THE L*-POSITIVITY PRESERVING PROPERTY AND STOCHASTIC
COMPLETENESS

ANDREA BISTERZO AND LUDOVICO MARINI

ABSTRACT. We say that a Riemannian manifold satisfies the LP-positivity preserving
property if (—A + 1)u > 0 in a distributional sense implies u > 0 for all v € LP. While
geodesic completeness of the manifold at hand ensures the LP-positivity preserving prop-
erty for all p € (1,+00), when p = 400 some assumptions are needed. In this paper
we show that the L°°-positivity preserving property is in fact equivalent to stochastic
completeness, i.e., the fact that the minimal heat kernel of the manifold preserves proba-
bility. The result is achieved via some monotone approximation results for distributional
solutions of —A 4 1 > 0, which are of independent interest.

1. INTRODUCTION

Let (M, g) be an n-dimensional Riemannian manifold with Riemannian measure dj . In
the following A = divV is the (negatively defined) Laplace-Beltrami operator and, unless
explicitly stated, all integrals are taken with respect to the Riemannian volume measure
dpig.

The aim of this paper is to study qualitative properties for certain solutions of elliptic
PDEs involving the following Schrédinger operator

(1.1) Li=A—1.
We say that u € Li (M) solves (—A + 1)u > 0 in the sense of distributions if

loc
/ u(—=A+1)p >0
M

for all ¢ € C°(M) with ¢ > 0. Note that this is equivalent to say that (—A + 1)u is a
positive Radon measure. If more regularity is assumed, namely u € VVI})CQ (M), we talk of a
weak solution of (—A + 1)u > 0 if

/ 9(Ve,Vu) +up >0
M

for all ¢ € C2°(M) with ¢ > 0. Finally, if u € C?(M), then (—A + 1)u > 0 is intended in a
strong, pointwise sense. Naturally, if u € C?(M) is a strong solution of the inequality, it is
also a weak and thus distributional solution.

We begin with the following definition:

Definition 1.1. Let p € [1, +o0], we say that (M, g) has the LP-positivity preserving property
if every u € LP(M) satisfying

(1.2) (—A+1u>0
in the sense of distributions is non-negative a.e.

The definition was proposed by Giineysu in [I3] although the case p = 2 of this property
appears in previous works of Kato, [20], and Braverman, Milatovic and Shubin, [4]. In this
last paper, the authors proved that the validity of the L2-positivity preserving property
implies the essential self-adjointness of the Schrodinger operator —A + V for all L2 _ non-
negative potentials V. Recall that —A + V : C°(M) — L?(M) is essentially self-adjoint
if it has an unique self-adjoint extension to L?*(M) (its closure). On the other hand, the
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operator —A+V with a non-negative L12OC potential is known to be essentially self-adjoint on
geodesically complete manifolds, see [29, Theorem 1.1] or [4] and [16] for the case of operators
acting on Hermitian vector bundles. The combination of these results lead Braverman,
Milatovic and Schubin to formulate the following

Conjecture (BMS). If (M,g) is a geodesically complete Riemannian manifold then the
L2 -positivity preserving property holds.

This conjecture has remained open for 20 years and has only recently been solved in the
positive by Pigola and Veronelli in [25]. For a complete introduction to the topic we refer
to the nice survey [I4], to Chapter XIV.5 of [I5] and Appendix B of [4].

The case p = 400 of Definition [I.1] is instead related to stochastic completeness. Recall
that a manifold is said to be stochastically complete if the Brownian paths on M have almost
surely infinite lifetime or, equivalently, if the minimal positive heat kernel associated to the
Laplace-Beltrami operator preserves probability. For the scope of this article, however, we
shall adopt the following (equivalent) definition, which is more relevant from the point of
view of PDEs.

Definition 1.2. A Riemannian manifold (M, g) is said to be stochastically complete if the
only bounded, non-negative C? solution of Au > w on M is u = 0.

There are countless characterizations of stochastic completeness, a comprehensive account
is beyond the scope of this paper, we refer the reader to [9] [11] 23] 24] or the very recent [12].
See also Section [2] below. Stochastic completeness is implied by several geometric, analytic
and probabilistic conditions. For instance, stochastic completeness is ensured by conditions
on the curvature tensor. In this direction, the most general result is the one of Hsu in [19],
a particular case of which states that geodesically complete manifold whose Ricci curvature
satisfies

Ric(z) > —Cr?(z)
outside a compact set are in fact stochastically complete.

As a matter of fact, the LP-positivity preserving property implies stochastic completeness
of the manifold at hand, as it has been observed by Giineysu in [I3]. In particular, stochas-
tically incomplete manifolds provide counterexamples to the validity of the L°°-positivity
preserving property. As an example, take a Cartan-Hadamard manifold whose Ricci curva-
ture diverges at —oo faster than quadratically, for computations we refer to [21].

In the last years there has been an effort to better understand the LP-positivity preserving
property and to find geometric and analytic conditions ensuring its validity. If one takes M =
R™ with the usual Euclidean metric, the L?-positivity preserving property was first proved
by Kato, [20], using the theory of operators on tempered distributions. In a Riemannian
setting, however, one does not dispose of tempered distributions and it is thus necessary to
take other paths. Following an idea of Davies in [4], if the manifold admits a family of smooth
cutoff functions with a good control on the Laplacian, it is possible to prove the LP-positivity
preserving property. In this direction we mention the results by Braverman, Milatovic and
Schubin in []; by Giineysu in [I3, [15]; by Bianchi and Setti in [2]; and by the second author
and Veronelli in [21]. Using a completely different strategy, Pigola and Veronelli, [25], were
finally able to prove that the LP-positivity preserving property for p € (1,+00) holds on
geodesically complete manifolds, thus verifying that the BMS conjecture is true.

Remark 1.3. Without geodesic completeness the LP-positivity preserving property generally
fails for every p € [1,+oc]. To see this, take B; C R? the Euclidean open ball of radius
1. Then, the radial function w(r) = —r, which belongs to all L? spaces, is a non-positive
function which satisfies (—A + 1)u < 0.

The proof of Pigola and Veronelli uses some new regularity results for non-negative sub-
harmonic distributions to prove that the LP-positivity preserving property is implied by a
Liouville-type property for LP-subharmonic distributions. When p # 1,400, this property
is known to hold on geodesically complete manifolds thanks to a result of Yau, [3T]. This
strategy, however, fails when p = 1 or p = +oo since there are known counterexamples to
the Liouville-type property.
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Remark 1.4. To the best of our knowledge, when p = +00 the most general condition known
so far ensuring the validity of the L°°-positivity preserving property is the one of Theorem
IT in [21I]. This condition, which requires geodesic completeness and

Ric(z) > —Cr?(x)

outside a compact set, is essentially the celebrated condition of Hsu, [I9], for stochastic
completeness.

The above observation suggests a much closer relation between stochastic completeness
and the L°°-positivity preserving property. The main result of this article is in fact the
following:

Theorem A. Let (M, g) be a Riemannian manifold, then M has the L™ -positivity preserv-
ing property if and only if it is stochastically complete.

Theorem |A| together with the result of Pigola and Veronelli, [25], give the full picture
of the LP-positivity preserving property when p € (1,+oc]. When p = 1, the best result
we have is the one of the second author with Veronelli, [2I, Theorem II|, which ensures
the L!-positivity preserving property if the manifold is complete and the Ricci curvature
essentially grows like

Ric(z) > —Cr?(x)
outside of a compact set. Using a construction suggested to us by Veronelli we also prove
the following:

Theorem B. For every e > 0, there exists a 2-dimensional Riemannian manifold (M, g)
whose Gaussian curvature satisfies

K(z) ~ —Cr(z)**e,

such that the L -positivity preserving property fails on M. Herer(x) denotes the Riemannian
distance from some fized pole.

Remark 1.5. Theorem [B] together with Remark [I.3] show that the result of Theorem II in
[21] alluded in the above is optimal.

Remark 1.6. Using a simple trick introduced in [I8], the counterexample in dimension 2 of
Theorem [B| can be used to construct counterexamples to the L'-positivity preserving prop-
erty in arbitrary dimensions n > 2. It suffices to take the product of the 2 dimensional model
manifold M with an arbitrary n — 2 dimensional closed Riemannian manifold. Extending
the function which provides the counterexample on M to the whole product produces a
counterexample in a manifold of dimension n.

In order to prove that stochastic completeness implies the LP-positivity preserving prop-
erty, we show that it is essentially a problem of regularity for the distributional, L solutions
of Lu > 0, where £ is defined in (L.1). Using a Brezis-Kato inequality we reduce ourselves
to prove the following:

Proposition C. Let (M, g) be a Riemannian manifold and let w € L* (M) satisfying Lu > 0
in the sense of distributions. Then, there exists some w € C°°(M) with sup,; w < +00 such
that uw < w and Lw > 0 in the strong sense.

This latter result follows from a monotone approximation theorem for the distributional
solutions of Lu > 0 which is of independent interest.

Theorem D. Let (M,g) be a Riemannian manifold and let u € Ll (M) be a solution

of Lu > 0 in the sense of distributions. Then for every Q € M there exists a sequence
{ug} € C>*(Q) such that:
(i) ux \  u pointwise a.e.;
(i) Lup >0 for all k;
(iii) ug, — w in L1 (Q);
(iv) supg ug < 2ess supg u.
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Using a trick due to Protter and Weinberger, [26], it is sufficient to prove a monotone ap-
proximation result for the distributional solution of A,v > 0, where A,v == a~2 div(a?Vv)
and « is a smooth positive function to be specified later. The monotone approximation for
the weighted Laplacian is obtained using a strategy outlined by Bonfiglioli and Lanconelli
in [3] together with some mean value representation formulas for the solution of A,v = 0.
Theorem @ generalizes a result of Pigola and Veronelli in [25] where the monotone approx-
imation was proved only on coordinate charts. If the manifold at hand admits a minimal,
positive Green function for the operator A, (i.e. it is a-non-parabolic) and if this Green
function vanishes at infinity (i.e. it is strongly a-non-parabolic), as a byproduct of the proof
of Theorem [D] we obtain a global, monotone approximation result.

Corollary E. Let (M,g) be a strongly a-non-parabolic Riemannian manifold and let u €
Llloc(M) be a solution of Lu > 0 in the sense of distributions. Then there exists a sequence
{ug} € C°(M) such that:
(i) up \y u pointwise a.e.;
(i) Lup >0 for all k;
(iii) ug, — u in LY(M);
(iv) sup,; up < 2ess sup,, u.

Remark 1.7. Results such as Proposition [C] Theorem [D] and Corollary [E] still hold if the
constant 1 in the operator (1.1]) is replaced by another positive constant. Actually, negative
constants are also allowed as long as —£ remains a positive operator.

The paper is organized as follows. In Section [2] we study the relation between the L>-
positivity preserving property and stochastic completeness, showing that the former property
implies the latter and the converse is true up to a claim which is proved later on. Section
is devoted to the monotone approximation results. We first observe that the conclusions of
Theorem [D] can be inferred form an equivalent statement for the operator A,. We prove
some mean value representation formulae for a-harmonic functions and show how these
can be used to produce a monotone approximating sequence with wanted properties. As a
corollary of Theorem |D] we obtain the desired claim which concludes the proof of Theorem
[Al We end the section by observing that if we make some assumptions on the geometry
of M, the monotone approximation results have a global nature. Finally, in Section [4] we
construct a class of Riemannian manifolds on which the L!-positivity preserving property
fails thus proving Theorem

2. L°°-POSITIVITY PRESERVING PROPERTY AND STOCHASTIC COMPLETENESS

The aim of this section is to investigate the connection between the L°°-positivity pre-
serving property and stochastic completeness. As pointed out in the introduction, there are
several possible definitions one can give for stochastic completeness. We cite here the ones
relevant to our exposition.

(i) for every A > 0, the only bounded, non-negative C? solution of Au > \u is u = 0;
(ii) for every A > 0, the only bounded, non-negative C? solution of Au = A\u is u = 0;
(iii) the only bounded, non-negative C solution of Au = u is u = 0.

For a proof of the equivalence we refer to Theorem 6.2 in [9].

Remark 2.1. Note that the regularity required in the above and in Definition [I.2] can be
relaxed to CO(M) N W, 2(M) see for instance Section 2 of [1]. This fact is a consequence of

loc
a stronger version of Theorem [2.6] below.

We begin with the following observation due to Giineysu, [13].

Proposition 2.2. If (M, g) has the L™ -positivity preserving property, then it is stochasti-
cally complete.

Proof. To see this, take u € C?(M) a bounded and non-negative function satisfying Au > .
Then, if we set v = —u we have

veL®(M)  (—A+1)v>0.
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By the L°°-positivity preserving property, we conclude that v > 0, since u is non-negative,
this yields v = 0 and hence u = 0. ]

Remark 2.3. Tt is worthwhile noticing that stochastic completeness is in general unrelated
to geodesic completeness. It is possible to find Riemannian manifolds which are geodesically
but not stochastically complete such as Cartan-Hadamard manifolds whose Ricci curvature
diverges at —oo faster that quadratically. On the other hand, R™\{0} endowed with the
Euclidean metric is stochastically complete but geodesically incomplete.

Proposition [2.2] and the above remark explain the failure of the result of Pigola and
Veronelli, [25], in the case p = cc.

2.1. From stochastic completeness to the L*°-positivity preserving property. The
goal of this section is to set the ground towards proving the converse of Proposition [2.2

To this end, let (M, g) be a stochastically complete Riemannian manifold and take u €
L>(M) satisfying (—A + 1)u > 0 in the sense of distributions. Our purpose is to show
that uw is non-negative almost everywhere or, equivalently, that the negative part u_ =
max{0, —u} = (—u)4 vanishes a.e.. The next ingredient in our proof is the following Brezis-
Kato inequality due to Pigola and Veronelli, [25, Proposition 4.1]

Theorem 2.4 (Brezis-Kato). Given a Riemannian manifold (M, g), if u € Li. (M) satisfies
Lu > 0 in the sense of distributions, then uy € Li (M) and Luy > 0 in the sense of
distributions.

Since L(—u) > 0 we conclude that Lu_ > 0 in the sense of distributions. If u_ happened
to be a C%(M) function, stochastic completeness would allow us to conclude that u_ = 0,
hence w > 0. Note that, according to Remark u_ € CO(M) N W,5?(M) would be
sufficient. In general, however, this is not the case and, as a matter of fact, it is a stronger
requirement than what we actually need. Indeed, if we find w € C%(M) such that sup,, w <
400, 0 < u_ < w and Lw > 0, then stochastic completeness applied to w implies that w
hence u_ are identically zero.

The existence of such function w is implied by the following corollary of Theorem
whose proof is postponed to the next section.

Corollary 2.5. Let (M, g) be a Riemannian manifold and let w € L (M) be a distributional
solution of Lu > 0. Then, for every relatively compact Q € M there exists some ug € C*°(Q)
which solves Lug > 0 in a strong sense and such that u < ug < 2ess supg u.

Via a compactness argument we use the functions ug to construct the function w. The
following theorem, proved by Sattinger in [28], also comes into aid as it allows to obtain
L-harmonic function from super/sub solutions of Lu = 0.

Theorem 2.6. Let uq,us € C°(M) satisfying

Lug >0, Lus <0, u <wug
on M. Then, there exists some w € C°(M) such that

w <w<uy and Lw=0.

Remark 2.7. Theorem [2.6]is a weaker formulation of a much more general theorem, proved
by Ratto, Rigoli and Véron, [27], for a wider class of functions, namely ui,us € CO(M) N
Wﬁ;f (M). This result goes under the name of sub and supersolution method or monotone
iteration scheme. Note that the results of [27] hold for a larger class of second order elliptic

operators. For a survey on the subject, we refer to Heikkild and Lakshmikantham, [17].

Using the functions constructed locally in Corollary together with an exhaustion
procedure we obtain the following:

Theorem 2.8. Let (M, g) be a Riemannian manifold and let w € L (M) satisfying Lu > 0
in the sense of distributions. Then, there exists w € C*°(M) such that u < w, Lw >0 in a
strong sense and sup; w < ~+00.
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Proof. We begin by observing that if u € L°°(M) then, setting ¢ = [|u[| . (ar), We have
Lc=—c<0on M.
Next, take {25} an exhaustion of M by relatively compact sets such that
MeMhe...eVW e €...€M,

09y, is smooth and M = UpQ;,. On each set ) we apply Corollary and we obtain a
sequence of functions uy, € C°°(£2;) such that

(1) u<wup <2cin Qp;
(2) Lup, > 0 strongly on Q.

Since Lc¢ < 0, we use Theorem on each Qy, to obtain wy, € C°°(£;,) satisfying

(1) ,th = 0;
(2) up < wp, < 2e

We conclude by showing that {wp}, is bounded respect to the C°°(M)-topology and thus
converges, up to a subsequence, to some w € C*°(M).

To this end, let K C M be a compact set and k € N, k > 2. By Schauder estimates for
the operator £ we have

lwaller ey < A (lwnll oo () + | Lwn || cr-2.0(x))

for some « € (0,1). See for instance Section 6.1 of [§]. In particular there exists a constant
C = C(K,n,k) > 0 such that ||ws|[crx) < C for every h € N. Here

lwaller iy = lwnllee ) + IVl Lo (i) + - + [1VFwn | oo (1) -

Since {wp}p is pre-compact, it converges in the C°°(M) topology up to a subsequence,
denoted again with {wy,},. Let w € C°°(M) be the C* limit, we have that

u<w<2c and Lw=0.

This concludes the proof of Theorem [A] apart from the proof of Corollary 2.5

3. MONOTONE APPROXIMATION RESULTS

This section is devoted to the proof of Theorem Instead of proving Theorem [D] di-
rectly, we prove an equivalent monotone approximation result for another elliptic differential
operator closely related to £. We begin by taking a function v € C°°(M) satisfying

(3.1) {ﬁa =0

a>0

The existence of such a function is ensured by [7], and is equivalent to the fact that A7~ > 0.
In our case it is easy to see that A7 > 1.
Using a we define the following drifted Laplacian

(3.2) Ay u e a2 div(a®Va).

With a trivial density argument, one has that A, is symmetric in L? with respect to the
measure an,ug. Then, using the following idea due to Protter and Weinberger, [26], we
establish the relation between A, and £. See also Lemma 2.3 of [25].

Lemma 3.1. Ifu € L*(Q) with Q € M, then
u
— > — | >
(A-1uz0 e A(2) 20

where both inequalities are intended in the sense of distributions.
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Proof. Fix 0 < ¢ € C°(Q), by direct computation we have

o (£) =iy ()]

= o tdiv(aVyp — pVa
(3.3) ( )

=Ap—p—
- ‘690’
where in the last equation we have used (3.1]). Thus, using (3.3) and the symmetry of A,

we conclude
(30 () 20) . = [, e (2) iy

:/Qu (A= D dpty = (A = 1), )12
O

Using Equation (3.3) and setting v = a~lu, it is possible to obtain Theorem [D] from
an equivalent statement for the operator A,. In this perspective, our goal is to prove the
following:

Theorem 3.2. Let (M,g) be a Riemannian manifold and let v € L (M) be a solution
of Aqv > 0 in the sense of distributions. Then, for every Q € M there exists a sequence
{v} € C>=(Q) such that:
(1) v \y v pointwise a.e.;

(i) Aqvi >0 for all k;

(iii) v — v in LY(Q);

(iv) supg v < ess supg v.
3.1. Representation formula for a-harmonic functions. We begin by establishing
some mean value representation formulae involving the Green function of the operator A, on

Q with Dirichlet boundary conditions. Recall that G : Q x Q\ {z = y} — R is a symmetric,
LY(Q x Q) function satisfying the following properties:

(a) GeC® (A xQ\{z=y}) and G(z,y) > 0 for all z,y € Q with x # y;
(b) lim,_, G(z,y) = +o0 and G(z,y) = 0 if z € 9Q (or y € 0N);
(c) Ay G(z,y) = —8,(y) with respect to a®dpug, that is,

/ny A pW)ed(y)dp, Yo € CE(Q)

For r > 0 and = € , we define the following set
(3.4) Br(z) ={y e Q| Gz,y) > r_l} U{z}.

We adopt the convention G(z,z) = +o0 so that B, (z) = {y € Q| G(z,y) > r~'}. Observe
that B,(z) C Q are open and relatively compact Sets moreover, for almost all r > 0, 9B, ()
is a smooth hypersurface. This is a consequence of Sard’s theorem. In the following, do and
dp represent the Riemannian surface and volume measure of 9B, (x) and B, (x) respectively.

Proposition 3.3. For every v € C*(Q) and almost every r > 0, the following representa-
tion formula holds

1
(3.5) v(z) = / v(y)|VG(x,y)|a2(y)day —/ [G(a:,y) - ] Aav(y)OzZ(y)duy
0B, (x) B, (z) r
Proof. By the Green identity we have

U(x) - /I’j’,-(z) G(xﬂ y) Aq v(y)az(y)duy

v oG )
+ ~/BBT(90) (G(sc,y)a(y) - U(y)g(,x’y))a (y)dor,.
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Since %—f = —|VG]|, we obtain

v(x) :/6&@) v(y)‘VG(sc,y)‘aQ(y)doy + % /('ﬂgr(x) %(y)a2(y)day

_ / G(z, 1) Aav(y)a (y)dp,
B (x)

/83,.(30) v(y)’VG(x,y)‘aQ(y)day - /B,.@) [G(z,y) _ E]Aav(y)&(y)duy.

In particular, if v € C?(2) is a-harmonic, i.e. Ayu =0 on €, then
(3:0) v = [ 196w ] ) o) doy

The formulae (3.6) and (3.5)) are a generalization of some standard representation formula
for the Laplace-Beltrami operator. See for instance the Appendix of [3], [22] or the very
recent [6].

3.2. Distributional vs. potential a-subharmonic solutions. Before proving the mono-
tone approximation result, we observe that the notion of a-subharmonicity in the distri-
butional sense is closely related to the notion of a-subharmonic solutions in the sense of
potential theory.

Definition 3.4. We say that an upper semicontinuous function v : @ — [—o00,+00) is
a-subharmonic in the sense of potential theory on  if the following conditions hold
(i) {z € Q| ulz) > —oc} £ 0;
(ii) for all V € Q and for every h € C*(V)NC%(V) such that A, h = 01in V with u < h
on OV, then
u<h in V.

The key observation, first noted by Sjorgen in [30, Theorem 1] in the Euclidean setting, is
that every distributional a-subharmonic function is almost everywhere equal to a function
which is a-subharmonic in the sense of potential theory. Note that in [30, Theorem 1],
Sjorgen considers a wider class of elliptic differential operators. The drifted Laplace-Beltrami
operator falls into that class.

More precisely, if v € L(£2) satisfies A, v > 0 in the sense of distributions, then v is equal
almost everywhere to an a-subharmonic function in the sense of potential theory. Naturally,
if v has some better regularity property, for example it is continuous, the equality holds
everywhere. This fact holds true also in the Riemannian case, we sketch here the proof for
clarity of exposition.

Recall that for every ¢ € C°(Q2) we have

o(z) = - / G2, y) Daply) 0*(y)dy.

Furthermore, since A, v = dv¥ is a positive Radon measure, we have

[ v@aapta) a*@in, = [ oo avy

for every ¢ € C2°(€2). The measure dv” is often referred as the A,-Riesz measure of v. By
a direct computation we have

[ v@apta) a*@idn, = [ oo avy
—/Q/QG(:E,y)Aaw(y) o (y)dpy dvy

/g;— ( 5 G(x,y)dl/;f) Asp(y)a®(y)dpy,
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hence,

/Q (v(y) +/QG(x,y) dl/;’) Aa@(y>a2(y)duy — 0,

for every 0 < ¢ € C°(Q). In other words, the function

U+/ G(z,-)dv,
Q

is a-harmonic in the sense of distributions. By [30, Theorem 1] of Sjorgen we know that
a-harmonic functions are almost everywhere equal to a function which is a-harmonic in the
sense of potential theory. When the operator at hand is the Euclidean Laplacian, this result
is usually referred as Weyl’s lemma. We conclude that

(3.7) v h— / G(z,)dv?,
Q
where h is a-harmonic in a strong sense. On the other hand, one can prove that the function
(3.8) —Gxdv’ = f/ G(z,-)dv,
Q

is a-subharmonic in the sense of potential theory which concludes the sketch of the proof.
For this latter statement, we refer to Section 6 of [3].

3.3. Proof of Theorem In order to prove Theorem we adopt a strategy laid
out by Bonfiglioli and Lanconelli in [3], where they obtained some monotone approximation
results for a wide class of second order elliptic operators on R™. To do so, we begin by
defining the following mean integral operators. If v is an upper semicontinuous function on
Q,xz € Qandr >0, we set

(3.9) my(v)(x) == /68 ( )v(y)WyG(ﬂf,y)W(y) doy.

In particular, if v is an a-subharmonic function in the sense of distributions we have the
following results, which are an adaptation to the case or Riemannian manifolds of [3].

Proposition 3.5. Given a Riemannian manifold (M,g) and Q@ € M, if v € L'(Q) is
a-subharmonic in the sense of distributions, then

(a) v(z) < m,(v)(x) for almost every x € Q and almost every r > 0;

(b) let 0 < s <1 then mg(v)(x) < m.(v)(x) almost everywhere in Q;

(c) for almost every x € Q we have lim,_,o m,(v)(z) = v(z);

(d) for every r >0 m,(v) is a-subharmonic in the sense of potential on ).

Proof. By the observation in the previous section, up to a choice of a good representative,
we can assume that v is a-subharmonic in the sense of potential, cf. Definition [3.4]

(a) Fix g € Q and r > 0, consider ¢ € C°(9B,(xg)) such that v < ¢ on dB,(xg). Let
h: B.(xo) = R be the solution of

{Aah =0 in By(z)

3.10 .
(3.10) h=¢ on 9 B,(xg)

Since v is a-subharmonic in the sense of potential, then v < h in B,(z¢). By Proposition
B3l we have

(3.11) v(zo) < h(zg) = /88 ( )cp(y)|VyG(xO,y)|d0;‘

where do¢ = a?(y) do,. Since v is upper semicontinuous on dB,.(zo), there exists a sequence
{pi}i € CO%0B,(x0)) such that ¢;(y) \, v(y) almost everywhere on dB,(xg). Applying
(3.11) to each ¢; we obtain by Dominated Convergence that

o(o) < / 0(y)|V,G (@0, 1)|do® = m, (v) (xo).
9B (xo)
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(b) Fix 0 < s <, let ¢ and h be as in (i) so that v < h on B,(z¢). By Proposition [3.3] we
have

ma(v) (o) < /

5. )h(y)|VyG(nco,y)\dazY = h(zg) :/ go(y)\VyG(xo,yﬂdU;.

0B (z0)

Taking a monotone sequence of continuous functions on the boundary ¢; \, uv and proceeding
as above we conclude

() (0) < /a oy FDITAOE0 )l — (o))

(¢) This property is a consequence of the fact that v is (almost everywhere) equal to an upper
semicontinuous function. Fix z¢p € 2 and € > 0 there exists a small enough neighborhood
of xg, V(x0), such that .

v(y) <v(zo)+e
on V(zg). Taking for r > 0 small enough, we have
m,(v)(xo) < v(zo) + €.
Recall that the function constant to 1 is a-harmonic on Q. By (), v(xo) < m,(v)(xo) hence
() (0) — € < v(0) < mp(0) (20).

Letting ¢, and thus r go to 0, we obtain desired property.
(d) This last property is a consequence of the decomposition of a-subharmonic functions
observed in (3.7). Integrating against |[VG|a? both sides of (3.7) we obtain

my(v)(z) = h(x) — m, (G x dv’)(z).
The desired property follows from the fact that the mean integral —m,.(G * dv¥) is a-

subharmonic in the sense of potential. For details we refer to Section 6 of [3].
O

The next step is to take a convolution of the mean integral functions m,.(v) so to obtain
smooth functions which produce the desired approximating sequence {vy }x.

Proof of Theorem[3.3 Let ¢ € C2([0,1]) be a non-negative function with unitary L'-norm,
we define

+oo 1
(3.12) (@) = /O o(ks) me(v)(x)ds = /0 p(t)m (v)(@)dt

As shown in [3] the functions defined by (3.12)) are eventually smooth.
The monotonicity of {v;} follows immediately from the monotonicity of m, (v) with re-

spect to r. Combining this with property [(c)] and [(a)] of Proposition we obtain [(i)| by
monotone convergence. The proof of is a consequence of @ in Proposition To see

this, let ¢ € C° (M), then by Fubini-Tonelli we have

[ @ savte)= [ (k[ ” so(ks)ms@)(x)ds) A t(2)
=k [ oths) ([ m@8a0()) ds 20

Note that ¢ is compactly supported on [0,1], ¢ € C°(M) and m,(v)(x) are upper semi-
continuous functions bounded from below by v € L'(M). Both this proofs are straightfor-
ward computations, we refer to [3, Theorem 7.1] for the details. The convergence in L'(€2)
follows from (i)| and using the fact that |vx| < max{|v],|v1|} and Dominated Conver-
gence. For the uniform estimate of it is enough to observe that 1 is an a-harmonic
function on © and ¢ has unitary L' norm, hence,

+o0 +oo
v (x) = k:/o o(ks) mg(v)(z) ds < ess supq vk/o o(ks) mg(1)(z) ds = ess supg, v.

This concludes the proof of Theorem [3.2 O
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Remark 3.6. Note that in the last estimate, one actually has

€ss supq v < ess supv < ess supg v.
Bk ()

This observation will be crucial later on.

3.4. Proof of Theorem Finally, we desume the proof of Theorem [D]from Theorem [3.2}
If {vx}r is the approximating sequence for the function v = %, we define uy, = avy. By
Equation (3.3)), {ux}x is an approximating sequence for u as it satisfies (i) — (éii) of Theorem
The proof is trivial and is therefore omitted. A little more effort is required to show that
if supg vk < ess supg v, then supg ur < 2ess supg u for k large enough.

To this end, fix z € . As noted in Remark [3.6] we have

ug(z) = a(z)vk(r) < ax)ess SUPg, ,, (2) U < in?g(jz , €88 SUDQ U.
Furthermore, for every y € By ;(x) we estimate
a(y) a(y) info o

where 71 (z) = sup{d(z,2) : z € Byi(z)}. Next, we show that the function 74 (z) can be
uniformly bounded so that (3.13)) is bounded above by 2.

Lemma 3.7. There exists some ko € N such that

ri(x) <

inf
Y L e eQ, Vk> k.
supq, |Va/

Proof. Suppose by contradiction that there exists a sequence of points {xx}r C Q such
that 7 (xg) > ¢ for every k € N. By definition of ri(zy), there exists a sequence of points
{yr}r C Biji(xr) such that d(yx, 1) > c. Since Q2 is relatively compact, up to a subsequence,
we can assume that x5, — 2o, € Q and yp — Yoo € Q. Since y;, € Bi k() we have

(3.14) Gk, yr) > k — +o0.

Note also that the Green function G is smooth and hence continuous on Q2 x Q\{z = y}. Note
that since d(zk, yg) > ¢, then d(z, Yoo) > ¢, in particular we deduce that x., ¢ 92 because
the Green function G vanishes on the boundary of Q. If z,, € Q is not on the boundary,
fix k € N. By and continuity of the Green function we have G (Yoo, Too) > k which
implies that yoo € B, z(2). In particular we have d(ze,yoc) < rg(2oc) — 0, which is a
contradiction since d(Zoo, Yoo) > ¢. Indeed, for every x € Q,

lim rg(z) =0.
—+0o0
Clearly, r(x) is a monotone decreasing sequence in k. If its limit is some rg # 0 this implies

that ri(x) > ro for all k. In particular the geodesic ball B, (x) is contained in By () for
all £ € N. This, however, is a contradiction since

ﬂ By (z) = {z}.
k=1

Thanks to Lemma [3.7] up to taking k large enough, we have
a(z) < 2a(y) Vo € Q and Yy € By (z),

hence,

a(x)

infBl/k «

This concludes the proof of Theorem

ug(z) < ess supg u < 2ess supg u Vo € Q.
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3.5. Remarks on the global case. A careful analysis of above proofs shows that the
monotone approximation results can be obtained globally on the whole manifold M as long
as there exists a minimal positive Green function for the operator A, and the super level
sets B,.(z) are compact. Not all Riemannian manifolds, however, satisfy these conditions.
We recall the following

Definition 3.8. A Riemannian manifold (M, g) is said to be a-non-parabolic if there exists
a minimal positive Green function G for the operator A,. Moreover, if this Green function
satisfies

(3.15) lim G(z,y) =0,

Yy—r00
the manifold M is said to be strongly a-non-parabolic.

Note that compact Riemannian manifold are always a-parabolic thus we focus on the
complete, non-compact case. It is also known that if (M, g) is a geodesically complete,
a-non-parabolic manifold, then

(3.16) dt < o0

> t

/1 vola (B (z))
where vol, (B¢(p)) is the volume of the geodesic ball of radius ¢ and center x with respect
to the measure a?du,. See for instance Theorem 9.7 of [10]. Furthermore, if we assume
a non-negative m-Bakry-Emery Ricci tensor Ric" == Ric+ Hess(f) — %df ® df > 0 with
f = —2loga, it is possible to prove some Li-Yau type estimates for the heat kernel, see
Theorems 5.6 and 5.8 in [5]. Integrating in time these estimates we obtain the following
bounds for the Green function

Cil/ —p it < Gry) < O/ ——————dt.
d(,y) VOla(Bt(x)) (@) d(z.y) VOla(Bi(x))

In particular if (3.16)) holds true and Ric;c" > 0, the previous estimate implies that the
manifold at hand is strongly a-non parabolic. It would be interesting to investigate which
geometric conditions on the manifold (M, g) imply the existence of a function « such that

(3.16) and Ric}" > 0 hold true.

4. A COUNTEREXAMPLE TO THE L'-POSITIVITY PRESERVING PROPERTY

This section is devoted to the proof of Theorem [B] Fix ¢ > 0 and consider the 2-
dimensional model manifold M = R, x,S!, that is Ry xS! with the metric ¢ = dt? +
o%(t)df?. Here df? is the standard round metric on S' and o = o, is a C*((0,+))
function satisfying

o(t) = {j(t) >t

tt<g
Here t. = (2(1 + 6)6)_1/28 and the function j is defined as
_42+2e
_ e
i) = e

By a direct computation we have
.t _2+2e e 1
¥ (ﬁ):7(1+€)€ 2t +ﬁ

. 4242 - 1
J'(t) =1 +e)e [%E PHAQ T 2+ e) |
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As a result, outside of a compact set we have the following asymptotic estimate for the
Gaussian curvature:

K(t,6) —f?g

1
=—(1+e¢) 2t25+4(1+5)t2+45+(2+5)t—2 g

~ _4(1 + E)2t2+4eg

2+42¢ 2+42¢
t _ et )

as t — +o0o. Next we define the function U(¢,0) = u(t) = (e
it satisfies

+ and prove that

AU > U
in the sense of distributions. If ¢ > ¢., by direct computation we have
u'(t) = 2(1 + &)ttt 2e
u”(t) _ 2(1 + €)et2+25 [2(1 + €)t2+4€ + (1 + 2€)t2€:|

t2+2a

thus

t2+25 t2+25

AU -U =u"(t) + j]',l(t) u'(t) —u(t) =e [2(1+e)et> —1] +e= >0.

On the other hand, if ¢ < ¢, the function U is identically zero, so that AU — U > 0 also for
t € (0,t.). To see that AU > U in the sense of distributions on the whole manifold we take
0<peC®(M)and set M := M\ B;_(0). Then we compute

/U(Aw—w):/iU(Aw—w)
M M
0
—— [ovevuy+ [ vZ2- [ v
7 onf OV Jir
=—/79(V90,VU)—/7U¢>
M M
:/ AUp — a—Uapf/ Up
M ot OV 7
oU
:/AU<p+/ 7@_/ Uyp
e 9B, (0) Ot e

:/(AU—U)Lp—i—/ u'p > 0.
M 9B, (0)

On the other hand we have:
+o0 ) —+oo 1
/M |U|dV, = wm/O u(t)g(t)dt = /tE tl?dt < +o0.

In conclusion, if we set V = —U we have V € L'(M) and (— A+1)V > 0 but V < 0, which
contradicts the validity of the L'-positivity preserving property on M.
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