below) to the reference point p, we can strengthen the statement
so that (1.2) holds for all time ¢ € [0, +o00[ under the law P, for quasi-every starting
point z € X. These statements are very weak in applying, since it has to neglect some
exceptional set among all possible starting points. We further refine the statement so
that (1.2) holds until X; hits p under the law P, for all x € X \ {p}, and it holds for
t € [0, +oo[ under the law P, for all z € X provided p verifies a stronger condition (R2)
than (R1) (see Definition 4.5 for (R2)). These refinements will be done by the global
upper Gaussian estimate for the heat kernel of RCD* (K, V)-space established in [24].
From (1.2), we prove a comparison of radial processes, comparison of heat kernels,
S.Y. Cheng’s eigenvalue comparison theorem and S.Y. Cheng’s Liouville theorem for



sublinear growth harmonic functions. Note that the comparison of radial processes
is not a weak type, because the radial process is a semimartingale in view of (1.2)
provided p verifies the condition (R2).

Let (X,d) be an N-dimensional Alexandrov space with curv(X) > k and N > 2,
which is a metric space having a notion of lower sectional curvature bound by x € R
(see [29,30] and the references therein for the definition of Alexandrov spaces). Then,
for the N-dimensional Hausdorff measure m = H", (X,d, m) is an RCD*(K, N)-space
with K = (N — 1)k as proved by [35] (see [44] and [1] also). Moreover, (X,d, m)
satisfies the Bishop inequality (3.2). In particular, the condition (R2) is satisfied for
any reference point p € X for Alexandrov space (X,d,m) (see Lemma 4.6 and a
comment after it). This means that (1.2) holds for all ¢ € [0, 4o00] under P, for all
points z,p € X for Alexandrov space (X, d).

The constitution of this paper as follows. In the next section we introduce our
framework and state our main result in a simplified form. Most of notations we require
in our argument are summarized there. In Section 3, we will prove a preliminary
version of theorem. We first give a deeper study of the Laplacian comparison theorem,
which will be used in the subsequent section, and prove an expression of the radial
process from quasi-every starting points. The key idea is to realize the Laplacian to
the radial function as a Radon measure. By checking the smoothness of the measure,
we can consider the additive functional corresponding to it. Then we can obtain a
more detailed description of the Fukushima decomposition for the radial process. In
order to refine the preliminary result, we will provide some estimates of resolvent
operators in Section 4. Based on it, we will show that the Radon measure describing
the Laplacian comparison theorem is a smooth measure in the strict sense. The global
Gaussian heat kernel upper bound plays a prominent role there. The proof of our
main theorem will be finished in Section 5. We also discuss some related results.
In Section 6, we will show applications of our main theorem. As mentioned above,
we prove comparison theorems and a Liouville type theorem. Note that, both in
Sections 3 and 5, we state our theorem in two different ways: a weaker expression (up
to the hitting time to the reference point) and a stronger result (beyond the hitting
time) under an additional assumption. In Section 7, we will discuss when we can
obtain our expression of the radial process beyond the hitting time to the reference
point. We consider two situations: The case that the Brownian motion does not hit the
reference point and the case that the assumption of our main theorem for a stronger
result is satisfied. In both cases, we require a detailed analysis based on very recent
results on a local structure of RCD spaces. The reason why we arranged this section
at this position is on this fact. Indeed, the argument looks somewhat different from
the ones in other sections. In our paper, we try to cover general situations among
RCD spaces as much as possible. On the other hand, the case N = 1, where N is the
upper dimension bound of the space, is somewhat exceptional from the viewpoint of
the Laplacian comparison theorem. To deal with this case, we classify such spaces in
appendix by refining the previous result [27].



2 FRAMEWORK AND MAIN RESULTS

In this section, we will introduce our framework and state the main result. In the
next subsection we define the RCD spaces. There are already many papers on RCD
spaces and we try to make our description minimal. In Subsection 2.2, we state our
main results together with a small observation. In Subsection 2.3, we prepare some
properties of RCD spaces which will be used in the sequel.

2.1 FRAMEWORK

Let (X, d, m) be a metric measure space, i.e., (X, d) is a complete and separable metric
space and m is a o-finite Borel measure on X. Suppose that m(B,(z)) €]0, co[ for any
metric ball B,.(z) of radius r > 0 centered at z € X. In particular, suppm = X.
Suppose also that d is a geodesic distance, i.e., for any zg,x7; € X, there exists v :
[0,1] — X such that v(i) = x; (1 = 0,1) and d(y(s),v(t)) = |s — t|d(zo, x1). We call
such v a minimal geodesic joining xy and ;.

To define RCD spaces, we introduce the Cheeger’s energy functional. Let CMP(X)
be the set of Lipschitz functions on X. Let Ch: L?(X;m) — [0, co] be given by

n—oo

D(Ch) :={f € L*(X;m) | Ch(f) < oo},

Ch(f) == inf { tiw [ [Df, [ dm ' fu € CUP(X) N I2(X:m), fu — f in L?(Xnu)} ,
X

where |Dg| : X — [0, 00] is local Lipschitz constant of g : X — R defined by

= @)~ 1)

For f € L?(X;m) with Ch(f) < oo, we have |Df|,, € L*(X;m) such that

Chis) =5 [ ID1Fam. (2.1)

We call |Df|, minimal weak upper gradient of f. To state the precise definition of
|D fl., we need some notions in optimal transport, and it is done in Subsection 2.3 be-
low. We call (X, d, m) to be infinitesimally Hilbertian, if Ch satisfies the parallelogram
law. Note that minimal weak upper gradients also satisfies the parallelogram law if
(X,d,m) is infinitesimally Hilbertian (see [4]). It means that there exists a bilinear
form (D-, D-) : D(Ch) x D(Ch) — L'(X;m) such that (Df, Df) = |Df|?. We denote
the (non-positive definite) selfadjoint operator associated with 2Ch by A. Throughout
this paper, we will assume K € R and N € [1, 00].

Definition 2.1 We call that (X, d, m) is RCD*(K, N) space if it satisfies the following
conditions:

(i) (X,d,m) is infinitesimally Hilbertian.

(i) There exists xo € X and a constant ¢,C > 0 such that V,(zy) < Ce”.
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(iii) If f € D(Ch) satisfies |Dfl|, < 1 m-a.e., then f has a 1-Lipschitz representative.

(iv) For any f € D(A) with Af € D(Ch) and g € D(A) N L>®(X;m) with g > 0 and
Ag € L*(X;m),

5 | 1Dseagam— [ of.pANgaw = K [ DfRgdm o [ (a72gdm

The condition (iv) of Definition 2.1 is a weak form of the Bochner inequality and
it is well known that it holds on Riemannian manifolds with Ric > K and dim <
N. The corresponding characterization by Bakry-Emery Ricci tensor also exists for
weighted Riemannian manifolds. See [7,14] and references therein for more details,
related results and other equivalent conditions. For N < oo, this sort of condition is
first introduced in [19] as RCD(K, N) space. It is an infinitesimally Hilbertian space
satisfying CD(K, N) condition introduced in [42] (see [31] also). As mentioned in the
introduction, recently, F. Cavalletti and E. Milman [9] show that RCD(K, N') condition
is indeed equivalent to RCD*(K, N) condition.

When N =1, we may (and will) assume K = 0 because RCD* (K, 1) space (X, d, m)
is isomorphic to R, [0, +oo, S'(r) = {(z,y) € R? | 22+y? = r?} for some r > 0, or [0, /]
for some ¢ > 0 and m is the one-dimensional Hausdorff measure (see Proposition A.1
below; This is a refinement of [27]).

Let £ := 2Ch and F := D(Ch). Then (&, F) is strongly local regular Dirichlet
form. Indeed, quasi-regularity is shown in [2] when N = co and the regularity follows
from the facts that Lipschitz functions in L?(X;m) is dense in F with respect to the
Sobolev norm || - ||z (see [5]) and that (X, d) is locally compact by the Bishop-
Gromov inequality in the next subsection. The condition (ii) of Definition 2.1 ensures
that (£, F) is conservative (see [3, Theorem 4.20]). We bring several concepts and
notations in the theory of Dirichlet form from [17].

2.2 MAIN RESULTS

For p € X, let the radial function r, : X — R be given by 7,(x) := d(p, x). Let

K
k=<K N—-1
0 V=1,

s.(t) == sin(v/kt)//k and cot,(t) := (logsk(t)) = s).(t)/sx(t). We interpret so(t) as
lim,, 0 5,(t)(= ).

Let X = (2, M, (X¢)t>0, (P2)zex) with a filtration (% )0 be the diffusion process
canonically associated with (£, F). Let o, be the first hitting time of X to {p}. Our
main theorem is a stochastic expression of the radial process r,(X;). A simplified
version can be stated as follows:

Theorem 2.2 (Stochastic expression of radial process (simplified version))



(i) For all x € X \ {p}, there exists a positive continuous additive functional A; in
the strict sense and a one-dimensional standard Brownian motion B such that

rp(Xe) —1p(Xo) = V2B, + (N —-1) /t coty, orp(Xs)ds — Ay (2.2)

holds for all t € [0, o[ Py-a.s.

(ii) Suppose (R2) in Definition 4.5 below holds. Then (2.2) holds for all t € [0, +o0o[
P,-a.s. for all x € X. In particular, r,(X;) is a semimartingale.

Readers may wonder how restrictive the condition (R2) is. Indeed, it is not extremely
restrictive since m-a.e. p € X verifies (R2) when the space is not essentially one-
dimensional (see Proposition 7.2 below).

A version of Theorem 2.2 for f(r,(X;)) with f € C*(R) (Theorem 3.11) admitting
only q.e. starting points is shown in Section 3. As a corollary of it, we extend the
Laplacian comparison theorem (Corollary 3.13). By using it, we will show the full
version (that is, for f(r,(X}))) of Theorem 2.2 (Theorem 5.3). Note that Corollary 3.13
completely extends the one proved in |37, Theorem I| on a class of Alexandrov spaces.

2.3 BASIC PROPERTIES

As mentioned after Definition 2.1 above, RCD condition extends the class of spaces
from Riemannian manifolds with a lower Ricci curvature bound. Indeed, many geo-
metric or analytic properties on Riemannian manifolds are extended to RCD*(K, N)
spaces. We would like to review some of them which will be required in this paper.
First we see geometric properties for diameter and volume growth:

e (Bonnet-Myers theorem) When K > 0,

diam(X) < % (2.3)
where diam(X) := sup, ,cx d(z,y).
e (Bishop-Gromov inequality) For 0 < r < R < w/\/ky and z € X,
VR(l') ‘_/R
< — 2-4
Vi) ST 24

T

where V, := / sY 1 (u) du. Note that V, under N € N differs from the volume

K

0
of a metric ball or radius r on a space form up to a multiplicative constant.

These are indeed a consequence of the measure contraction property MCP(K, N) in
[34, 42| which is weaker than RCD*(K, N) condition (see [10,14]). Note that the
Bishop-Gromov inequality implies that m satisfies the volume doubling property locally
uniformly, that is, for each R > 0, there exists Cp > 0 such that m(By,(z)) <
Cpm(B,(x)) for any x € X and r < R. As an important consequence of this property,



(X, d) is locally compact. Thus RCD*(K, N) space is compact if K > 0 by the Bonnet-
Myers theorem.

We turn to analytic properties. The most important one in relation with our result
is the following Laplacian comparison theorem: When N > 1, we have r, € FiocNC(X)
and

E(rp,v) > —(N — 1)/ cot o, vdm (2.5)

b's
holds for any v € CHP(X \ {p}), (see [19, Corollary 5.15]). We will extend this
in Proposition 3.7 below. Next we mention some properties of minimal weak upper
gradient. It is immediate from the definition that

[Dflw < [Df] (2.6)
holds for f € CYP(X) N L*(X;m). For r,, |Dr,| < 1 obviously holds and in addition
|Drply, =1 m-a.e. (2.7)

(see [19, The proof of Corollary 5.15]). Let (P;);>0 be the semigroup of contractions on
L?(X;m) generated by A, which can be extended to contraction operators on LI(X;m)
for 1 < ¢ < co. As in Bakry-Emery theory based on the Bochner inequality, P, satisfies
the following L!-gradient estimate:

IDP.f| < e P(Dfl,) for f € FNL*(X;m) (2.8)

(see [39, Corollary 4.3]). It should be remarked that a local Lipschitz constant appears
in the left hand side. P, can be expressed as integral operator (see |2, Section 7.1];
see [4] also), and its density (or the heat kernel density) p;(x,y) satisfies the following
Gaussian heat kernel upper bound: There exists Cy,Cy, C3 > 0 such that, for t > 0
and z,y € X,

Cl ( d(ZE,y)Q
exXp | —

ot cgt) (2.9)

<
pt(x7y) — V\/E(I)
(see [24]). In particular, our diffusion process X satisfies the absolute continuity con-
dition in [17, Section 4.2].
Before closing this subsection, we introduce some notions in optimal transport.
Note that these are used only in Section 6. The L?-Wasserstein distance Wa(puq, 1)
between two probability measures g, 1 on X is given by

WZ(NOMM)Q := inf {/ d(x,y)2 dﬂ(wuy) T E H(:uonul)} )
XxX

where II(po, pt1) is the set of couplings of 1o and py. That is, m € TI(uo, 1) means that
7 is a probability measure on X x X and that 7(A x X) = po(A), 7(X x B) = u1(B)
for A, B € #(X). In duality with Bakry-Emery’s L?-gradient estimate we have the
following estimate in W5 of heat flows:

Wa(uo Py, 1 Pr) < e 5 Wa (o, 1), (2.10)
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where 1; P; is a dual action of P, to a probability measure p; on X (i = 0,1) (see [2,
(7.2)]). For t € [0,1], let e; : C([0,1] — X) — X be the evaluation map given by
e:(y) == y. We say that w € Z(C([0,1] — X)) be a 2-test plan if 7 is concentrated
on 2-absolutely continuous curves AC?((0,1) — X), there exists C, > 0 such that
(er)ym < Crm for all ¢ € [0,1], and

/(] 1 i ds ) () < o0

(see [19, Definition 2.4]). We call that a Borel measurable function f : X — R belongs
to 2-Sobolev class if there exists G € L?(X;m) such that

/ Fn) = F)l () < / / G(e)lul ds ()

for any 2-test plan. We call G (2-)weak upper gradient. It is known that there exists
a minimal G in m-a.e. sense for each f in 2-Sobolev class (see [3, Section 5]). We call
such G minimal weak upper gradient and denote it by |Df|,. It is also known that
f € D(Ch) belongs to the 2-Sobolev class and we have (2.1) (see |3, Section 6]). Note
that |Df|? or (Df, Dg) enjoys the Leibniz rule and the chain rule. See [3,4,19] for
more details and other properties of |D f|,.

3 LAPLACIAN COMPARISON AND ITS APPLICATIONS

In this section, we will extend the Laplacian comparison theorem in order to apply it to
our problem. Proposition 3.9 and Corollary 3.13 are main assertions in this direction.
On the way, we also show a preliminary version of our main theorem (Theorem 3.11).

We begin with the following auxiliary lemma. We give a proof for completeness,
but it is well-known for experts.

Lemma 3.1 m has no atoms.

Proof. Let p € X. Since (X, d) is a geodesic space, we have ¢, € X with d(p, q,) =
1/n for each sufficiently large n € N. By the Bishop-Gromov inequality (2.4),

VinJrl)/n2 anl/n2 (Q)
Vim0

Vin—1ym2(q) + m({p}) < Vips1)/m2(q) <

Thus we have

Vn n? Vn n2

(n—1)/n? (n—1)/n?

Since lim, o V,/rY = 1 and V,(p) < oo, the conclusion follows by letting n — oo in
the last inequality. O

The next lemmas are required for studying Laplacian comparison theorems.



Lemma 3.2 Fiz q € [1,+00[ and suppose cot,,or, € L}

10c<X; m)
(1) limy, oo nqm(B%(p)) = 0 holds. In particular, we have N > q.
(ii) If ¢ > 2, then {p} is polar.

Proof. (i): Since coty(t) ~ 1/t as t — 0, cot,or, € Li_
Ll (X;m). Hence

loc

(X;m) implies 1/r, €

Applying this with Lebesgue’s dominated convergence theorem with Lemma 3.1 in
mind, we see

ntm(By (p)) <

dm
—q—>0 as n — oo.
B (p)

1
n

Applying the Bishop-Gromov inequality (2.4), we see

m(Bx(p) >V

3=

This yields N > gq.
(ii): For the polarity of {p}, it suffices to prove Cap({p}) = 0 by [17, Theorems 4.1.2
and 4.2.4]. From [17, Lemma 2.2.7(ii)|, we have

Cap({p}) = inf{&(f, f) | f € CP(X), f =1 on p}
< &E((1=nrp)g, (1 —nry)y)
:/ n2|DTp|2dm—|—/ (1 —nrp)% dm
B1(p) B1(p)

(p) < (n!+1)m(Bi(p)) =0 as n— oc.

1 1
n n

1
n

< (n*+1)m(B
Hence the conclusion holds. O

1

Lemma 3.3 cot,or, € L,

(X \ {p};m). In particular, r,cot,or, € Ll (X;m).
Proof. When N = 1, we have cot,or, = r, 1 and hence the assertion obviously
holds. Thus we consider the case N > 1. The latter assertion, the local integrability
of r,cot, or,, comes from the fact that ¢|cot,t| < 2 for sufficiently small ¢ > 0. If
x < 0, there is nothing to prove, because cot, or, is bounded on any compact subset
of X'\ {p}. Thus we consider only the case k > 0. Recall the Bonnet-Myers’ diameter
bound (2.3). If sup,cx d(p, ) < 7/+/k, again the assertion obviously holds. Let us
suppose that there is p’ € X with d(p,p’) = 7/\/k. Then the problem is reduced to
show

d
/ LN (3.1)
B, aym @) sin(rpv/k)

and this is indeed shown in the proof of [19, Lemma 5.11]. OJ



Remark 3.4 The assertion of Lemma 3.3 remains true even if (X,d, m) satisfies
merely MCP(K, N)-condition instead of RCD(K, N) condition.

We now introduce a condition which ensures the Laplacian comparison of 7, on the
whole X instead of X \ {p}. In other words, it ensures a stochastic expression of r,(X})
beyond o,

Definition 3.5 We say that p € X verifies the condition (R1) if cot,, or, € Li.(X;m).

loc

We will give a sufficient condition for (R1) in terms of volume growth exponent.

Lemma 3.6 Fiz g € [1,+o0[. Suppose that there exist C > 0 and €,5 > 0 such that
V.(p) < Crete for all r €]0,5[. Then % € LL (X;m). In particular, (R1) holds if this
assumption is verified for some q.

Note that the assumption in Lemma 3.6 holds if the Bishop inequality

m(B.(p) < waVi (r € [0,7/ 7] (3.2)

holds, where wy := 7¥/2/T'(1 + N/2). In particular, for N € N, it holds on N-
dimensional Alexandrov spaces (X, d) with m = HY (see [43, (1.3)]), or more generally,
on any N-dimensional Alexandrov space (X, d) with N > 2 equipped with the weighted
measure m = e VHY on X, where V : X — R is lower semi-continuous. Note here
that there is no need to require the RCD-condition for the weighted Alexandrov space
(X,d, m) in showing Lemma 3.6.

Proof. The second assertion follows from Lemma 3.3. For the first one,

dm °°/ dm & (2">‘1
— = — < — ) Vs (p)
/Ba(p) rg ; {d/2n<rp<é/2n—1} rfq’ n=1 0 e
o0 on\ 4 ) qte o0 1\"
< i = C27(20)° =
<o (5) (55) —erery(y) <

and thus the conclusion holds. O

Proposition 3.7 (Laplacian comparison I) We have 1, € Foc N C(X) and (2.5)
holds for any v € CEP(X\{p});. If (R1) holds, then (2.5) holds for any v € CHP(X),.

Proof. As mentioned in Subsection 2.3, the first assertion is already proved when
N > 1. The case N = 1 can be shown easily since (X, d, m) is very much specified (see
Proposition A.1 below). We now prove the latter assertion. The condition cot, o1, €
Li . (X;m) excludes the case N = 1 by Lemma 3.2. Note that the both sides of
(2.5) are always meaningful for v € CYP(X) under (R1). Take v € CHP(X),. Set
vp i=v(l —1A(2—2nr,);). Then v, € C¥P(X \ {p}). Applying Lemma 3.2 together

with Lemma 3.3, we have
|E(rp, v —1vy,)| < / |ID(1A (2 —2nr,)4)v|dm
X

g/ ]D(l/\(2—2m"p)+)\-\v\dm+/ IDu|(1A (2 = 207y, ) dm

= 2|[v]loc nm(B1(p)) + | Dv[lscm(B1(p)) = 0 as n — oo
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and
|(coty 07p, U — Uy )| < / | cot,or,|(LA (2 —2nry,)4)|v]dm
X

< HUHoo/ | cot, or,|dm — 0 as n — oo.
B1(p)

Clearly, v,, > 0 under v > 0. Therefore, we obtain

E(rp,v) = lim E(rp,v,) > —(N — 1) lim (coty, 07y, Vy)m > —(N — 1)(cot, 07p, V)

n—oo n—0o0

for v € CHP(X),. O

Remark 3.8 The proof of the first assertion of Proposition 3.7 including the case
N =1 can be done alternatively along the method of the proof of [30, Proposition 3.1]
(see [19, Remark 5.16] also) based on the fact that Cheeger’s Lipschitz differentiability
theorem remains valid for RCD*(K, N)-space for K € R and N € [1,400[. Cheeger’s
Lipschitz differentiability theorem over RCD* (K, N)-space for K € R and N € [1, +00]
follows from the volume doubling condition for m and a local weak (1,1)-Poincaré
inequality. Note here that a local weak (1,1)-Poincaré inequality for CD(K, co)-space
was proved by Rajala [36, Theorem 1.2] and RCD* (K, N)-space for K € R and N €
[1,400[ is an RCD(K, 00)-space by [14, Theorem 7].

Let Sp(X) or So(Xx\(p}) be the family of positive smooth measures of finite energy
integrals associated to (&, F) or the part (Ex\(p}, Fx\(p}) of (€, F) on X\ {p} (see [17,
Section 2.2])) respectively, i.e., v € So(X) (resp. v € So(Xx\(pp)) if and only if there
exists C' > 0 such that

/ vldv < Cy/&(v,v) for  ve FNC(X) (resp. v € Fx\(py NCe(X \ {p}).
X

For v € Sy(X) (resp. v € So(Xx\(p})) With a > 0, there exists Uy € F (resp. Uav €
Fx\(py) such that £, (Uav,v) = (v,v) for any v € FNC.(X) (resp. v € Fx\py NCe(X\
{p}), which is called the a-potential of v with respect to (£, F) (resp. (Ex\(p}, Fx\{p}))-
Let S(X) or S(Xx\(p}) be the family of positive smooth measures (see [17, Section
2.2|) associated to (€, F) or the part (Ex\(py, Fx\(p}) of (€, F) on X \ {p} (see [17,
Section 4.4])) respectively. It is known that for any pu € S(X) there exists a positive
continuous additive functional A} (PCAF in short) admitting exceptional set such
that

1 t
(fu,v) = Pné ;Evm [/ f(XS)dA‘;} for any ~-excessive function v (y > 0) (3.3)
- 0

(see [17, Theorems 5.1.1-5.1.4]). The relation u € S(X) <> (A}');>o characterized by
(3.3) is called the Revuz correspondence. By definition, if for any relatively compact
open subset G satisfying G C X (resp. G C X \ {p}), 1gv € So(X) (resp. v €
So(Xx\(p})) holds, then v € S(X) (resp. v € S(Xx\(p}))-
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Proposition 3.9 (A realization of Ar,) (i) There exists a positive Radon mea-
sure v on X \ {p} such that

E(ry,v) + (N — 1)/

Cotmorpvdm:/ vdv (3.4)
X

X

holds for v € CHP(X \ {p}). If (R1) holds, then v can be regarded as a positive
Radon measure on X such that (3.4) holds for v € CYP(X) and v({p}) = 0.

(i) The positive Radon measure v specified in (i) belongs to S(Xx\(py). In addition,
| cotory|m € S(Xx\(p}), 7p| cotyory|m € S(X) and rpv € S(X). If (R1) holds,
then | cot, ory|m € S(X) and v € S(X).

Proof. (i): Set L := CMP(X \ {p}) and I(v) := E(rp,v) + (N — 1) cot, 07y, V)m
for v € L. Then L is a vector lattice satisfying that v € L implies u A1 € L.
Lemma 3.3 implies I(v) < oo for any v € L. We claim that I is a Daniell integral.
That is, for v € L, w > 0 implies I(u) > 0, and for uw, € L with u, > u,11 > 0,
lim,, oo w, = 0 implies lim,, o I(u,) = 0. The former property is an immediate
consequence of Proposition 3.7. For the latter one, take such a sequence {u,},. Then
{tn }n uniformly converges to 0 as n — oo and supp|u,] C supp[ui] C X \ {p}. Take
v € CHP(X) such that v = 1 on supp(us]. Then 0 < I(u,) < |[tnlocl(v) — 0 as
n — oo. Thus the claim holds. It is known that the Daniell integral on L admits a
measure v on the Baire o-field %,(X \ {p}) generated by L (see [13, Theorem 4.5.2],
11,32, 38]), that is,

I(v) = /Xv(:c) v(dz) for any v € L.

Since L is dense in C.(X \{p}), the Baire o-field %,(X \{p}) coincides with B(X \{p}).
Take any compact subset K of X\ {p}. Let w € L = C}*(X\{p}), such that w = 1 on
K. Then 1x < w on X \ {p} implies v(K) < [, w(z) v(dz) = I(w) < co. Therefore
the former assertion holds. Under cot, or, € L} (X;m), the proof of the existence of
a positive Radon measure v on X satisfying (3.4) for v € CHP(X) is similar as above.
By using Lemma 3.2, we have

v({p}) < /B )

1
n

= E(rp, (1 = nrp) ) + (N = 1)(coty 01y, (1 = n7p) 4 )m

< n/ (Dry, Dry) dm + (N — 1)/ cot, o, dm
B1(p) Bi(p)

1 1
n n

IN

nm(B (p))+(N—1)/ cotyor,dm —0 as n — oo.

B%(P)

3=

Hence v({p}) = 0 follows.
(ii): Firstly, we prove that v € S(Xx\(p1). We may assume N > 1, because the proof
for the case N =1 can be an easy modification of it. Note first that |cot, or,|m is a
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positive Radon measure on X \ {p} under N > 1 by Lemma 3.3. Thus it suffices to
show that v charges no set of zero capacity. Let G be a relatively compact open set
satisfying G C X \ {p}. Then there exists a constant C; > 0 such that

/ lv] dv < CG\/E(U,U) +/ v2|cot,omy|dm  for v € CHP(G). (3.5)
X X

Indeed, since |Dr,| <1 on X, we have

Erp Jo])] = \ / <Drp,D|v|>dm\ < [ 1n- 1D} am

< (@), /X IDJol|2 dm < v/m(G)vE(w, 0)

(N —1)|(coty orp, |U|)m| < (N — 1)\// |cot,iorp|dm\// v?| cot, or,| dm.
G X

Then the claim holds with Cg = /2 <\/m(G) + (N — 1)\/fG | coty, o7y dm). (3.5)

implies that v charges no exceptional set with respect to the part space (£g, F¢) on
G for the Dirichlet form (£, F) on L?(X;|cot, or,| m) associated to the time changed
process (X X\{p} | cot, 0 Tp| m). Note here that polarity with respect to X\ g, is equiv-
alent to the polarity with respect to (X X\{p}, | cot,, orp| m). Consequently, v charges
no exceptional set with respect to Xx\(p3 in view of [17, Theorem 4.4.3(ii)], which
implies v € S(Xx\{p})-

Secondly, we show |cot, or,|m € S(Xx\(py) and r,|cot, or,|m € S(X). We con-
sider only the latter one since the former one can be shown in the same way. Recall
that r, cot, or, € LL (X;m) holds by Lemma 3.3. With the aid of this, we can show
that rp| cot,, o7,| m is a positive Radon measure charging no exceptional set in a similar
manner as we did for v € S(Xx\ (). It implies r,| cot,, o7, € S(X).

Thirdly, we prove r,v € S(X). Let G be a relatively compact open set. For
v e Chr(G),

and

E(ry.lolry)] = ] [ r,.Dlet,) dm] < [ 1Dl am

g\//Grgdm\//X\D|v||2dm+ \/m-w//GUQdm

< \// rzdm+m(G) - /& (v,v)
G

and

(N —1)|(coty ory, [v|rp)m| < (N — 1)\// 7p| COty 01| dm\// v2r,| cot,, o rp| dm.
G X

13



These inequalities imply

/X lv|r, dv < C’G\/&(v,v) —i—/XU27’p|cot,{orp\dm for v e CHP(Q) (3.6)

with Cg := /2 (\/fc rzdm+m(G) + (N — 1)\/fc rp| coty o1yl dm). So we can con-
clude that the Radon measure 7, charges no exceptional set with respect to X by the
same argument as above. This implies r,v € S(X).

Finally we prove the last assertion. Under (R1), |cot, or,|m is a positive Radon
measure on X. The assertion | cot, or,|m € S(X) follows from the fact that any Radon
measure charging no exceptional set belongs to S(X). By (i), we know v({p}) = 0.
Since v is a positive Radon measure on X, v is decomposed into the sum vy + 1y, v of
a positive Radon measure vy € S(X) and an exceptional set N, by [18, Lemma 2.1]|.
Since v € S(Xx\(p}), we see (N, \ {p}) = 0. Combining this with v({p}) = 0, we
obtain v = 1y € S(X). O

Remark 3.10 Under k < 0 or diam(X) < n/vk*, we can see from the proof of
Proposition 3.9 (i) that for any relatively compact open subset G satisfying G € X \{p},
lgv € So(X¢g) and 1g|cot, ory,|m € So(X¢) because of cot,or, € Lo (X \ {p};m).
If there exists a point p' € X with d(p,p’) = w/\/k under k > 0, then 1gv € So(X¢g)
and 1¢g|cotgor,m € So(Xg) hold for any relatively compact open set G satisfying

GcX\{pr}

We are now ready to prove a version of our main theorem corresponding to Theo-
rem 2.2. Let A} be the PCAF associated to v € S(Xx\(p}) (see [17, Chapter 5]). We
use the same symbol A} for the PCAF associated with v € S(X).

Theorem 3.11 (Stochastic expression of radial process I)

(i) There exists a martingale additive functional B in the strict sense behaving as
a one-dimensional standard Brownian motion under each P, and a continuous
additive functional N in the strict sense locally of zero energy such that

rp(X:) — rp(Xo) = V2B, + N,” (3.7)
holds for all t € [0, 00[ P,-a.s. for every z € X.
(ii) For f € C*(R),

() — flr,(X0)) = V2 / P X aB.+ /tf”(rp(Xs))dS

N —-1) /f rp(Xs)) cot( ds—/ f'(rp(Xs))dAY (3.8)
holds for all t € [0,0,] Py-a.s. for qe. x € X \ {p}. In particular, f(r,) is

a semimartingale up to o,. If (R1) holds, then (3.8) holds for all t € [0, +00]
P,-a.s. for q.e. v € X. In particular, f(r,) is a semimartingale.
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Proof. (i) Since 1, € CYP(X) C Fo. N C(X), we have the Fukushima decomposition
under X by [17, Theorem 5.5.1]:

rp(Xe) —rp(Xo) = M* + N, te[0,+0], P,-as. (3.9)

for q.e. # € X. Here M,” (resp. N,;”) is a martingale additive functional locally of finite
energy (resp. continuous additive functional locally of zero energy) and both of them
are local additive functionals and the decomposition is unique up to the equivalence
of local additive functionals with respect to X (cf. [17, Theorem 5.5.1]). According
to (2.7), the energy measure p,,y = 2|Drp|2 m with respect to X satisfies () = 2m
on X. Since X is a conservative diffusion process and m is a smooth measure in the
strict sense (i.e. m € S;(X), see Section 5 for S;(X)), we can apply [15, Theorem 2.1]
so that (3.9) holds for all # € X, and M,” and N,” can be redefined as local additive
functionals in the strict sense. The quadratic variational process (M) of M under
X satisfies (M"™), = 2t. This implies that there exists a one dimensional standard
Brownian motion B, under P, for all x € X such that M,” = V2B, t € [0, +00[ under
P, for all x € X in view of Lévy’s Theorem.

(ii) We first prove (2.2) with A; = A} holds for ¢ € [0, 0,[ P,-a.s. for q.e. x € X \{p}.
Recall that | cot, orp|m € S(Xx\ ) by Proposition 3.9 (ii). Next we set p1 1= g — o
with p; == v + (N — 1)cot, orp,m € S(Xx\(p}) and pp == (N — 1)cotfor,m €
S(Xx\(py). Here cot;f(t) := max{cot,(t),0} and cot, (t) := max{—cot,(t),0}. Then
we see

E(rp,v) = /de,u for v eCH(X\ {p}).

Applying [16, Theorem 6.3] or [17, Corollary 5.5.1] to the signed Radon smooth mea-

sure = fi1 — o,
t

N;® = (N — 1)/ cot, orp(Xs)ds — A (3.10)
0

holds for ¢ € [0,0,[ under P,-a.s. for q.e. z € X \ {p}. Therefore, (2.2) holds for
t € 10,0, Py-as. for q.e. € X \ {p}. Since X is a diffusion process, o, is predictable
(Ft)r>0-stopping time. Thus there is an increasing sequence {0} } of (.#;);>-stopping
times such that o) < 0, and lim,, , 0] = 0}, hold under P, for all z € X. Since (2.2)
holds for all ¢ € [0,0,[ under P, for q.e. x € X \ {p}, t = r,(Xinon) is an (F)io-
semimartingale under P, for q.e. z € X \ {p}. Applying It6’s formula to r,(Xiron),
we can deduce that (3.8) holds for ¢ € [0, 0,[ P,-a.s. for q.e. x € X \ {p}.

Under (R1), we already know v € S(X) and | cot,, or,| m € S(X) by Proposition 3.9
(ii). Then one can deduce that (2.2) holds for all ¢ € [0, +oo[ P,-a.s. for q.e. z € X.
Here we use the conservativeness of X under RCD*(K, N)-condition for (X, d, m). (R1)
also implies that we can decompose cot, or, into the sum of an integrable function
and a continuous function. Thus, by virtue of the Fubini theorem together with L!-
contraction of the heat semigroup P, t — f; coty, 01,(X5) ds is of bounded variation

P.-a.s. Hence the conclusion follows by the applying the It6 formula as we did in the
proof of (i). n
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Remark 3.12 On Riemannian manifolds, we can decompose A" as follows:
t
A = / ((N —1)cot, ory(Xs) — Ary(X;)) ds + Ly,
0

where L; can be regarded as the local time at the cut locus of p (see [12,26]). It is
not clear whether we can have the same sort of expression. One difficulty may arise
from the fact that the cut locus (we may be able to define it somehow) can be dense
i X in RCD spaces. It is also not clear whether we can separate L; and the additive
functional corresponding to Ar, or not.

As a first application of Theorem 3.11, we can extend the Laplacian comparison
theorem as follows:

Corollary 3.13 (Laplacian comparison IT) We have the following:
(i) For f € C*(R),
E(f(rp),v) = (f o rpv,v) = (5, (77 ') © 1, V) (3.11)
holds for any v € CHP(X \ {p}). If (R1) holds, then (3.11) holds for v € CYP(X).
(i) For f € C*(R) with f'(t) >0 fort >0,
E(f(rp),v) = (8,7 (577 ) © 7, V) (3.12)

holds for any v € CEP(X\ {p}),. Moreover, (3.12) holds for v € C¥P(X), under
(R1).

To prove Corollary 3.13, we need the following lemma holding for general regular
Dirichlet forms:

Lemma 3.14 Let A} be a PCAF admitting exceptional set associated to a Radon
measure p € S(X). Let G C X be a relatively compact open nearly Borel. Suppose
that 1 € So(X¢). Then for any f € C(X)

1 t
(fu,vy = 111% EEW [/ f(Xs)dAY : t < 76 for ve FaNCG),
- 0

where ¢ s the first exit time from G of X.

Proof. Inview of [17, Lemma 5.1.10 (ii)] with [17, Theorem 5.1.3 (i)« (iii)|, ¢t — Af,,,
is a PCAF with respect to X associated to 1gu € So(X¢) (see also [17, Lemma 5.5.2
(iii)] for the additivity of ¢ — A}, ). Applying [17, Theorem 5.1.3 (iii)<(vi)| to Xg,
under 1gu € So(Xg), we have that

(Fj1.0) = lim 15, { / F(X dAzMG}
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holds for any v € Fg N C.(G). Note here that (u,|v]) < oo for v € Fg N C(G).
Applying [17, Lemma 4.5.2(i)| to X, we have

lim Py (> 76) = + /G w(2)2(1 = PO1(x)) m(dz) = 0 (3.13)

t—0 ¢ t

because our process X has no killing inside, where (P);> is the transition semigroup
of X4. With keeping this fact in mind, we have

E'”"“ {/ [F(X ’dAs/\Tc t= TG} <sup |f(z)]- 1 UU(XO)’AH\TG [ TG}

zeG

< sup|f(a) \\// o))y TPt > )

Because 1qu € So(X¢) implies that ¢ — A}, . is a CAF of zero energy with respect
to X¢ (see [17, pp. 245]), the right hand side of the last inequality converges to 0 as
t — 0. Therefore, we obtain the desired conclusion. [l

Proof of Corollary 3.13. (ii) is a simple consequence of (i). We only prove (i).
First we suppose £ < 0 or diam(X) < 7m//k under £ > 0. Take v € CLP(X \ {p}).
Let G be relatively compact open sets satisfying supp[v] C G € G € X \ {p}. We can
construct 7§’ € CHP(X \ {p}) such that r, = r§ on G. Note that we have

llm Eym[/f )) dB; t<7'(;}—11m Evm[/f X)) dBs i t > 16

because t — fg J'(r$ (X)) dB; is a martingale additive functional of finite energy and

t

. - 1/..G .
11_{% ; Eym (r, (X,))dBs : t > Tgl
1 ! I 1
; - /(-G _
< lim | S En (/0 f(rs (Xs))st) \/tRﬂm(t > 7¢)

— lim \// F/(rG))?dm -0 =0 (3.14)
G
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holds by virtue of (3.13). From (3.8) and (3.14), we see that
)

E(f(rp),v) = E(f(ry),v
— Jim OiEm [(F(r§ (X)) = FrS (X)) £ < 7]
_E%tE /Of’ ))dAY — f/f dB,
- —1/f }) cotn(r9(X,.)) du
/f” ) du - t<m}
= lim 1By [ / FrS(X,)) dAY
(N 1) /f }) cotu(rS(X,)) du

/f// du t<71g
= (f'(r;)vv) = (N = 1) f'(r) cotu(r)) + f" (), 0)m

= (f'ompv,v) = (s, (s ' f) 0 1 V),

where we use Lemma 3.14 under 1¢ v € So(X¢), 1¢| cot, orp|m € Sp(X¢) and 1gm €
So(X¢) by Remark 3.10 in the fifth equality. Then we obtain (3.11) for v € CHP(X \
).

Next we assume that x > 0 and there exists a point p’ € X such that d(p,p’) =
7/+/k. In this case, we can show that 15v € Sy(X¢), 1| cot,or,|m € So(X¢) and
1gm € Syp(Xg) for any relatively compact open set G satisfying G € X \ {p,p'}
by Remark 3.10. Then we obtain (3.11) for v € CHP(X \ {p,p'}). The proof of
(3.11) for v € CHP(X \ {p}) under xk > 0 can be done by approximating v by v, :=
vip(1—1A(2—20ry).), where v, is a function similarly defined for the point p’ instead
p as in the proof of Proposition 3.7. Note that p’ verifies the condition (R1) in view of
(3.1). Indeed, the convergences

lim E(f(r,),v —v,) =0 and lim(s.~

L—o0 £— o0

K ( Al 1f) 0 Tp, U = V) =0
hold similarly as in the proof of Proposition 3.7. Moreover,

(' (ro)v, v = ve)| < (1F(rp) [, (LA (2 = 2Lry) ) |v])

< [Jvflse S [/ (rp(@))[v(B1(p) =0 as £ — oo,

because limy_, o, I/(B% (p')) = v({p'}) = 0. Thus we obtain (3.11) for v € CLP(X \ {p}).

The proof of (3.11) for v € CHP(X) under (R1) can be done by approximating v
by v, = vi)(1 — 1 A (2 — 2nry),4), where v, is the function defined in the proof of
Proposition 3.7. The proof is similar as above. We omit it. 0
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4 ESTIMATES INVOLVING THE RESOLVENT KERNEL

Let (Ra)a>0 be the resolvent operator of A with the integral kernel v,(x,y). In this
section, we consider some regularity properties of v (Lemma 4.4 and Proposition 4.7
below) which are used in Section 5 for a refinement of Theorem 3.11. We begin with
the following proposition.

Proposition 4.1 Let v be the smooth measure specified in Proposition 3.9 (i). Then
we have the following:

(i) There exists o > 0 such that, for p € CEP(X \ {p})4,

sup /X ta(z,y)e(y) v(dy) < oo

x€supp|y)]

and

sup / ta(2, y)p ()] coty 0 7, (y)| m(dy) < oo.
xesupplp] J X

(ii) There exists a > 0 such that, for ¢ € CHP(X),,

sup /X ol 1) (y)ry () (dy) < 00

z€supp|y]

and

sup / to(z,y)e(y)rp(y)| coty, oy (y)| m(dy) < oo.
z€supplp] J X

We begin with a basic estimate. By (2.9) and the definition of t,, for any measurable
g : [0, +o00[— [0, +o0],

/Xra(:c,y)g(rp(y))w(y) v(dy)zfoooe‘“t (/ (z,9)g(r, (1)) V(dy)) a

Pt
< [Th (Lo (FU58 ) stntmet vian) ar. w1

Since exp(—r2/(Cat))p € CHP(X \ {p}) € FNL®(X;m) and |Dr,| < 1 for any z € X,
the definition of v together with (2.6) yields

0< /X exp (— d(g’j)2> e(y) v(dy)

2 r2
= /X <D (exp <_C_2t) w) 7D?“p> dm+ (N — 1)/Xcot,.€(rp)exp (_C_Qt) @ dm
<2 " pdm / i |Dy| dm
— /r’ — [—
=0t J TP\ T ) 7 P\ T ) Y

+(N—1) /X coty (1) exp (—é—;) o dm. (4.2)
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From (4.2), we have

ra
N — 1)/X|Cot,{(rp)|exp (—02t> pdm

< 2 Ty e i dm+/e ry |De|dm
— cexp | ——— X
=0t )PP\ T ) P T ) Y

L AN —1) /X cot (r,) exp ( ij ) o dm. (4.3)

Similarly, (3.11) with f(t) = t* and v = g exp(—r2/(Cst)) yields

r2
0 §/Xexp( C’t) 2rppdy
r2 )
— D =z D d
f (2 (o (=) o) 2z am
r2 r2
+2(N—1)/ercot,£(7’p)exp< Cgt) godm—i—?/xexp( 02t> pdm
4 r? r?
< Ciil erexp <_C_;Ct> rpgodm—l—Q/)(eXp( ot ) |Deplr, dm

2 2
+2(N — 1)/ercot,€(7“p)exp ( e t) edm + Q/Xexp ( £t> edm. (4.4)
From (4.4), we have

2
2(N—1)/rp|cot,€(7’p)|exp< i )godm
. Cot
<4 i dm+2/ "2\ | Dglr, dm
—_— Ty €X —_— T ex —_— T
= 0ot J TP\ T ) Y P\ Ty ) R

2 2
+4(N — 1)/ rp cott (r,) exp ( i ) pdm+ 2/ exp ( i ) edm. (4.5)
X Cat X Cot

Note here that cot; or, is bounded from above by a positive constant on supply]
for o € CLP(X \ {p});. Thus (4.2) and (4.3) imply that there is a constant C, =
C(p, p) > 0 satisfying

/ e ( . ) dv < C, / e ( e ) dm (4.6)
xp (| —=% xp | ———F— , )
X P Cot 4 o ﬁ A1 Jsupple] P (02 + 1)t

/ep( TQ)cp\cot or,ldm < Cr / ep( e )dm (4.7)
X X — :
X Cot P \/—/\1 supp[e (02+ )

for all © € supp[p] and ¢ > 0. Similarly, since r,cot,} or, is bounded from above
above on supplp| for ¢ € CHP(X), (4.4) and (4.5) imply that there is a constant

Cy = Ci(p, p) > 0 satisfying
C’ / ( 2 )
exp | ——=——— ) dm, (4.8)
1 Jsupply] (C2 + 1)t

2

r? ) r
exp ory| cot, ory| dm < exp (——x) dm  (4.9)
/X ( Cot ) 7F P suppls] (Cy+ 1)t




for all ¢ € CHP(X) ., x € supp|p] and ¢ > 0.
By combining (4.6)—(4.9) with (4.1), we can reduce the proof of Proposition 4.1

into the following two lemmas, by taking o > C5.

Lemma 4.2 For each o, C > 0 and any compact set K C X,
2

> 1 r
oot —— | dmdt : 4.10
sup/ e V@) /Kexp ( Ct) mdt < 0o (4.10)

zeK J1

Lemma 4.3 For each C > 0 and any compact set K,

1 1 / ( 7,,2)
su _— exp | —== | dmdt < oo. 4.11
w [ e (G (41)

Take R > 1 so that d(z,w) < R for any z,w € K. Then K C Bg(x) for any
x e K.
Proof of Lemma 4.2. By the Bishop-Gromov inequality (2.4),

/Ooe_aot ! / exp (—ﬁ) dmdt
1 V\/;(x) K Ct

e ot / exp (——x> dmdt

< Vi [ oot gy <0 Y
Vii ap Vi

IN

Proof of Lemma 4.3. By the Fubini theorem,

r2 r2
e ——= | dm < / e ( )dm
/K Xp< Ct) Br() e
</ /OO 2u A (dy)
oy &P |~y ) du ) m(dy
u? R?
C’t/ m(B,(x))uexp (—a) du + Vg(x) exp <—a)

R/\[ 2 C R2
= 5/0 V. jo(x)se™® /€ ds + Vr(z) exp (—a) :

where the first identity follows from dividing the domain [d(x,y), 0o of the integral in

u-variable into [d(z,y), R] and [R, co[. By the Bishop-Gromov inequality (2.4),
2

1 2 1
o (e v = ) vy ()
—————exp|—— | dt < ———exp dt < 0.
0 \/EV\/Z(JE) Ct 0 \/EV\/z Ct
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Thus it suffices to prove the following claim:

1 R/Vt
su _— V p(x)se* /% dsdt < oo. 4.12

zeK Jo

We now divide the domain of the integral in s variable into two parts. Take
B = 1/(2N + 2) and first consider the integral on [0,#7"]. By virtue of the Bishop-
Gromov inequality (2.4), we have

-8

L /t >
— Vi (x)se /% ds dt
/0 \/EV\/g(x) 0 ﬁ( )

1 t=h
N / Yilt) w0 gg
o VtVy() Jo Visnpe(z)

1 t=#
< M/ se—5/C s dt
0 \/_V\/( ) Jo

Vt s
<= 4.13

Recall limg o V,/s™ = 1. Thus, by taking 8 < 1/2 into account, we have

Vi-p41/2

VitV

Hence the integral in the right hand side of (4.13) is finite by our choice of j.
Next we deal with the integral on [t=#, R/v/t]. Again by the Bishop-Gromov in-
equality (2.4),

R/Vt R/VE 7 )
V. (2)se S/Cdsdt</ / fs se /0 ds dt
/ \fvw / vt Vi
CVR 1
dt.
/\fvf Xp( Ct%)

Then the last integral is finite by using the asymptotic behavior of V; as s — 0 again.
Hence the claim (4.12) holds by combining these two estimates. O

= Ot~ W2y as t — 0.

Let Soo(X) or Soo(Xx\fp3) be the family of positive smooth finite measures of finite
energy integrals with bounded potential associated to (£, F) or the part (Ex\p}, Fx\{p})
of (€,F) on X \ {p} (see [17, Section 2.2|)) respectively, i.e., v € Spo(X) if and
only if v € Sy(X), v(X) < oo and Uyv € L>®(X;m) (o > 0). By definition,
SOO(XX\{p}) - S(XX\{p}) and SOO(X) C S(X)

We now turn to the proof of Proposition 4.7 below. We are interested in a refined
property of v in Proposition 3.9. We show the following lemma as an application of
Proposition 4.1.
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Lemma 4.4 Let v be the smooth measure specified in Proposition 3.9 (i). Then,
for any relatively compact open set G with G C X \ {p}, 1lqv € Soo(Xx\(py) and
1¢| oty orp| m € Soo(Xx\(p}). Moreover, for any relatively compact open set G C X,
lgrpu c SOO(X) and lngl COt,{ orp| mc SO()(X)

Proof. Note that for each relatively compact open G with G C X \ {p}, there exists
¢ € CHP(X \ {p}); such that 15 < ¢ < 1. Indeed, p(z) := (1 — nd(z,G)), does the
job for n > 1/d(p, G).

First we prove R,(¢v) is bounded on X \ {p}. By Proposition 4.1, we already
know that R,(pv) is bounded on the support of ¢. Let A” be the PCAF admitting
(properly) exceptional set N, associated to v in Revuz correspondence with respect to
Xx\{p}- Let K be the support of ¢. Since P,(X,, € K,0x < 00) = P,(0x < 00) for
z € X (see [17, Lemma A.2.7]), we then see that for z € X \ (N, U {p})

Ru(ov)(z) = E, { /0 et (X,) dAt”} _E, [ / et dAt”}

=E, {e‘a"KIEXUK {/ e " o(X;) dAt””
0

< sup Ro(¢v)(y) < oo.
yeK

Noting that R, (¢v) is a finely continuous function and m has full topological support
with respect to the fine topology under absolute continuity condition, we can conclude
that sup,c x\ ) Ralpr)(z) < co. Similarly, we can obtain

sup  Ra(p| coty, ory| m)(x) < oo.
zeX\{p}

By Proposition 3.9 (i), we know pv € S(Xx\(p) and ¢|cot,or,|m € S(Xx\(p}).
Thus ¢ v charges no exceptional set with respect to Xx\ 1.

Next we claim v € Spo(Xx\(p}). As a first step, we prove R,(pv) € F. Since
R, (pv) is bounded on X \ {p}, we have R,(¢v) € L>®(X;m), because of m({p}) =0
by Lemma 3.1. Then

1Bl I3 < I Ralp )l Bl )l = | Ralo) e (v, Bul)
1
— IRalo9ll [ oy < o
a X

Thus, it suffices to show

sup £ (Ra(pv), Ra(pv)) < o0,
£>0

where S((f)(u, v) := B(u—BRaralt, V) for u,v € L*(X;m). It actually holds as follows:

sup EP(Ra(pv), Ra(pv)) = sup B(Rpsa(0v), Ra(9v))m = || Ra(p )]s sup Blp v, Rgial)
8>0 £>0 £>0

< || Rale 1)l / odv < oo,
X
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and hence R, (¢ v) € F. To conclude p v € Spo(Xx\fp}), it suffices to show &, (Rapv, v) =
(pv,v) forv € FNC(X). It indeed implies p v € Sy(X) and hence R, (¢ v) = Ua(pv).
For any v € F NC.(X), we have

Ea(Ralpv),v) = Jim EP(Ra(ov),v) = Jim B(Rpsalpv),v)n = lim Blpv, Rayav).

Since SRgv converges to v with respect to &, there exists a subsequence {f,}, such
that 8,Rs,+qv — v m-a.s. By the definition of R,, we have a|R,v(x)| < ||v]s for
every x € X. Thus the dominated convergence theorem together with the definition
of v yields

Tim By (pv, Rs,1av) = (¢ 1, 0).

Hence Uy(pv) = Ra(pv) and o v € Spo(Xx\fpy) hold. In particular, 1¢ v € Soo(Xx\(p})
for each relatively compact open set G C X \ {p}. All other assertions can be shown
in a similar way by using Proposition 4.1. 0

Now we introduce the following condition on p € X to discuss a further precision
of our results.

Definition 4.5 We say that p € X wverifies the condition (R2) if there exist & > 0

and Cg¢, > 0 such that
1 / dm C&)
I - S =
Ve(p) JBep) T §

for any & €]0,&].

Note that (R2) immediately implies (R1) by Lemma 3.3. Before entering further
arguments, we provide a sufficient condition to (R2) in terms of volume growth expo-
nent.

Lemma 4.6 Suppose N > 1 and that there exists Cyy, > 0 and 6 > 0 such that
V,(p) < Cyr" holds for r € [0,5]. Then p € X wverifies the condition (R2).

Note that this sufficient condition holds for any p € X on N-dimensional Alexandrov
spaces equipped with N-dimensional Hausdorff measure with NV > 2 (Recall (3.2)).

Proof. By the Fubini theorem, we have

dm 1 ¢ du € Vu(p) va(p))
- . U g — 4 | |
/Bg(p) p /Bé(p) (f - /T u2) m (/0 2 U e (4.14)

P

By the Bishop-Gromov inequality (2.4), there exists C" > 0 such that
1 Vs

< _

Ve(p) — Vis(p)Ve

for £ €]0,6[. Then the assertion holds by this estimate, our assumption and (4.14). O

<Cev
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Proposition 4.7 Suppose that p € X wverifies (R2). Then, for any relatively compact
open set G C X, 1gv € Spo(X) and 1g| coty, ory|m € Spo(X).

To prove Proposition 4.7, we prepare the following auxiliary lemma.

Lemma 4.8 Suppose that p € X wverifies (R2). Then there exists Cf > 0 such that

/ dm < Oéo‘/?)u(x)
Bu(@)nBew) Tp u

for any x € X and u €)0,&/6/.

Proof. Let § = d(z,p). We divide the proof into two cases. We first consider the
case u €]0,60/2]. Since r,(y) > §/2 for any y € B,(x), we have

9
/ dm 2 (Bulay) < V&)
Bu (2)NBe(p) 0

Tp u

Next, let w > 0/2. In this case, we have B,(x) C Bs,(p) C Bs.(x). Thus

/ d_m S/ d_m < Cﬁo‘/:”)u(p) < Cﬁo‘/}m(x)?
Bu(z)nBe(p) TP Bsu(p) Tp 3u 3u

where the second inequality follows from the condition (R2). Hence we complete the
proof by combining these two cases. 0

Proof of Proposition 4.7. As mentioned, (R2) implies (R1). Thus Proposition 4.1
(ii) ensures v, | cot, or,|m € S(X).

We first show 1¢|cot, or,|m € Spo(X). Since [, |cot, or,|dm < oo, it suffices to
show

1Ra (1] oty 0 7))o < 0. (4.15)

Indeed, the rest of arguments, namely, showing 1¢|cot, or,|m € Sy(X), goes along
the same line as in the proof of Lemma 4.4. For this claim, we may assume G = Be¢(p)
for sufficiently small ¢ > 0 by virtue of Lemma 4.4. In addition, we can reduce the
proof of (4.15) to the following estimate:

1
sup R, <1B§(p)r_) (x) < o0

x€B¢(p) p

for some £ €]0,&,/12[. Indeed, the change of the range of the supremum can be done
as in the proof of Lemma 4.4. By the Gaussian heat kernel upper bound, this estimate
holds if we have the following:

00 —(a—Cs)t 2\ d
sup / S / exp (— i ) am dt < oo (4.16)
z€B¢(p) /0 V\/i<'r) Be(p) Cot p
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for > C3. Set oy = a—C5 and let x € Be¢(p). By the Fubini theorem and Lemma 4.8,

d(:p,y)Q) 1 / ( * 2u ( u2> )dm
€xp | — mdy = — exp du | —
/Bs(p) ( Cat Tp<y) ( ) Be(p) - Cot Cyt p
() (L)
= — wexp [ ——— u

CQt 0 Cgt Bu(w)ﬂBg() Tp

20, % u?
<% .
<o ) Vsu(z) exp < Ogt) du. (4.17)

Thus the proof of (4.16) is reduced to the following two estimates:

/me_(a_@’” ([ Ve~ ) @) d (418)
sup — Vsu(y) exp (——) u) t < o0, 4.18
yeBe () /1 tV(y) 0 ° Oyt

( 10¢/V 2
sup / / V() exp (— > ds | dt < oc. (4.19)
y€Be(p) \/_V\/ t 25C>

We may suppose ¢ < 1/10 without loss of generality, and thus

Ooe*(afcg,)t 2¢
/ W@ (/ V5“<“’>exp( CZ)du) dt < 2¢ / (0=Cot gy
1 t 0

This means (4.18). We can show (4.19) in the same way as we did for (4.12).

We next prove 1 v € Spo(X). It suffices to show g v € Sy (X) for a suitably chosen
¢ € CHP(X),. As above, we can reduce the proof to showing ||Ra (¢ V)|l < 0o. By
(4.1) and (4.2) together with Lemmas 4.2 and 4.3, (4.16) also implies it. Thus we
complete the proof. O

5 REFINEMENT OF STOCHASTIC EXPRESSION OF RADIAL PROCESSES

In this section, we establish a refined stochastic expression of radial process. Let
S1(X) or S1(Xx\gp3) be the family of positive smooth measures in the strict sense
(see |17, p. 238]) associated to (&, F) or the part (Ex\ gy, Fx\(py) of (€, F) on X\ {p},
respectively. Note that S;(X) C S(X) and 51(Xx\(p1) € S(Xx\(p}). It is known that
for any p € S1(X), its associated PCAF A* under Revuz correspondence (3.3) can
be taken to be in the strict sense (i.e. (A})i>o can be defined under P,-a.s. for any
x € X) in our present framework (see [17, Theorems 5.1.6 and 5.1.7]). By definition,
if for any relatively compact open subset G satisfying G C X (resp. G C X \ {p}),
1gv € Spo(X) (resp. v € Spo(Xx\(p}y)) holds, then v € S1(X) (resp. v € S1(Xx\(p}))-

Theorem 5.1 The measure v in Proposition 3.9 (i) and | cot,, o rp| m belong to S1(Xx\p})-
Moreover, r,v € S1(X) and rp|cot,ory,|m € S1(X). If (R2) is verified at p, then v
and | cot,, ory| m belong to S1(X).

Proof; Let {G,} be an increasing sequence of relatively compact open subsets satis-
fying G, C X \ {p}, n € N. By Lemma 4.4, 1¢,v € Spo(Xx\{p}) and 1g, cot,or, €
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Soo(Xx\{py)- Therefore, we obtain v € S1(Xx\(p3) and |cot,or,|m € S1(Xx\(p})
by [17, Theorem 5.1.7 (iii)|. Similarly, we can obtain r,v € S;(X) and r,| cot, or,|m €
S1(X). O

Before stating our main theorem, we provide a condition alternative to (R2) in
Theorem 5.1.

Proposition 5.2 Suppose that p verifies (R1) and that {p} is non-polar. Then v and
| cot,, or,| m belong to Si(X).

As we see in Theorem 7.1, {p} is typically polar. Thus there seems to be less
opportunity to apply Proposition 5.2, while it states a supplementary result to Theo-
rem 95.1.

Proof. By (R1), |cot,or,|m € S(X) and v € S(X) holds by Proposition 3.9 (ii).
Then the associated PCAF f(f cot,, 0rp(X,)ds and A} admitting common exceptional
set N, are defined. We already know |cot, or,|m € S1(Xx\(p3) and v € S1(Xx\(p})-
This means that fot | cot,, 07p|(X) ds and A} can be regarded to be PCAFs of Xx\ ()

in the strict sense. Since {p} is non-polar, p € X\ N,,. Therefore, f(f | cot, o1, |(Xs) ds
and A} are defined to be PCAFs of X in the strict sense, consequently, | cot,or,|m €
S1(X) and v € S1(X) by [17, Theorem 5.1.7(i)]. O

Now the following refinement follows immediately from Theorem 5.1.

Theorem 5.3 (Stochastic expression of radial process II) Let A} be the PCAF
in the strict sense associated to v € S1(Xx\(py). Then, for f € C*(R), we have
that (3.8) holds for all t € [0,0,] Py-a.s. for all x € X \ {p}, where B is given in
Theorem 3.11 (i). In particular, f(r,) is a semimartingale up to o,. Moreover, if (R2)
is verified at p, then (3.8) holds fort € [0, 4o00] Py-a.s. for x € X. In particular, f(rp)
1s a semimartingale.

Proof. In the proof of Theorem 3.11, we already know that (3.7) holds for all
x € X and (3.10) holds for t € [0,0,[ for q.e. z € X \ {p}. By Lemma 4.4, we have
1o v € Soo(Xx\(py) and 1g| cot, orp| m € Soo(Xx\(py) for any relatively compact open
set G with G C X \ {p}. We have 1¢ p1(,,) = 21gm € Spo(Xx\(py) for such G. Then,
we can apply [17, Theorem 5.5.5] to the part process Xy (3. At this stage, N'» can
be redefined as a local additive functional in the strict sense locally of zero energy with
respect to X x\ (p} such that (3.10) holds for ¢ € [0, 0,[ under P,-a.s. for all z € X\ {p}.
Therefore, (2.2) with A = A holds for ¢ € [0, 0,,[ P,-a.s. for z € X \ {p}. Then we can
derive (3.8) for t € [0, 0, P,-a.s. for x € X \ {p} in the same manner as in the proof
of Theorem 3.11. The latter assertion under (R2) follows similarly. O

Although we require (R2) in Theorem 5.3 not to exclude p € X, we do not require
such an additional condition for a class of f.

Definition 5.4 We say that f € C*(R) enjoys the condition (F) if 1g|f’(rp) coty(r,)| m
and 1g|f'(rp)| v belong to Spo(X) for each relatively compact open set G. Under (F),
f[f f'(rp(Xs)) dAY can be regarded as a CAF in the strict sense with respect to X.
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Corollary 5.5 (Stochastic expression III) Let A} be the PCAF in the strict sense
associated to v € S1(Xx\(py). For f € C*(R), we have that (3.8) holds for all t €
[0, 400[ Py-a.s. for all x € X and f(r,) is a semimartingale, provided (F) is verified.
In particular, we always have that

t t
rﬁ(Xt) — r;(XO) = 2v2 | 7,(X,)dB, +2(N — 1) / 7,(X) cot, oy (X,) ds
0 0

¢
— 2/ rp(Xs) dAY + 2t (5.1)

0

fort € [0,400] Py-a.s. forx € X.

Remark 5.6 The second term of the right hand side of (3.8) and (5.1) does not appear
respectively, provided N = 1.

Proof of Corollary 5.5. First we will show that our assumption enables us to give a
Fukushima decomposition of f(r,) in the strict sense. Suppose 1¢|f'(r,) cot,or,|m €
Soo(X) and 1| f'(rp)| v € Soo(X) for each relatively compact open set G. In particular,
|f'(rp) cot,ory|m and |f'(r,)|v are positive Radon smooth measures on X in the
strict sense. Since (2.7) holds, we see s,y = |f/(rp) > m. Set pf = w — pd with

i = frp)s v (o SN YY) o mpmand pih = fY(rp) - v (kN (521 ) ) pompm,
The estlmate il | < |f'(rp)|v + (N = 1)| f(rp) cot, ()| m =+ | f” ()| m, (i = 1,2) shows
that /Ll, u2 € S1(X), hence p/ is a signed Radon smooth measure on X in the strict
sense. By Corollary 3.13 (i), we see

E(f(rp),v):/de,uf for v € CHP(X).

Note that 1¢ jif¢,) = 1c|f'(rp)Pm € Spo(X) for each relatively compact open set G.
Applying [17, Theorem 5.5.5] to X for uf = pf — ud, we have

Fro(X) = flry(Xo)) = M/ + NJU? € [0, 400[, P,-as. forall z € X.

Here

t
Ntf(rp) /(5;1§ N( N-1 dS—/ f dAl/

— —1/frp ) cot( ds+/f"rp ds—/f )dAY

for t € [0,400[ Pgas. forallze X

and Mtf ") is a local additive functional in the strict sense such that, for any relatively
compact open set G,

E, [M{A(;’g)] —0 z€G,

E, [(MfA(:Z)) ] = 2K, [/MTG ’f/(rp(XS))Fds reG.
0
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From this, Mtf ) s a locally square integrable MAF and its quadratic variational
process (M)} has the expression

(M1, = 2 / (X)) ds.

Next we will observe that we have an alternative expression of M/»). By applying
the generalized It6’s formula proved in |28, Theorem 4.3] to (3.9), we have

f(Tp(Xt)) Tp Xo /f Tp dMTp /f Tp dNTp
/f” d(M™),, tel0,+oo0] P,as.

for q.e. x € X. Here the second term in the right hand side is the stochastic integral
by CAF locally of zero energy (see |28, Definition 3.1|, where the stochastic integral
by T'(M), for local MAF M is defined and note F(MTP) = N,”). By the uniqueness

of the Fukushima decomposition, M; """ = I f )) dM?, ¢ € [0, +oo[ P,-a.s. for
qe. x € X. Since M{" = /2B,, t € [0, +00[ P,-a.s. for q.e. x € X, we can conclude

M) = ﬂ/t F(ro(X,)dB,, t € 0,400 (5.2)

P,-a.s. for g.e. € X. The both hands of (5.2) are continuous local additive functionals
in the strict sense. This implies that (5.2) holds under P, for all € X. Therefore we
have that (3.8) holds for all ¢ € [0, 400[ P,-a.s. for all z € X.

The final assertion follows from 1¢7,|cot, or,|m € Spo(X) and 1gr, v € Spo(X)
for each relatively compact open set G by Lemma 4.4. O

6 APPLICATIONS

In this section we will turn to discuss applications of our main theorem. In Subsec-
tion 6.1, we show comparison theorems. Starting from the comparison theorem for the
radial process (Corollary 6.1), we show the heat kernel comparison theorem (Corol-
lary 6.2) under the Bishop inequality and Cheng’s eigenvalue comparison theorem
(Corollary 6.3). In Subsection 6.2, we prove Cheng’s Liouville theorem for harmonic
functions of sublinear growth on non-negatively curved spaces.

6.1 COMPARISON THEOREMS

Corollary 6.1 (Comparison of radial process) We have the following:
(i) Let f € C*(R) satisfying f'(t) >0 for t > 0. Then

flrp(Xe)) = frp(Xo)) < \/5/ f'(rp(Xs)) dBs (6.1)

—1/frp ) coty( ds+/f”rp
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holds for allt € [0,0,] Py-a.s. for all x € X \ {p}. If p verifies (R1), then (6.1)
holds for all t € [0,400[ Py-a.s. for all g.e. x € X \ {p}. If p verifies (R2) or
f werifies (F), then (6.1) holds for all t € [0,+00[ Py-a.s. for all x € X. In

particular, we always have
t
P2(X,) — r2(Xo) < 22 /0 r(X.)dB,
t
+2(N —-1) / rp(Xs) coty, orp(Xs) ds + 2t (6.2)
0

fort € [0,400] Py-a.s. forx € X.

(ii) Let p; be the unique non-negative strong solution of the stochastic differential
equation

pr = rp(z) + V2B, + (N —-1) /Ot coty(ps) ds (6.3)

under P,. Here By is as given in Theorem 3.11 (i). Then we have
m(Xe) < pu (6.4)

holds for all t € [0, o[ Py-a.s. for all x € X \ {p}. If (R2) is verified, then (6.4)
holds for all t € [0, +oo[ Py-a.s. for all x € X.

Note that the corresponding result on the basis of the latter assertion of Theo-
rem 3.11 or Proposition 5.2 also holds. We just preferred to state our result in a
simplified form.

Proof. (i) is an easy consequence of Theorem 5.3.
(ii)) We set R, by

400 if kK <0.

anz{ﬂ/ﬁ if kK >0,

So r,(x) < R, always holds by (2.3). The SDE (6.3) can make sense for N > 2.
Similar to the corresponding property of Bessel processes, p; does not hit neither 0
or R,. The explosion time of p; is infinite. According to the same way of the proof
of [22, Theorem 3.5.3 (ii)], we can conclude that 7,(X;) < p; for allt € [0, 0,] P,-a.s. for
all z € X \ {p}. This implies the conclusion. The case under (R2) is similar. O

In the framework of N-dimensional Alexandrov space X with curv(X) > &, Corol-
lary 6.1 extends [37, Theorem III|, which show the corresponding result under some
additional conditions.

Hereafter, we assume N € N until the end of this subsection. Let MY be the
be the simply connected N-dimensional Riemannian manifold of constant sectional
curvature . We denote the heat kernel on MY (resp. the Dirichlet heat kernel on
B.(p)(C MY) by p¥(p,q) (resp. p;""(p,q)). By symmetry, pf and p;”" are functions of
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t and the distance between p and §; hence there exist functions p*(t, s) and p*"(t, s),
t,s € [0,400[ such that p*"(¢,s) = 0 for s > r and

P, @) = p"(t duy (P, @) and P (D, @) = P (¢, duey (P, 7).

When x > 0, MY is a sphere of radius 1/ ﬁ, and we adopt the convention that
pr(t,s) == p=(t,m/\/k) if s > 7/\/k. Let wyV, be the volume of r-ball in MZ.

Corollary 6.2 (Comparison of heat kernels) Suppose N € N with N > 2 and
the Bishop inequality (3.2) holds. Let p& be the Dirichlet heat kernel on some domain
G C X and let g € B,(p) C G. Then, we have

pe(p,q) > ™" (t, d(p, q))- (6.5)

In particular,

pi(p,q) > p"(t,d(p,q)). (6.6)

Proof. Since the measure m is (local) doubling and a local weak Poincaré inequality
applies, one can show the local Holder continuity for the Dirichlet heat kernel p¢
by applying [29, Corollary 8.1] and Moser’s iteration method. Here we remark that
[29, Section 8| treats the general framework of strongly local Dirichlet forms and the
intrinsic distance derived from (&€, F) = (2Ch, D(Ch)) on L?(X;m) coincides with the
given distance, which was proved in [6, Theorem 3.9].

Recall that the Bishop inequality implies (R2) by Lemma 4.6. By Corollary 6.1

(i),
rp(Xi) < pp for t € [0, +o0]

under Pg-a.s. for all ¢ € X. Note here that p; under P, has the same law with the

radial process 75(X;) for the Brownian motion X; on MN starting at ¢ satisfying
d(pa >_d(p7 ) Then

/ p%(g, 2) m(dz) =
= (p)

o(rp(Xy) < et < 7¢)

P
Pq(rp(Xt) <egt< TB,«(p))
Pq(pt <et< TBT(p))

q<_p(Xt) < E,t < TBr(ﬁ)) — / . )pf ,Br(P) ( )VOanN(dZ)

Vv 1V

|
a=1l

Dividing the both side by wx V. with the Bishop inequality, we have

1 / G 1 / HBr(p) >
IaTae, py (g, z) m(dz) > p; g, Z) volyw (dZ).
(Bop)) Sy @A) Z I [ R 2) vohay (42)

Letting ¢ — 0 with the continuity of the heat kernels, we obtain the conclusion. [
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Corollary 6.3 (Cheng’s eigenvalue comparison) Suppose that N € N and the
Bishop inequality (3.2) holds. Let Gy := B,(p) and let X\;(Gy) denote the j-th (counted
with multiplicity) Dirichlet eigenvalue of B,(p) with 0 = X\o(Go) < M (Gp) < A2(Go) <
. Then
Aj(Go) < Ni(diam(Go)/2j).

In particular,

Al(BT(p)) S )‘ff(r)a
where N\(s) denotes the first Dirichlet eigenvalue for any s-ball in MY .
Proof. The proof of estimate for the first eigenvalue can be done along the standard
argument by using eigenvalue expansion of heat kernels and Corollary 6.2 (see [40,
p. 104]). The proof of estimate for the j-th eigenvalue is based on the estimate for the

first eigenvalue and the min-max-principle for the higher eigenvalues of the Laplace
operator (see [40, p. 105]). O

6.2 LIOUVILLE PROPERTY FOR SUBLINEAR HARMONIC FUNCTIONS

In this section, we assume that the metric measure space (X, d, m) satisfies RCD*(0, N)
condition for N € [1,+oo[. As an application of the expression of radial process, we
give a stochastic proof of Cheng’s Liouville property of sublinear £-harmonic functions
(X,d,m). A function f € Fio is said to be E-harmonic if E(f,v) = 0 for any CHP(X).
A function f is said to be have sublinear growth if

lim my(a)/a =0,

a— 00
where my(a) := sup, ()<, |f(7)]. Our main theorem in this section is the following:

Theorem 6.4 (Cheng’s Liouville theorem) Any continuous €-harmonic function
having sublinear growth is a constant.

Note that an analytic proof of Theorem 6.4 is given in [23]. To prove Theorem 6.4,
we need the following two lemmas.

Lemma 6.5 Let f € Fi. be a continuous E-harmonic function having sublinear
growth. Then P,f(x) = f(x) holds for q.e. z € X.

Proof. First note that rp| cot, or,|m € S1(X) by Theorem 5.1. From Corollary 6.1
(i), we have

t
(X)) —ra(Xo) < 2\/5/0 (X)) dB, + 2Nt

holds for ¢ € [0, +oo[ P,-a.s. for all x € X. In particular,

Eo[r)(Xinrg, )] < r2(x) + 2Nt
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for all z € X. By [17, Corollary 5.5.1] with the £-harmonicity of f, we have the
following Fukushima’s decomposition:
F(X0) = f(Xo) =M} te[0,+o0] (6.7)

holds P,-a.s. for q.e. # € X. Here M/ is a local martingale additive functional locally
of finite energy. Let {G,} be an increasing sequence of relatively compact open sets
satisfying G,, C Gy for n € N with X = (J°, G,,. Then {MMTG b, 400 15 A
P,-martingale for q.e. z € X. By (6.7),

E.[f(Xinre, )] = f(x) for qe x € X, (6.8)

Let my(a) := sup, ()<, |f(2)]. The sublinear growth of f yields that for any ¢ > 0
there exists A > 0 such that my(a) < ae for any a > A. Then

Ew |:f2(Xt/\TGn>j| = E:D |:f2(Xt/\TGn) : Tp<Xt/\TGn) S A]
-+ ]Ex |:f2<Xt/\TGn) . Tp(Xt/\TGn) > A} (69)

S mfZ(A) + 62]E [ 2<Xt/\7'g )]

< my2(A) +e*(r2(z) + 2Nt)
for x € X. From this, {f(Xirg, ) }nen is uniformly P,-integrable for all z € X. Since
P, (limy, 0o 7, = 00) = 1 for all x € X, (6.8) yields P,f(z) = f(x) for qe. x € X. O
Lemma 6.6 Let f € Fioc be a continuous E-harmonic function having sublinear
growth. Then |Df|* < P|Df]* m-a.e. In particular, |Df|* < %fg P,|Df|*ds m-a.e.

Proof. If f € F, this is a direct consequence of P,f = f and Bakry-Emery’s
gradient estimate. Our f may not have this regularity and thus we need an additional
approximation argument.
We first prove the following inequality

DI < 5. PP (6.10)
for any ¢ > 0, which is a weaker version of the reverse Poincaré inequality (8, (4.7.6)]
for f. We will use this inequality to ensure a required integrability for a candidate
of weak upper gradient. Let z, € X be a reference point and ¢, € CHP(X) a cut-off
function satisfying 0 < ¢, < 1, ¢nlB,) = 1, ¢nlBriz.) = 0 and |De,| < 1. Since
fon € L*(X;m), by [2, Theorem 7.3], we have

DR(fenli < g Pllfel?) moac (6.11)

Let 1 € Z(C([0,1] — X)) be a 2-test plan as defined in Section 2.3. Note that
m(eg (Br(z.)) Nert (Br(z.)))™ 7r| L Br(w)ner (Ba(z.)) 18 Still a 2-test plan for suffi-
ciently large R > 0. By the definition of (minimal) weak upper gradient, (6.11) yields

|Pi(fn) 0 er — Pi(fon) o e dm

/ Per (Br(e.) (/ V(| fenl? (%)I%Ids) m(dy)
/(/ P(f2) (s !'ys\dS) (dv). (6.12)
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Since we have Wy(P,d,, P.d,) < d(z,y) by (2.10), the sublinear growth condition of f
implies that f € L'(X;p(z,-)m) for every € X and that P,f is locally bounded.
Thus, by the dominated convergence theorem, letting n — oo and R — oo in (6.12)
implies

/|f0€1—f0€0| dws%/(/olmmds)w(dw.

Here we used the fact P,f = f from Lemma 6.5. We can show P,(f?) is locally
bounded by a similar argument as above, and hence /P (f?) € L} _(X;m). Thus, by
the definition of minimal weak upper gradient, we obtain (6.10) from this inequality
since 7 is arbitrary.

We are now in turn to prove the assertion. Actually the proof is similar to the one

for (6.10). For the same cut-off function ¢,,, we have f¢, € F. Thus (2.8) yields

IDP,(fen)lw < P(ID(fen)w) m-ae.

Set B  C([0,1] — X) by

Eg = {’y € AC%*([0,1] — X)

1
Yo € BR(m*)ﬂﬁyl € BR(Q:*)’/ HS‘ZdS < R} :
0

Then 7(ERr) '7|g, is 2-test plan. Thus, by the definition of (minimal) weak upper
gradient,

/ER |P,(fon) 0 e1 — Pi(fen) o eoldm < /ER (/01 P,(ID(f o)) (7s) || ds) m(dy).

(6.13)
Since
ID(fen)lw < @nlDflw+ [IDen| <D flw + 18,1 @o\Ba@) />
we have
1 1
/ ( / PAID(Fou)lu) (30l ds) m(dy) < / ( / PAID 1) ()l ds) 7(dv)
ERr 0 0
1
Pt 1(xx ' (T s '3 d d . .
+/ER (/ (Lo s e D)) ) r(d) (6.14)

We can easily see that {ys | v € Eg,s € [0,1]} is bounded. Thus the dominated
convergence theorem implies that, by letting n — oo in (6.14),

n—o0

[ (/ Do) ()l as)atan < [ ( PID ) () s ) )

Thus, by letting n — oo and R — oo in (6.13),

Jirea-roaans [([ rUDAICIIds) xtao)
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Here we used P,f = f. By (6.10), we have

1 /P ( f2 1 2
P(IDflw) < EPL‘ Pi(f?) < 7 Pria(f?)-

Since Py 1(f?) is locally bounded as we mentioned above, we have P(|Dfl|,) €

L% (X;m). Thus the definition of minimal weak upper gradient implies the asser-

tion. O

Proof of Theorem 6.4. Applying 1t6’s formula to (6.7), we have
t
P = POG) =2 [ ) A + ()
0

t t
_ f 2
_2/0 F(X,) dM? +2/0 IDf2(X,)ds

holds P,-a.s. for q.e. x € X. Let {G,,} be an increasing sequence of relatively compact
open sets as appeared above. Then

tATG,
B, [P, )] = P+ 28, | [ IDrPCG as]
0
Combining this with (6.9) and Lemma 6.6, we have that for each ¢ > 0

2 DFIP(x) <2 [ PIDFP(x)ds = 2lim, o0 E, [ft”Gn |Df|2(xs)ds}

0 (6.15)
< mp2(A) + 2(r2(z) + 2Nt) — f3(x)

for x € X \ N; with some m-null set N;. Set N = J,cq, Ni. Then (6.15) holds for all

t>0and x € X\ N. If |[Df|*(z) > 0 for some z € X \ N and choose € > 0 so that
eN < |Df|?(x), then the linear function 2¢(|D f|?(x) — eN) is bounded above. This is
a contradiction. Therefore, |[Df|*(z) = 0 for all z € X \ N, i.e., f is a constant m-a.e.,
consequently f is a constant. 0

7 POLARITY

In view of Theorem 3.11 or Theorem 5.3, without conditions (R1) or (R2), we have
stochastic expression of r,(X;) only until o,. Thus it becomes important to know
whether 0, = 0o P,-a.s. or not, when (R2) is not available. In our framework, this
question is equivalent to the polarity of {p}. The goal of this section is to prove the
following two assertions:

Theorem 7.1 Suppose Assumption 1 below. Then {p} is polar for m-a.e. p € X.

Proposition 7.2 Suppose Assumption 1 below. Then m-a.e. p € X wverifies (R2).
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In the proof of them below, we will know more information of negligible sets in the
assertions (See Lemmas 7.8, 7.9 and 7.12). For our purpose, Proposition 7.2 would
be sufficient and we may not require Theorem 7.1. Nevertheless, we have decided to
state both of them since there might be of interest for a different purpose. The proof
of Proposition 7.2 is based on a similar idea as we use in the proof of Theorem 7.1. It
requires some known results on local structure of RCD spaces, and we introduce them
before entering the proof.

By [17, Theorems 4.1.2 and 4.2.4|, it suffices to show the m-polarity of {p} for m-
a.e. p € X. To achieve this, we review the notion of tangent cone defined through con-
vergence of metric measure spaces in the pointed measured Gromov-Hausdorff sense.

Definition 7.3 Let (X,,,d,, m,,p,) (n € NU{oo}) be pointed metric measure spaces.
That is, (X,,d,, my,) is a metric measure space satisfying conditions state in Subsec-
tion 2.1 and p,, € X, is a reference point. We say (X, dp, Wy, D) — (Xoo, doos Moo, Poo)
as n — oo in the pointed measured Gromov-Hausdorff sense if for any €, R > 0 there
exists N € N such that for all n > N there exists a Borel map f, = f%°: Br(p,) —
X such that the following holds:

(1) fu(Pn) = Poos
(i) sup  |dn(2,y) = doo(fu(2), fu(y))| <&,

z,y€BR(pPn)
(il)) Br-c(Pos) C Be(fu(Br(Pn))),
(iv) (fn)smn|Br(p,) weakly converges to Mog|pp(po) @S T — 00.

This is not the same definition as given in [20,33|, but it is equivalent (see [33, Propo-
sition 2.3] and references therein). In order to discuss measured tangent cones, we
introduce the following normalization of m: For p € X and R > 0, we define m¥, by

mh, = (/BR(p) ( - %’) dm) B dm.

For k € N, we denote the Euclidean distance on R* and the origin by dy and o*
respectively. Let £F be a k-dimensional Lebesgue measure on R* normalized to satisfy
fBl(ok)(l — dp(o®,x)) £8(dz) = 1, that is, £%(B;(0%)) = k + 1. Let us define E, C X
for k € N by

For any sequence &, €]0,00[ (n € N) with lim,, ,, &, =0,
E,:=qpeX | (X,§d,mg  p) converges to (R*, dg, £, 0%) as n — oo
in the pointed measured Gromov-Hausdorff sense.

and set £ = UkeN’ r<n Er. By definition, p € Ej means that the measured tangent

cone at p is unique and identical to (R¥,dg, £%,0%). The following is a consequence
of [33, Corollary 1.2 and Proposition 2.2]:

Proposition 7.4 m(E°) = 0.
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On the basis of this property, we are ready to state the following assumption in The-
orem 7.1.

Assumption 1 E; = (.

Remark 7.5 By [27, Corollary 1.2], the assumption Ey = () excludes the case that
(X,d, m) is a one-dimensional space. Indeed, if Assumption 1 does not hold, (X,d) is
isometric to an interval I C R or St with the canonical distance. We can easily verify
that the conclusion of Theorem 7.1 is no longer true in such a case. Qur assumption
1 sharp in this sense.

The proof of Theorem 7.1 will be divided into two cases: p € Ey, k > 3 and p €
E5. Actually, £ = 2 is a boarderline as known in a classical result on the canonical
Euclidean space R¥, and it is indeed subtle in our framework (see Example 7.10 below)
since we have some degree of freedom on the choice of the measure m. To overcome
this difficulty, we will use the rectifiability of RCD* (K, N) spaces as a metric measure
space ( [21, Theorem 3.5] or [25, Theorem 1.2]).

Proposition 7.6 There exists R; C X and kj € NN [1,N] (j € N) such that the
following property holds:

(i) m <X \Ujex Rj) —0.
(ii) Each R; is bi-Lipschitz to a measurable subset of R¥:.
(iii) m (R; \ Ey,) = 0.

(iv) Each w|g, is absolutely continuous with respect to the k;-dimensional Hausdorff
measure H* .

Usually, (iii) is not included in the definition of rectifiability. We can verify this
property from the proof of [25, Theorem 1.2] (and [33, Theorem 1.1]).

Now let us turn to the proof of Theorem 7.1. The following lemma, which asserts
that the ratio of volumes of metric balls of small radii typically behaves like a Euclidean
one, plays a key role in the sequel.

Lemma 7.7 Let p € Ey. Then, for each a > 0,
m(Boclp) _ 4

lim ———— =«
¢lo m(Bg(p))

Proof. Let &, € R (n € N) with lim,,_,, &, = 0. It suffices to show
lim m{ (Bag, () = (k + 1o

n—oo

for each o > 0. Let € > 0 and take f,, : X — R¥ associated with the convergence of
(X, &M, mlgn, p) to (R¥, dg, £F, 0%) in the pointed measured Gromov-Hausdorff sense,
according to Definition 7.3. Then, Definition 7.3 (iv) yields

lim [ d(fu)s(m 5.0, ) = lim w2 (Bug, (p) = £(Ba(0") = (k + 1)at.

n—00 Jpk n—00

Hence the conclusion holds. O
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By virtue of Proposition 7.4 and Assumption 1, the proof of Theorem 7.1 is reduced
to the following two lemmas:

Lemma 7.8 For k > 3, every p € E}. s polar.
Lemma 7.9 m-a.e. p € Es is polar.

Proof of Lemma 7.8. Let o, a; €]0, 1] with a; > a and a? > o} by taking a; to be
sufficiently close to . By Lemma 7.7, there exists {, > 0 such that, for any & €]0, &,
we have

m(Buclp) _

— > < (7.1)
m(Be(p))
By [41, Theorem 1], the conclusion follows once we show the following:
“  udu
/0 m(Bu(p))

The change of variable together with an iteration of (7.1) yields

an~lgg d &o " du! 2n—2 &o "du!
/ _uaw a2n—2/ w du > O;(n_l) / Y 0. (7.3)
ange  M(Bu(p)) ago M(Ban—1w(p)) ~ of oo M(Buw (p))

Thus, by the choice of ay, (7.2) holds by taking a sum in n € N in (7.3). O

Proof of Lemma 7.9. It suffices to show that m-a.e. p € UjeN,k]-:Q R; N By is polar.
Let jo € N, kj, = 2 and set E := Rj, N Ey. Let ¢ : E — R? be a bi-Lipschitz map to its
image 1(E) and ¢; the maximum of Lipschitz constants of 1) and 1/~!. Note that there
exists a universal constant ¢ > 0 such that ¢, 18?2 < N2 p and YyH?|p < cclL2
We denote the density of m|z with respect to H?|z by p. By the Bishop-Gromov
inequality (2.4), m is locally doubling and hence the Lebesgue differentiation theorem
is applicable to m. With keeping this fact in mind, we define the subset £’ of E as
follows:

gl cp| P
@ ‘w@
Apparently, H*(E\ E') = m(E\ E’) = 0. Thus the proof is reduced to show that each

p € E' is polar. Let Bf(q) C R? ¢ € R? and r > 0 be a Euclidean ball of radius r
centered at q. Then, for p € F and r > 0,

M&@ﬂ@:/‘

B, (p)NE

< 00, p is an m-Lebesgue point of 15, and
is a £%-Lebesgue point of po ¥~ 1y

pdH? < cc%/ po 1~ tdeg?
Y(Br(P)NE)

S CC%/ o) pP o l/J_llw(E) d£2
Bz - (%(p

Therefore, for p € E’, we have

—  m(B,(p)) — m(B.(p) N E)

17}%1 £2(B;, . (v(p))) B 17%1 £2(Bz, (¥ (p))) < ccip(p) < oo.

This means that there exists ¢ > 0 such that m(B,(p)) < cor® holds for sufficiently
small 7 > 0. Thus (7.2) holds and hence the proof is completed. O
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The next example is not strictly in our framework, but it suggests the possibility
that “m-a.e.” in Theorem 7.1 is not able to be omitted in general.

Example 7.10 Let (X, d, m) = (R?,dg, eV £2), where
V = —log((log |z|)? — log |x|) - Ljgj<e-tr2y — 21082 - 1y se-1/2-

In this case, we can easily see

m(5(o") = ¢ (10 Y

for € < e /2. This implies

=R% forall R>0 /em&<oo
"o m(Bu(0?)) '

Thus the same argument as in the proof of Theorem 7.1 does not work in the case
k = 2. Actually, we can show that {0*} is not polar. By considering the radial
process dg(Xy, 0%), we can reduce the problem into the one for a one-dimensional dif-
fusion processes. Then, by using a famous integral test, we can see that dg(Xy, 0*) hits
0.Moreover, since u +— ulogu is positive and increasing on [e, 1], we have

m(Bge(0?))

w(Bale?) _ B
w(B, () = 12

for 0 <r < R < e Y2 That is, the Bishop-Gromov inequality with K =0 and N = 2
holds locally at o*.

Remark 7.11 It seems possible to show that (X,d,m) enjoys CD(0,00) condition,
while this space does not satisfy CD(0, N) for any finite N. It also seems possible to
show that the tangent cone at o is unique and identical to (R? dg, £2,0?). We leave
them as future problems.

Finally we prove Proposition 7.2. It is reduced to the next lemma, which refines
the statement by using (FEy ).

Lemma 7.12 Suppose p € Ey, with k > 2. Then p € X verifies the condition (R2).
Proof of Lemma 7.12. Take o, a; €0, 1] satisfying a; > o > af. As in the proof

of Theorem 7.1 (or Lemma 7.8), we take & > 0 so that (7.1) holds for any & €]0, &|.
Then, by combining (4.14) with the same decomposition we have used in the proof of
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Theorem 7.1,

CVulp) 4 R AT
[ oe-x

2 2
u nEN né‘o u

1 g van—lv(p)
= (1) /O(E 2 W

neN

<Y <%If>nl /j V;;(f) dv

neN 3

- on ()

neN

Hence the conclusion follows from these estimates. O

A ApPENDIX: RCD*(K, 1) SPACES

We have tried to include the case N = 1 in our results for completeness, while the
statement of usual Laplacian comparison theorem on weighted Riemannian manifolds
looks problematic. Such a problem can be avoided since the case N = 1 heavily restrict
the space (X, d, m) as follows:

Proposition A.1 Suppose that (X,d,m) is an RCD*(K,1) space. Then (X,d,m) is
isomorphic as a metric measure space to either R, [0,+oo[, S'(r) = {(z,y) € R? |
2 +y? = r?} for somer >0, or [0,] for some £ > 0, where we consider the canonical

metric and measure (up to multiplicative constants) on these spaces. In particular,
K <0.

Proof. By virtue of [27, Corollary 1.2], we already know (X,d, m) is isomorphic
to either one of the candidates with the canonical metric and the measure is of the
form e~/H?!, where H' is the 1-dimensional Hausdorff measure and f is (K, 1)-convex.
Thus it suffices to show that f is a constant function. We will show it in the case
X = R. All other cases can be discussed similarly. Let z € X be a point where f is
differentiable and g, h € C°(X) supported on a neighbourhood of x and g > 0. Note
that Au = u” — o/ f’ for any smooth functions u. By the (K, 1)-Bochner inequality, we
have

1
- / |Dh*Age™ dH! — / (Dh, DAR)ge™' dH!
2 X X

ZK/ ]Dh\zge_fd’;'-[l+/ |AR|2ge™ dH'. (A1)
be X
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Here we have
— / (Dh, DAR)ge~/ dH* = / |ARge dH! + / (Dh, Dg)Ahe™ dH!
X X X
_/ |Ah|2geffd7-[1 _/ h/h//g/effdf}_[l _/ ‘h/IQg//effdle
X X X
1
:/ |Ah|2ge_fd’i-[1+—/ |h’|2Age‘fd’H1—/ W [?g"e T AH!
X 2 Jx X
Since Ag = ¢” — ¢'f’, (A.1) implies
—/ W2 fleF dH! > K/ W |2ge dH'.
X X

First, by choosing ¢, h so that supph C suppg and g is constant on supp h, we can
easily deduce K < 0. Next, by considering a sequence h,, so that |h/|*> — d, in an
appropriate sense, we obtain

g (x)f'(x) = Kg(x).

Since g > 0 can be arbitrary, f'(xz) = 0 must hold. Hence the conclusion follows. [
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