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Abstract. Let (X, d, u) be a doubling metric measure space endowed with a Dirich-
let form & deriving from a “carré du champ”. Assume that (X, d, u, &) supports a
scale-invariant L2-Poincaré inequality. In this article, we study the following prop-
erties of harmonic functions, heat kernels and Riesz transforms for p € (2, oo]:

(i) (Gp): LP-estimate for the gradient of the associated heat semigroup;

(ii) (RH,): LP-reverse Holder inequality for the gradients of harmonic functions;
(iii) (R,): LP-boundedness of the Riesz transform (p < oo);

(iv) (GBE): a generalised Bakry-Emery condition.

We show that, for p € (2, ), (i), (ii) (iii) are equivalent, while for p = oo, (i), (ii),
(iv) are equivalent. Moreover, some of these equivalences still hold under weaker
conditions than the L?-Poincaré inequality.

Our result gives a characterisation of Li-Yau’s gradient estimate of heat kernels for
p = oo, while for p € (2, 0) it is a substantial improvement as well as a general-
isation of earlier results by Auscher-Coulhon-Duong-Hofmann [7] and Auscher-
Coulhon [6]. Applications to isoperimetric inequalities and Sobolev inequalities
are given. Our results apply to Riemannian and sub-Riemannian manifolds as well
as to non-smooth spaces, and to degenerate elliptic/parabolic equations in these

settings.
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1 Introduction

1.1 Background and main results

On complete Riemannian manifolds and on more general metric measure spaces endowed with
a Dirichlet form, Gaussian heat kernel upper and lower estimates have been well understood since
the works of Saloff-Coste [08]], Grigor’yan [553], Sturm [106) [107, [108]], see also [20} [14] and
references therein. Together these estimates imply the doubling volume property and the Holder
regularity of the heat kernel (see [43] for a new and direct proof of the latter fact). A fundamental
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and non-trivial consequence of the known characterisation of these estimates, in terms of the
doubling volume property and a scale-invariant L?-Poincaré inequality (see [98}, 09, [100]), is that
they are stable under quasi-isometries.

By contrast, the matching upper estimate

(GLY) IVxhi(x, )| <

c d*(x,y)

ViV(, Vi e"p{ T }

(see Theorem below) of the gradient of the heat kernel is only known to hold in very spe-
cific cases: on manifolds with non-negative Ricci curvature [85]], on Lie groups with polynomial
volume growth [97]], and on covering manifolds with polynomial volume growth [39}40]. There
have also been many efforts to derive upper bounds of the gradient of the heat kernel by using
probabilistic methods including coupling and derivation of Bismut type formulae, but only for
small time (i.e. essentially local results) unless one assumes non-negativity of the curvature; see
35,191,193, 1105, [111]] and references therein.

No handy global characterisation exists for (GLY) (see however [34, Theorem 4.2] in the
polynomial volume growth case). Note that no equivalent property can exhibit invariance under
quasi-isometry: the example of divergence form operators with bounded measurable coefficients
shows that the Lipschitz character of the heat kernel is not generic and not stable under quasi-
isometry. However, non-negative curvature is too restrictive a sufficient condition, since it is very
unstable under perturbations of any kind. Moreover, it is desirable to find a common reason that
would explain why the property holds in the above three families of examples. Such a condition
was introduced in [74, Theorem 3.2] and [76, Theorem 3.1], where it is proven that a certain
quantitative Lipschitz regularity of Cheeger-harmonic functions implies an upper estimate of the
gradient of the heat kernel. We shall see in Section [/| that it is relatively easy to obtain such
regularity of harmonic functions in the aforementioned settings.

In the present paper, we first give a converse to this implication, and follow with an L”-version
of this equivalence which can be seen as an L™ one. An important motivation for the study of
pointwise estimates of the gradient of the heat kernel is that they open up the way to the bounded-
ness of Riesz transforms on L? for all p € (1, +o0) (see [7]]). Further, it was discovered in [7] that
the weaker LP-version of these estimates governs the boundedness of Riesz transforms on L? in
an interval (2, pg), for 2 < pg < +o0. Details will be given below.

To summarise, we give characterisations of these pointwise and integrated estimates for the
gradient of the heat kernel in terms of estimates for the gradients of harmonic functions. In other
words, we eliminate time. This is a first step towards a geometric understanding of these estimates,
and we expect this will enable one to treat new examples.

Let us now fix our setting. Let X be a locally compact, separable, metrisable, and connected
space equipped with a Borel measure y that is finite on compact sets and strictly positive on non-
empty open sets. Consider a strongly local and regular Dirichlet form & on L*(X, u) with dense
domain 2 ¢ L*(X, u) (see [51] or [59] for precise definitions). According to Beurling and Deny
[16], such a form can be written as

E(f.9) = fX dr(f.9)
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for all f,g € &, where I is a measure-valued non-negative and symmetric bilinear form defined
by the formula

1
[ edrrg = 51600+ S oh) - 570

forall f,ge 2N LX,u) and ¢ € 2 N 6p(X). Here and in what follows, % (X) denotes the space
of continuous functions on X and %((X) the space of functions in %’ (X) with compact support.
We shall assume in addition that & admits a “carré du champ”, meaning that T'(f, g) is absolutely
continuous with respect to u, for all f, g € &. In what follows, for simplicity of notation, we will
denote by (Vf, Vg) the energy density %’;g) and by |V f] the square root of %

Since & is strongly local, I is local and satisfies the Leibniz rule and the chain rule; see [51]].
Therefore we can define &(f, g) and I'(f, g) locally. Denote by Zo. the collection of all f €
L%OC (X) for which, for each relatively compact set K C X, there exists a function & € & such

that f = h almost everywhere on K. The intrinsic (pseudo-)distance on X associated to & is then
defined by

d(x,y) :=sup{f(x) = f) : f € D1oc NEX), [Vfl<1ae.}.

In this paper, we always assume that d is indeed a distance (meaning that for x # y, 0 < d(x,y) <
+00) and that the topology induced by d is equivalent to the original topology on X. Moreover, we
assume that (X, d) is a complete metric space. Under this assumption, (X, d) is a geodesic length
space; see for instance [[106, |4, 59].

To summarise the above situation, we shall say that (X, d, u, &) is a Dirichlet metric measure
space endowed with a “carré du champ”, in short a Dirichlet metric measure space.

The domain & endowed with the norm /||f ||§ + &(f, f) is a Hilbert space which we denote

by W2(X, 1, &), in short W'2(X). For an open set U C X, the local Sobolev space W:(’)i(U) is
defined to be the collection of all functions f such that for any compact set K C U there exists
F € 9 satistying f = F a.e. on K. For each p > 2, the Sobolev space W'P(U) is then defined
as the collection of all functions f € Wll(’)i (U) satisfying f, [Vf| € LP(U); see Appendix H for
the existence of [Vf|. The space Wé’p (U) is defined to be the closure in W'”(X) of functions in
W'P(X) with compact support in U. Then each Lipschitz function with compact support in U
belongs to Wé’p (U) for any p € [2, oo]; see Appendix

Corresponding to such a Dirichlet form &, there exists an operator denoted by £, acting on
a dense domain 2(£) in L*(X,u), 2(L£) ¢ WH2(X), such that for all f € 2(£) and each g €
Wh(X),

fX J)Lg(x) du(x) = &(f, 8)

The opposite —£ of £ is the infinitesimal generator of the heat semigroup H; = ¢™£, t > 0.

Let B(x, r) denote the open ball with center x and radius r with respect to the distance d, and
set CB(x,r) := B(x,Cr). For simplicity we write V(x,r) := u(B(x,r)) for x € X and r > 0. We
say that the metric measure space (X, d, u) satisfies the volume doubling property if there exists a
constant Cp > 1 such that for every x € X and all r > 0,

(D) V(x,2r) < CpV(x, 7).
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If (X,d, u, &) is a Dirichlet metric measure space endowed with a “carré du champ” and (X, d, pt)
satisfies (D), we say that (X, d, u, &) is a doubling Dirichlet metric measure space endowed with
a “carré du champ”, in short a doubling Dirichlet metric measure space. It easily follows from
(D) that there exist Q > 0 and Cp > 0 depending only on Cp such that for every x € X and all
0<r<R,

R\2
(Do) V(x,R) < Co (7) V(x,r).
Notice that (X, d, i) satisfies (D) if and only if it satisfies (Dg) for some Q > 0. Moreover, since
(Do) implies (D) for each 0 > Q, we shall assume without loss of generality that Q > 2.
One says that the local Sobolev inequality (LS ), ¢ > 2, holds on (X, d, u, &) if for every ball
B = B(x,r) and each f € W(;’Z(B),

2/q 2
(LS ) (JC Vig dﬂ) <Cs (JC |f1? du + 4 E(f, f))‘
B B V(x,r)

Under the volume doubling property (D), it is known that (LS ), for some g > 2, is equivalent to
the assumption that the heat semigroup H; = ¢~'£ has a kernel &, called the heat kernel, which
satisfies an upper Gaussian bound

d?(x,y)

C
(UE) h(x,y) < ——ex {—c },Vt>0,fora.e. X,y €X,
TP R ’
see [20].
We say that (X, d, u, &) supports a local LP-Poincaré inequality, p € [2, o), if for all ryp > 0
there exists Cp(rp) > 0 such that, for all 0 < r < ry and for every ball B = B(x,r) and each
f e Whr(B),

I/p
(Pp,1oc) JC |f = fBldu < Cp(ro)r (J[ VAP dll) .
B(x,r) B(x,r)

Similarly, (P, 1oc ) requires for each f € W' (B) that

(Postoe) Ji 7= ol < CoteorI

Further, if there exists a constant Cp > 0 such that the above inequalities hold for every ball
B(xp,r) and each f € WLr(B) with Cp(ro) replaced by Cp, then we say that (X, d, i) supports a
scale-invariant L”-Poincaré€ inequality, (P,), p € [2, co].

Obviously, inequalities (P),) as well as (P, 1oc ) are weaker and weaker as p increases. Since
(X,d) is geodesic, our Poincaré inequalities (P,) and (P, 1oc ) have self-improving properties for
2 < p < oo by [[78]], see Appendix for the precise statement in our setting. This fails, in
general, for (P) and (P 10c ), see [41] 42]. We also note that (P,) together with (D) implies
(LS ;) for some g € (2, co] but the converse is not true; see [20, 61].
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By Sturm [[106, 107, [108]] (see Saloff-Coste [99, 98] and Grigor’yan [55]] for earlier results on
Riemannian manifolds), on a metric measure space (X, d,u) endowed with a strongly local and
regular Dirichlet form &, (D) together with (P;) are equivalent to the requirement that the heat
semigroup H; = ¢~'£ has a heat kernel /, that satisfies the Li-Yau estimate

- -
Ve Nh T a VN P A

for all r > 0, a.e. x,y € X. This estimate was originally obtained in [85] on Riemannian manifolds
with non-negative Ricci curvature. Moreover, (UE) is equivalent to a parabolic Harnack inequality
for solutions to the heat equation. The parabolic Harnack inequality obviously implies an elliptic
Harnack inequality, which had been obtained earlier under doubling and Poincaré by Biroli and
Mosco [[17, [18]]. Furthermore, Hebisch and Saloff-Coste [63]] showed that an elliptic Harnack
inequality also implies a parabolic one if one has (D) and (UE) (see also [14]).

A consequence of the elliptic Harnack inequality is that harmonic functions are Holder in space,
and a consequence of the parabolic Harnack inequality is that the heat kernel is Holder in time and
space. It follows from the above that this is the case if (D) and (P;) hold.

However, in general, (D) and (P) are not sufficient for Lipschitz regularity of harmonic func-
tions or heat kernels. This phenomenon already occurs in the case of uniformly elliptic operators
of divergence form with non-smooth coefficients in Euclidean space, see for instance [21}, [102].
Even in a smooth setting, additional assumptions are required in order to ensure proper pointwise
estimates for gradients of harmonic functions or heat kernels.

Yau’s gradient estimate for positive harmonic functions (cf. Yau [114], Cheng-Yau [30]) states
that on non-compact Riemannian manifolds with Ricci curvature bounded below by —K, K > 0, it
holds that

(LY)

} < hl‘(x’y) <

(Yeo) sup [Vlogu(x)| < c(% + x/E)

x€B(xp,r)

for every ball B(xg,r) and every positive harmonic function u on B(xp,2r). Li-Yau’s gradient
estimate for heat kernels (c.f. Li and Yau [85]) on Riemannian manifolds with non-negative Ricci
curvature states that

2
(GLY.) {—cd (f’y )

c
IVih(x,y)| £ —————ex },Vt>0, x,yeX.
xrty y \/ZV(y, \/Z) p y

These two gradient estimates are fundamental tools in geometric analysis and related fields, and
there have been many efforts afterwards to generalise them to different settings, see for instance
(34,381,139, 140,144} 152,168, [74, 1831 [86, 192, (93, (97, [116} [117, [118].

Let us review some of these generalisations. Saloff-Coste [97] obtained (GLY ) on Lie groups
with polynomial growth. Dungey [39, 40] obtained (GLY) on Riemannian covering manifolds
with polynomial growth. On Heisenberg type groups, Driver and Melcher [38] and Hu and Li
[68] obtained a Bakry-Emery type inequality, which implies (GLY4,). Zhang [116] obtained Yau’s
gradient estimate (K = 0) on Riemannian manifolds of non-negative Ricci curvature modulo a
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small perturbation. In recent years, in a series of works [13} (52} [73] (74| (117, [118]], Yau’s gradient
estimate for harmonic functions and Li-Yau’s gradient estimate for heat kernels (and their local
versions) have been further generalised to metric measure spaces and graphs satisfying suitable
curvature assumptions; we refer the reader to [3l 4} 25, 126l 27 146l 167, 187, 1109, [110] for recent
developments of lower Ricci curvature bounds and related calculus on metric measure spaces.
Our aim in the present paper is to characterise heat kernel gradient bounds without making any
curvature assumptions. One can summarise our results by saying that we reduce (GLY) to a
condition that is easily seen to be equivalent to (Y ) with K = 0.

The conjunction of [7, Theorem 1.4] and [34] Corollary 2.2] shows that (D) and (GLY,) yield
the boundedness of the Riesz transform on L?:

(R)) VL2 £1ll, < Cllfllp, Vf € LP(X, )

for all p € (1, +00). On the other hand, under (D) and (UE), (GLY) is known to be equivalent to
the boundedness of the gradient of the heat semigroup:

C
(Go) IIVHllonseo < —
’ Vi
(see [[7, p.919] and [33| Theorem 4.11]). However, there are examples such as conical manifolds
(cf. [82]) and uniformly elliptic operators (cf. [102] and [21]]) where (R,) only holds for p in a
finite interval (1, pg), 2 < po < oco. It was discovered in [7]] that a natural substitute for (GLY,) or
(G) is the LP°-boundedness of the gradient of the heat semigroup together with the estimate

C
(Gpy) WVHAp—po < —>
Po tiipo—po \/;
2 < po < oo, which by [7] implies (R,) for all 1 < p < po under (D) and (P;). Above and in
what follows, || - ||,—, denotes the (sublinear or linear) operator norm from L”(X, u) to LP(X, )

for p € [1,0]. Note conversely that (R,,) easily implies (G,) for any p € (1, c0). Note also that
(Gp) is equivalent to the validity of the estimate |||V f |||?, < IAILAN, for all f e P(L) with
fs Lf € LP(X, p) (see [34, Prop. 3.6]).

Observe that (G,) always holds. Indeed, it follows from spectral theory that for each f €
LA(X, ),

C
ILH fll2 < —lI£1k,

and hence c
IIVH, fNll5 = (H,f, LH,f) < 7IIfI|§,

i.e. (G) holds (here < -, - > denotes the bracket in L?).

By interpolation with (G»), (Go) implies (G,) for all p € (2, o). Finally, if (X, d, 1, &) satisfies
(D) and (UE), in particular if it satisfies (D) and (P3), then it follows from the above results that
(GLY) implies (G ) for all p € (2, ).
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Our main results below give a characterisation of (G) for each 2 < p < oo in terms of estimates
for gradients of harmonic functions. For p = co, this can be seen as a gradient version of the
equivalence between elliptic and parabolic Harnack inequalities under (D) and (P;), cf. [63}[14].
Before we state these results, let us recall some terminology.

Let Q C X be a domain. For g € L*(Q), a Sobolev function f € W?(Q) is called a solution to
Lf=ginQif

(L.1) [ @r5odu= [ stpdueo. ve e wE@,

If Lu = 0 in Q, then we say that « is harmonic in Q.

Definition 1.1. Letr (X,d,u, &) be a Dirichlet metric measure space and let p € (2, 00). We say
that the quantitative reverse LP-Holder inequality for gradients of harmonic functions holds if
there exists C > 0 such that, for every ball B with radius r and every function u that is harmonic
in 2B,

1/p C
(RH,) ( f IVul? du) < f ul
B r J2B

Analogously, (RH) requires that

C
Vil < = f ul dy.
r J2s

Note that (RH,) implies (RH,) for g < p. In [[74,[76], (RH) was used to prove isoperimetric
inequalities and gradient upper estimates for heat kernels. We shall see in Lemma below
that, under (D) and (P;), (RH) is equivalent to Yau’s gradient estimate (Y,) with K = 0. See
[30L [73L {114} [117] for more about (Yo) and (RH,). Actually, a more natural formulation for the
reverse LP-Holder inequality for gradients of harmonic functions is

— l/p 1/2
(RH)p) ( f |Vul? d,u) < c( f |Vul? du) ,
B 2B

if u is harmonic on 2B; see [6} [102]]. In general, (ﬁl p) is stronger than (RH,). Indeed, as soon
as (D) and (UE) hold, the Caccioppoli inequality (Lemma@ below) together with Proposition
and a simple covering argument gives the implication (RH,) = (RH),). However, (RH ) is
equivalent to (737:1 ), if in addition one has (P3).

We shall see in Example 4 from Section that there exist Riemannian manifolds where (RH )
and (G,) hold for some p > 2, but (ITI? p») does not hold. This is why we have to characterise (G )
in terms of (RH),) instead of (ﬁl p) in Theorem below.

Our first main result gives a characterisation of pointwise estimates for the gradient of the heat
kernel.
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Theorem 1.2. Let (X,d,u, &) be a non-compact doubling Dirichlet metric measure space en-
dowed with a “carré du champ”. Assume that (X, d, u, &) satisfies (UE) and (P, 10c ). Then the
following statements are equivalent:

(i) (RH) holds.

(ii) There exist C,c > O such that

(GLY,) IVhi(x,y)l <

—C ex {_cdz(x,y)}
RGN :

forallt>0anda.e. x,y € X.
(iii) The gradient of the heat semigroup |\VH,| is bounded on L™ (X) for each t > O with

C
t Vi

(iv) There exist C,c > 0 such that
(GBE) IVH,f(x)]* < CH(IVf1*)(x)
for every f € WH2(X), allt > 0 and a.e. x € X.

The main novelty here is the implication (GLY) — (RHs). Indeed, (RH,) — (GLY)
follows from ideas in the proof of [74, Theorem 3.2]. Moreover it is easy to see that (G) is
equivalent to

(1.2) sup Vi | [Vihy(x, p)ldu(y) < +oo;
>0, xeM M
therefore (GLY) — (Go) follows by integration using (D) (see [7, p.919]). Then the rea-
soning in [[7, p.919] and [33l Theorem 4.11] yields the converse implication. The equivalence
(GLY«) < (GBE) follows by a version of [[7, Lemma 3.3] and [14, Theorem 3.4]. In the sequel,
we shall call condition (iv) a generalised Bakry—Emery condition (GBE).
Theorem [I.2] admits a direct corollary.

Corollary 1.3. Let (X,d,u, &) be a non-compact doubling Dirichlet metric measure space en-
dowed with a “carré du champ”. Assume that (X,d,u, &) satisfies (P). Then the conditions
(RHw), (GLY &), (G) and (GBE) are mutually equivalent.

In sufficiently smooth settings, the assumption (P oc ) 1S automatically satisfied and we obtain
the following.

Corollary 1.4. Let (M, g) be a non-compact Riemannian manifold. Assume that the Dirichlet
metric measure space associated to the Laplace-Beltrami operator satisfies (D) and (UE). Then
the conditions (RHy), (GLY ), (G) and (GBE) are mutually equivalent.

Remark 1.5. Note that in Theorem[I.2]and Corollary [1.4] we did not require (P5) or (LY). How-
ever, they follow as a consequence of (UFE) together with (GLY,) or (RH,); cf. [34}[14].
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Note that, when C = ¢ = 1, (GBE) is the classical Bakry-Emery condition
(BE) IVH f(0)F < H(VfIP)(x),

which, on manifolds, is known to be equivalent to non-negativity of Ricci curvature; see [10] and
also [8, 9, [113]]. This equivalence has been further generalised to metric measure spaces with
non-negative Ricci curvature (RCD*(0, N) spaces) in [4} 5, 146].

On Lie groups of polynomial growth, Saloff-Coste [97] obtained (GLY,,) for the heat ker-
nels; see also [1]. More generally, on sub-Riemannian manifolds satisfying Baudoin-Garofalo’s
curvature-dimension inequality CD(p1, p2, k,d) with p; > 0, p» > 0,k > 0 and d > 2, it is known
that the gradient of the heat kernel satisfies the pointwise inequality (GLY,) (cf. [11, Theorem
4.2]). Therefore, by Theorem[I.2] we see that (RHx), (GBE) and (G« ) hold on the aforementioned
spaces; see Section [/|for more examples.

As far as LP-estimates for the gradient of the heat kernel are concerned, we have the following
characterisation.

Theorem 1.6. Let (X,d,u, &) be a non-compact doubling Dirichlet metric measure space en-
dowed with a “carré du champ”. Assume that (X,d,u, &) satisfies (UE) and (Py,10c ). Let p €
(2, 00). Then the following statements are equivalent:

(i) (RH)) holds.

(ii) There exists y > 0 such that

C
GLY, Vih(x, y)IP d*(x,y)/t} d <—
(GLY,) [ b exp fr ] ducor < —— T
forallt>0anda.e. yecX.
(iii) The gradient of the heat semigroup, |VH,|, is bounded on LP(X, u) for each t > 0 with

C
(Gp) NVHlpsp < —.
P tlip—p Vi
Note that in Theorem @] it is enough to assume (P31 ) instead of the much stronger global
condition (P;): a Riemannian manifold that is the union of a compact part and a finite number of
Euclidean ends is a typical example satisfying (UE), (P2,10c ), but not (P2); see [23,[32]. On the
other hand, since (P;) implies (P3,1oc ) and (UE), we have the following corollary.

Corollary 1.7. Let (X,d,u, &) be a non-compact doubling Dirichlet metric measure space en-
dowed with a “carré du champ”. Assume that (X, d, u, &) satisfies (P). Let p € (2,0). Then the
conditions (RH)), (GLY ), and (G ) are mutually equivalent.

Remark 1.8. (i) Note that for p = 2 all the conditions (i), (ii), (iii) in Theorem@]hold. This is
obvious for (i) and we already observed that this is also the case for (iii). Finally, (i) follows from
[56]], also see [32, Lemma 2.3].

(ii) Also note that the limit case p = co of Theorem[I.6]is nothing but Theorem [1.2]
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(iii) Theorem @] actually holds with (P, 1o ) replaced by the weaker condition (P, 1oc ). How-
ever, by [14, Theorem 6.3] together with [[15, Corollary 3.8], one has that, (UE) and (P, joc)
together with (RH),) or (G,) imply (P, joc ).

(iv) Finally, note that under (D) and (P;), there always exists & > 0 such that (RH)), hence
(GLY)) and (G)), hold for 2 < p <2 + &; see [6, Section 2.1] and Lemmabelow.

To the best of our knowledge, Theorem and Theorem are new even on Riemannian
manifolds. Since our assumptions are quite mild, our setting includes Riemannian metric measure
spaces, sub-Riemannian manifolds, and degenerate elliptic/parabolic equations in these settings;
see the final section.

Regarding the proofs, the main difficulties and novelties appear in the proof of “(RH,) —
(GLY,)” for p € (2,00), and in “(G,) = (RH),)” for p € (2, c0].

A version of the implication (RH.) = (GLY ) was proven in [74, Theorem 3.2] via quantita-
tive regularity estimates for solutions to the Poisson equation in [76, Theorem 3.1], under (D) and
(P3). In the present work, we replace the assumptions (D) and (P,) there by the slightly weaker
combination (D), (UE) and (P, 1oc ). To prove (RH,) = (GLY)) for p € (2, o), we follow some
ideas from [74, [76]. In particular, starting from (RH,), we first establish a quantitative regular-
ity estimate for solutions to the Poisson equation; see Theorem below. As we already said,
harmonic functions are not necessarily locally Lipschitz in a non-smooth setting. Therefore, to
establish Theorem we can neither assume nor use any Lipschitz regularity of harmonic func-
tions. In the classical setting, the fact that quantitative regularity for harmonic functions implies
quantitative regularity for solutions to the Poisson equation is easy to prove and there is even an
analog for certain non-linear equations, see [81].

To overcome the difficulties attached to the non-smooth setting, we use the pointwise approach
to Sobolev spaces on metric measure spaces by Hajtasz [60]; see [64, [101]] and Section 2.1 be-
low for more details. Then by using (RH)) in the full strength, a stopping-time argument and a
bootstrap argument, we obtain pointwise control on Hajtasz gradients of solutions to the Poisson
equation in terms of potentials; see below. We expect that such estimates are of independent
interest.

Then, by viewing the heat kernel /4, as a solution to the Poisson equation Lh, = —%, where
a suitable estimate for % can be obtained from /4, by using Cauchy transforms (cf. Sturm [107,
Theorem 2.6]), we obtain (GLY)).

To prove (G,) = (RH)) for p € (2, co], we first establish a reproducing formula for harmonic
functions by using the finite propagation speed property; see Lemma.6|below. Then, by using this
reproducing formula, we follow recent developments on the boundedness of spectral multipliers
from [14} 20] to show that (G,) = (RH,,) for all p € (2, oo].

1.2 Applications to Riesz transforms

Let us apply the previous results to L”-boundedness of the Riesz transform |[V.L~!/2|. We say
that (R,) holds if this operator is continuous from LP(X, u) to itself. One easily checks that (R>)
follows from the definitions and spectral theory.
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For p € (1,2), it was proved by Coulhon and Duong in [32] that (R,) holds as soon as (D)
and (UE) hold (however, this condition is not necessary, see [28]]). In particular, (D) and (P;) are
sufficient conditions for (R,) to be valid in this range.

For p > 2, Auscher, Coulhon, Duong and Hofmann established in [7] a characterisation of
the boundedness of the Riesz transform on manifolds via boundedness of the gradient of the heat
semigroup. Although the characterisation in [7] was stated on manifolds, its proof indeed works
on metric measure spaces, as indicated in [[14} p.6]. For further information we refer to [6}[15] and
references therein.

Using (7, Theorem 1.3], Theorem [1.6|above, and the open-ended character of condition (RH),)
(Lemma@]below), we obtain the following result.

Theorem 1.9. Let (X,d,u, &) be a non-compact doubling Dirichlet metric measure space en-
dowed with a “carré du champ”. Assume that (X,d, u, &) satisfies (UE). Let p € (2,00). If (P})
holds, then (RH)), (G),) and (R),) are equivalent.

Let us compare Theorems @] and @] with [6, Theorem 2.1]. The latter result states that on
a Riemannian manifold M satisfying (D) and (P;), there exists py € (2,00] such that for all
pPo € (2,pm), (RH)) for all p € (2, po) is equivalent to the validity of (R)) for all p € (2, po).
Now (R)) easily implies (G,) and conversely, according to [/, Theorem 2.1], under the same
assumptions the validity of (G)) for all p € (2, po) implies the validity of (R,) for all p € (2, po).
Theorems [I.6] and [I.9] contain three improvements with respect to 6, Theorem 2.1]. First, the
proof of [6, Theorem 2.1] makes an essential use of 1-forms on manifolds, and we do not know
how to extend the arguments from [6] to our general setting. Second, Theorems [I.6] and [1.9]
state a point-to-point equivalence among (RH),), (G,) and (R,), as opposed to a mere equivalence
between (RH),) for p € (2, po) and (G),) for p € (2, po). Finally, we obtain that py; = +oco.

According to Gehring’s Lemma (cf. [53, [70, [115]]), our reverse Holder inequality (RH)) is
an open-ended condition; see Lemma [5.2] below. We then have the following corollary to Theo-
rem which generalises the main result of 6] and a recent result [[15, Theorem 1.2].

Corollary 1.10. Let (X,d,u, &) be a non-compact doubling Dirichlet metric measure space en-
dowed with a “carré du champ”. Assume that (X, d,u, &) satisfies (UE).
(i) If (P2) holds, then the set of p’s such that (R),) holds is an interval (1, py), with py € (2, co].
(ii) Let p € (2,00). If (Pp), and one of the mutually equivalent conditions (RH)p), (Gp), (R)),
hold, then there exists € > 0 such that all the mutually equivalent conditions (RHp1s), (Gp+s),
(Rp+e) hold.

Remark 1.11. Even though we only assume (P)) in Theorem and (ii) of Corollary|1.10}| recent
results from [14, Theorem 6.3] and [15, Corollary 3.8] show that (P,) together with (RH),) or (G,)
implies (P»).

1.3 Sobolev inequalities and isoperimetric inequality

Let I < p < g < +o0. In the above setting, we say that the Sobolev inequality (S , ;) holds if for
every ball B, B = B(x, r) and every Lipschitz function f, compactly supported in B, there exists C
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such that

1/q 1/p
(Sq.p) (Ji |f|qdu) SCr(Jg |Vf|”a’,u) .

Applying the methods from [75, [76], we show in Theorem [6.1| below that on a non-compact
metric measure space (X, d, u, &) endowed with a “carré du champ” and satisfying (Dg) and (UE),
if additionally for some pg € (2, 0), (P, 1oc ) and one of the conditions (RH ), (R,), (Gp,) holds,
then the Sobolev inequality (S, ), where Py < 2 is the Holder conjugate of po, g > pj, satisfying
1/py —1/q < 1/0Q, is valid. An analogue for the isoperimetric inequality (po = oo) will also be
established in Theorem

1.4 Plan of the paper

The paper is organized as follows. In Section 2, we recall and provide some basic notions and
tools, which include Sobolev spaces, harmonic functions, Poisson equations and some functional
calculi.

In Section 3, we provide a quantitative gradient estimate for solutions to Poisson equations,
assuming (RH),).

In Section 4, we give the proofs of Theorems [I.2]and [[.6] and their corollaries.

In Section 5, we prove Theorem [1.9} and in Section 6, we study Sobolev inequalities and the
isoperimetric inequality.

In Section 7, we exhibit several examples that our results can be applied to.

In Appendix [A] we provide additional details for the techniques that are used in the proofs.

Throughout the work, we always assume that our space (X, d, u, &) is a non-compact doubling
Dirichlet metric measure space. However, we wish to point out that our results and techniques al-
low a localisation for local or compact settings. In order to keep the length of this paper reasonable,
we will present the localization in a forthcoming paper.

We denote by C, ¢ positive constants which are independent of the main parameters, but which
may vary from line to line. We use ~ to mean that two quantities are comparable.

2 Preliminaries and auxiliary tools

2.1 Harmonic functions and Poisson equations

In this subsection, we recall some basic properties of harmonic functions and of solutions to the
Poisson equation. Most of these properties have been deduced via de Giorgi-Moser-Nash theory,
requiring only doubling property and Sobolev inequality.

Before we start our discussion, let us recall the notion of the reverse doubling, which for Rie-
mannian manifolds originates in [55, Theorem 1.1]. Assume that the Dirichlet metric measure
space (X, d, u, &) satisfies (D). If in addition X is connected then it is known that the so-called
reverse doubling estimate is valid, see e.g. [57, Proposition 5.2]. The reverse doubling estimate
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ensures that, as (X, d) is non-compact, there exist 0 < Q’ < Q and ¢ > 0 such that, forall » > s > 0
and x,y € M such that d(x,y) < r+ s,

(o) e

(RD) s) T V(x,s)

Notice that (UE) is equivalent to the local Sobolev inequality (LS ;), for any g € (2, oo] satisfy-
ing % < %, see [20, Theorem 1.2.1]. It follows from [20, Section 3.4] that under (RD) the local
Sobolev estimate (LS ;) can be strengthened to the Sobolev inequality (S ;2).

We continue with the Harnack inequality; see for instance [[17} [18, [72].

Proposition 2.1. Assume that the doubling Dirichlet metric measure space (X, d, u, &) satisfies
(UE). Then there exists C only depending on Cp and Cs such that if Lu = 0 in B(xg, r), then

(el 2= B(xg,r/2)) < CJC |ul dy.
B(xo,r)
Proposition 2.2. Assume that the doubling Dirichlet metric measure space (X, d,u, &) satisfies
(P2,10c ). For each ry > 0, there exists C = C(Cp, Cp(rg)) such that if u is a positive harmonic
function on B(xy, r), r < ry, then

sup  u(y) <C inf _u(y).
veB(xo.r/2) yeB(xo.r/2)

Further if (Py) holds, then the above constant C may be chosen independent of r.

Using the Harnack inequality, we obtain the following relation between Yau’s gradient estimate
and our condition (RH,). Since Lipschitz regularity of harmonic functions is the best one can hope
for in non-smooth settings (cf. [[72} [117]), we have to use essential supremum instead of pointwise
supremum in (Ye).

Lemma 2.3. Assume that the doubling Dirichlet metric measure space (X, d, u, &) satisfies (P»).
Then (RH) holds if and only if (Y ) holds with K = 0.

Proof. (RH.) = (Y) with K = 0: Suppose that u is positive harmonic function on 2B, B =
B(xo, r). By Propositions[2.1] 2.2 and a simple covering argument, we see that

3

C C C . C
IVu(ol < lIVulllz~m) < — f luldp < — sup u(y) < — inf u(y) < —u(x)
rJip " yeip I ye3B r

for a.e. x € B, i.e., (Y) holds with K = 0.
(Yo) with K = 0 = (RH,): Suppose that u is a harmonic function in 2B. Let § = IIMIILOQ(%B),

then the strong maximum principle (cf. [18]]) implies that either u + 6 = 0 in %B or u+ ¢ > 0 there.
In the first case, (RHo) holds obviously since [Vu| = 0 in B. In the second case, by Proposition|2.1
and the same covering argument, we obtain

6 = lull iz < C f m
2B
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and hence by (Y.) with K = 0 and Proposition 2.2}

[V(u(x) +0)| < g[u()c) +0] < E influ(y) + 0] < EJ[ lu+0|ldu < EJC |u| du
r r yeB r JoB r J2B

for a.e. x € B. That is, (RH) holds, which completes the proof. |
In what follows we will need the following Caccioppoli inequality; see [18 [72].

Lemma 2.4. Let (X,d,u, &) be a doubling Dirichlet metric measure space. Then if Lf = g in
B := B(xo,R), g € L*(B), we have that for any 0 < r <R

C
[owas s [ Paercw-n? [ efan
B(xo.r) (R=71)" JB(xo.R) B(x0.R)

where C only depends on Cp.

The following result was proved in [18] by using Sobolev inequalities.

Lemma 2.5. Assume that the Dirichlet metric measure space (X,d, u, &) satisfies (Do), Q > 2,
and that (UE) holds. Let p € (max{Q/2,2},c0]. Then for each g € LP(B(x, r)), there is a unique
solution f € Wé’z(B(xo, r)) to Lf = gin B(xg, r). Moreover

I lBoo. < Cr2V (o, 1) PlgllLrBoo.n)s
where C = C(Cp, Cs).

Proof. See [18, Theorem 4.1] for the existence and the given estimate; the uniqueness follows
since the difference of any two solutions is harmonic, with boundary value zero in the Sobolev
sense. ]

Lemma 2.6. Assume that the Dirichlet metric measure space (X,d, u, &) satisfies (Do), Q > 2,

and that (UE) holds. Let q € (%,oo]. For each B = B(xg,r) and g € L1(B), there exists

fe Wé’z(B) that satisfies Lf = g in B. Moreover, there exists a constant C such that

1/2 /g
2 2 q
Ji fldu < Cr(ﬁ V] du) <cCr (Ji gl du) .

Proof. Let us first prove the existence of f. Let ¢’ be the Holder conjugate of ¢q. Notice that
qq_—,Z < % and (UE) implies that (S, ») holds. For each k € N, let gx := x{q<k} & By Lemma

there exists a solution f; € W(;’Z(B) to Lfi = grin B. For all k, j € N, (S 4 ») yields

fB V(i - )P du = fB Lot — g,11fi — 7] du

< ligk — gillLallfc — fill e (B,
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< Cligk = &jllza) IIV(fi = flll2s)s

,
BT

and similarly

MV felll z2¢8)-

2 r
(2.1 fBIkaI du < C”ngL"(B)’u(B)lTl/q

Therefore, (f¢)x is a Cauchy sequence in W5’2(B), and there exists a limit f € Wé’z(B). By this and
(S 4 2), we see that for each ¢ € Wé’z(B),

f (V/,Ve)du = lim f (Vi Vo) du = lim f grodut = f godu,
B k—o00 B k—o00 B B

where the last equality follows from the convergence g — g in L9(B) together with ¢ € Wé’2(B) C
L9 (B). This implies that f is a solution to £f = g in B.
Notice that by (2.1,

7‘4 4

2 2 2 2 2 r
du<sC Vil du<C ap——- <C _—.
Ji il du < Cr ﬁ Vil du < Cligl gz < Cllslia) - para

By this, letting k — oo, we conclude that

12 1/q
£ idu < Cr( A dﬂ) <cp ( £ el dﬂ) ,
B B B

as desired. O

In our discussion we will also need the following result, see [18, Theorem 5.13].

Lemma 2.7. Assume that the Dirichlet metric measure space (X,d, u, &) satisfies (Do), Q > 2,
and (P3,10c). Suppose that f € WY2(B), B = B(xo,r), g € LP(B) and Lf = g in B, where
pEe (%, 0o] N (2, 00]. Then f is locally Holder continuous on B.

2.2 Functional calculus

Let C, := {z € C: Rez > 0}. Let L be a non-negative, self-adjoint operator on L>(X, u), and
let us denote its spectral decomposition by Er(4). Then, for every bounded measurable function
F : [0,00) — C, one defines the operator F(L) : L*(X,u) — L*(X, 1) by the formula

2.2) F(L) := f N F)dEL().
0

In the case of F,(1) := e™* for z € C,, one sets e~ := F (L) as given by (2.2), which gives
a definition of the heat semigroup for complex time. By spectral theory, the family {e=%[},cc,
satisfies

lle s < 1

for all z € Cy; cf. [37, Chapter 2].
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Definition 2.8 (Davies-Gaffney estimate). We say that the semigroup {e~'L} ;- satisfies the Davies-
Gaffney estimate if for all open sets E and F in X, t € (0,00) and f € L*>(E) with supp f C E, it

holds that

dist (E, F)?
4t

where and in what follows, dist(E, F) := inf g, yer d(x,y).

2.3) e~ fllzr) < exp{ - WAtz

Definition 2.9 (Finite propagation speed property). We say that L satisfies the finite propagation
speed property if for all 0 < t < d(E,F) and E,F C X, f; € L*(E) and f>» € L*(F),

2.4) fx (cost VD) i fo) du = 0.

The following result was obtained by Sikora in [103]]. The statement can also be found in [66,
Proposition 3.4] and [33 Theorem 3.4].

Proposition 2.10. The operator L satisfies the finite propagation speed property (2.4) if and only
if the semigroup {e™'L} ;5o satisfies the Davies-Gaffney estimate (2.3).

By the Fourier inversion formula, whenever F is an even bounded Borel-function with £ €
LY(R), we can write F( VL) in terms of cos(z VL) as

(2.5) F(VL) = % f B F(#) cos(t VL) dt.

The following result follows from [107, Theorem 0.1] (see also [65]]) and [33, Theorem 3.4].

Lemma 2.11. Let (X,d,u, &) be a Dirichlet metric measure space endowed with a “carré du
champ”. Then the associated heat semigroup e~'~ satisfies the Davies-Gaffney estimate.

In what follows, £ is as above. Let .%(R) denote the collection of all Schwartz functions on R.
We need the following L?-boundedness of spectral multipliers.

Lemma 2.12. Let ® € .¥(R) be an even function with ®(0) = 1. Then there exists C > 0 such
that
sup (> L)™' (1 = @ VL)ll2 < C,

r>0
and, for each k =0, 1,2, ..., there exists C such that
sup | L) ®(r VL2 < C.

r>0

Proof. We only give the proof of the first inequality; the second one follows similarly. Since

@’(0) = 0, spectral theory (cf. [37, Chapter 2]) gives

1 -0FrD)|
212 -

707 - VD] < su

ﬂ’ <o,
/12

The proof is complete. O
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Lemma 2.13. Let ® € .#(R) be an even function whose Fourier transform ® satisfies supp ® c
[—1, 1]. Then for every k € Z, and t > 0, the operator (> L)*®(t VL) satisfies

2.6) fx (PLYDOCND fi, fo)dyt = 0

forall0 <t <d(E,F)and E,F Cc X, fi € L*(E) and f» € L*(F).

Proof. Let O,(s) = S D(s). By noticing that a(i) = (-1)¥ j;; 5(/1), the conclusion follows

from Lemma [2.11] Proposition and (2.5)). ]

Lemma 2.14. Let ® € .Z(R) be an even function with ®(0) = 1. Then, for each f € L*(X, u), it
holds that

b0, =0

Proof. The domain 2(£) is dense in L*(X, 1) and hence it is enough to prove Lemma for
f e 2(L). Then

|r - 0« VD], < cPILAR || P07 - 0e VD),

and the lemma follows from Lemma ]

3 Regularity of solutions to the Poisson equation

In this section, we show that suitable regularity of harmonic functions implies a gradient esti-
mate for solutions to the Poisson equation Lf = g.

The following result was established in [[76, Proposition 3.1] under the stronger assumption of
both (Dy) and (P»); we adapt the proof below to our our setting. Givena > 1 and r > 0, let [log,, 7]
be the largest integer smaller than log,, r.

Proposition 3.1. Assume that the Dirichlet metric measure space (X, d, 1, &) satisfies (Do), Q > 2,

and that (UE) holds. Suppose that Lf = g in 2B, B = B(xy, 1), with g € L(2B). Then, for every
q> %, there exists C > 0 such that for almost every x € B,

ol <C { Jgg fldu+ Gl<x)},

where

1/q
3.1 Gi(x) := 221'(f qd) .
(3.1) 0= el

J<[log, r]
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Proof. Letkg = [log, r] and x € B. By Lemma for each j < ko, there exists f; € Wé’Z(B(x, 27))
such that Lf; = g in B(x, 2/), and

) 1/q
f 0dut) < C f _Ifj(y)ld#(Y)SCZQJ(f Algl"dﬂ) .
B(x,zf’z) B(x,27) B(x,27)

Moreover, for each k < kg — 1, as L(fi+1 — fr) = 0 in B(x, 2%y (notice that B(x,2%) c 2B), by
Proposition we have

fk+1 = Sill Lo or-2y) < CJC

B(x,2k=

err = fildu < C f it — fil di.
1 B(x,2k)

Thus, from the above two inequalities, for almost every x € B, we deduce that

) = lim f O dut)
J==o JB(x2/-2)

ko—1
shmsup{f | |f,(y>|du<y)+2f | |fk+1<y)—fk<y>|du(y)}
jo—o0 B(x,2/-2) = VB2

timsup o Vo) = FO i)

Jj—o—o0

1/q  ko—1
< limsup {C22J (JC gl dll) + Z fir1 = fillLs iz + ko = f||L°°(B(x,2-f‘2))}
B(x.2)) ey

j——00
ko—1
<tim €Y f a0 - 0N +C iy~ flda
J7me S VB2 B(x,20)
ko—1
<c 3 f Aol ifddurcf ifida
ke—oo ¥ B(x,26) B(x,2k0) B(x,2%0)

ko 1/q
50222"(]( Iglqdu) +CJC \f] du.
= B(x,2%) 2B

Above, in the third inequality, we used the fact that

lim sup 2%/ ( J[ gl d#) < lim sup 2%/||glz~2p) = O,
B(x,27)

Jj—o—00 Jj——00

and in the last inequality, we used the doubling condition to conclude that

f fldu < ch fldu.
B(x,2k0) 2B

The proof is complete. o
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3.1 Harmonic functions satisfying condition (RH.,)

The next statement deals with the case when harmonic functions satisfy condition (RHs). The
proof of the following theorem is similar to that of [[76, Theorem 3.1].

Theorem 3.2. Assume that the Dirichlet metric measure space (X, d,u, &) satisfies (Do), Q > 2,
and that (UE) and (P, 10c ) hold. Assume that (RH) holds. Then if Lf = gin 2B, B = B(xy, 1),
g € L*(2B), and q > 20 there exists C = C(Cp,Crs,Cp(1),q) > 0 such that, for almost every

m;
X € B,
1
V() < c{— f fldu + Gz(x)},
r Jop
where
_ 1/q
3.2 G = 27/ 9d .
(3.2) NOEEDY ( Jg<x,2j) q u)

Jj<[log, r]

In order to prove Theorem [3.2] we need the following Lipschitz estimate, which follows from
(D), (Peo,10c) and (RHs). Its proof, which uses a telescopic estimate, will be omitted; see for
instance [[101]].

Lemma 3.3. Assume that the doubling Dirichlet metric measure space (X, d, u, &) satisfies (UE)
and (P 10c ). Assume that (RH) holds. If Lf = 0in 2B, B = B(xo,r), then for almost all
X,y € B(xg, r) with d(x,y) < 1/2, it holds that

d ’
G0 = Fol < 22 f fldu,
r 2B

where C = C(Cp, Cp(1)).
Proof of Theorem[3.2] Set ko := [log, r]. Let x,y € B be Lebesgue points of f. Note that G;(x) <
CrGs(x) for all x € B. Hence if d(x,y) > r/16, then by Proposition 3.1 we have

1
GBI -fl <C ]L;B Ifldu + CG1(x) + CG1(y) < Cd(x, y) {; JSB [fldp + Ga(x) + Gz(y)}-

Now assume that d(x,y) < r/16 and d(x,y) < % Choose k; € Z such that 2672 < d(x,y) <

2ki=1 As in the proof of Proposition for each j € Z and j < ko, pick f; € Wé’z(B(x, 27)) with
Lf; = gin B(x,2/). By the choice of k;, we see that for each z € B(y,21171),
d(x,z) <d(x,y)+d(y,z) < pfi=l 4 phi=l < ok

which further implies that B(y, 25~1) ¢ B(x, 2¥) for each k > k;. Hence, for each k > kj, the value
fr(y) is well defined, and we have

If(0) = FOI < 1f(xX) = fio () = [F ) = Sre DI
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ko—1

+ Z ILf5(x0) = fix1 (0] = Lf5) = Fiet O+ i, (%) = fiy DI
J=ki
=: Il + I2 + I3.

Let us estimate the term I;. According to the choice of f,, f - fi, is harmonic in B(x, 2k0) ¢ 2B.
By using the fact that y € B(x, 251~ 1) together with Lemma we conclude that

d(x,y)
2k Jp(x 2k

1 1/q
< Cdx,y){= 1 Ifldu+2% gldu| ¢,
r JaB B(x,2%0)

1 . <C 1 ,
1(B(x,20)) H(2B)
The term I, can be estimated similarly as the first term. For each ky < j < ko — 1, fj — fis1
is harmonic in B(x,2/). As y € B(x,2k~1) c %B(x, 2/), by using Lemma and Lemma we
deduce that

I <C

|f = fiol dpt

where we used (D), estimate and Lemma to estimate J%(x 2%0) | fio| At

ko—1 ko—1
1
b = LA = fi1 ] = [F0) = fn 0] < Cd<x,y>{z > Ji< e fj+1|du}

J=k1 =k
ko 1 ko ) 1/q
— . J q
<Citm D5 ﬁ(mlmdu <Ciry) )32 (fwj)lm du) .
J=K1 ’ J=K1 ’

By Proposition [3.1|and Lemma we see that for almost every z € B(x, 2k171),

ki 1/q
fu@l<C ) 2* ( f gl du) +C f fia | i
ke—oo B(z,25) B(x,2k1)

l/q l/q
cc ) 2(f wra) ver(fra)
— B(z.2) B(x2"1)

which together with the fact that y € B(x, 2ki+ly implies that
ki 1/q ki 1/q
I; < 2k Z 2k (JC lgl? dﬂ) + Z 2k (JC lgl? du) .
Pl B(x,2%) Pl B(y,2%)
Combining the estimates for the terms I, I, and I3, and (3.3)), we see that for almost all x,y € B
with d(x,y) < 1/2,

1
lf(x) = fFO)I < Cd(x, y) {; JEB [fldp + Ga(x) + Gz(y)}-
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Clearly, for g € L*(2B), G, € L*(2B), and hence up to a modification on a set with measure zero,
f is a Lipschitz function on B.
For a locally Lipschitz function ¢, denote by Lip ¢ its pointwise Lipschitz constant as

(3.4) Lip ¢(x) := lim sup (29 =9I
d(x,y)—0 d(x’ )’)

By [80, Theorem 2.1] (also see [S9]), we see that for almost every x € B,

ko 1/q
. 1 ;
V()] < Lip f(x) < c{— f Aldu+ ) 2/ ( f | Iglqdu) }
T JUB(x0.2r) s B(x,2))

proving the claim. m|

We need the following potential estimate from Hajtasz and Koskela [61, Theorem 5.3]. Again,
g refers both to a function defined on 2B and to its zero extension to the exterior of 2B.

Theorem 3.4. Let (X,d,u, &) be a Dirichlet metric measure space satisfying (Dg), Q > 2. Let

B = B(xo,r) C X, g € LY(2B), and G be defined via (3.2)). Then

. 2 *
(i) for g € (3%, Q) and p < q* = F<,

IG2llLrsy < Cru(B)P~1) gl La2p);

.. 2 *
(i) for g € (5%, Q) g < p < Qand p* = 2%,

G2l 5y < CruB) ™ ClIgllLr2a):;

(iii) for g > Q
Gallz=z) < Cru(B)™9|\gllra25).-

Theorem [3.4] allows us to obtain the following corollary to Theorem [3.2]

Corollary 3.5. Let (X,d,p, &) be a Dirichlet metric measure space satisfying (Do), Q > 2, and
assume that (UE) and (Pos 10c) hold. Assume that (RHo) holds. Then for every f € W22B),
B = B(xy, 1), satisfying Lf = g with g € L1(2B), g > Q, we have

1 1/q
|||Vf|||Lm<B)sc{-Jf |f|dy+r(f |g|qa’,u) }
r J2B 2B

where C = C(Q,Cg,Cp) > 0.

Proof. If g = oo, then the conclusion follows from Theorem [3.2]
Suppose now that g € (Q, ). Let fy € Wé’Z(ZB) be the solution to Lfy = g in 2B. Then
f - fo e Wh2(2B) and L(f — fy) = 0. Moreover, for each k € N, set again g, := Xlgl<k) &> and let
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fr € Wé’2(2B) be the solution to Lf; = g in 2B. By using Lemma Theorems and we
conclude that

1 Cr Cr
Vfilllzegy < C4 = du + ru(B)14 <—— <— _
IV filll =B {r JgB |fil dpe + ru(B) ||gk||Lq(2B)} #(B)l/q”gkllm(zm M(B)l/quHLq(zB)
On the other hand, notice that
w6 - P = [ (o= fike - s
2B 2B
< (lfollzeesy + fillz=es) llg = gkllL1 28 = O,
as k — oo, which, together with the preceding inequality, implies that
1/q
19 olllz=) < Cr ( f " dﬂ) .
B(x0,2r)
Combining this with (RH) for f — fy yields that
1 1/q
IV Allee) < Cy= JE Ifldu + I’(JC lgl? d,u) :
rJoB B(x0,27)
as desired. O

3.2 Harmonic functions satisfying condition (RH,) for p € (2, o)

Let us now turn to the case when only a reverse Holder inequality (RH)), p € (2, o), holds for
gradients of harmonic functions. In this case, we do not know how to get pointwise estimates for
the gradients of solutions to Poisson equations. As a substitute for this, we provide a quantitative
LP-estimate as follows.

Theorem 3.6. Assume that the Dirichlet metric measure space (X, d,u, &) satisfies (Do), Q > 2,
and that (Py,1oc ) and (UE) hold. Assume that (RH),) holds for some p € (2,00). Let g € (Qp—gp, p]
with (1; - 11—7 < lQ Then for every f € W'"2(2B), B = B(xy, r), satisfying Lf = g with g € L1(2B), it

holds that
1/p C 1/q
(f IVfI”du) s—[f |f|du+r2(f Iglqdﬂ) )
B(xq,r) r B(x0,2r) B(xp,2r)

where C = C(p,q,Cg,Cp(1),Crs).

Remark 3.7. We note that Theorem also applies to the case p = oo, which yields a weaker
version than Theorem and Corollary as a stronger version of Poincaré inequality is as-
sumed. In Theorem we assumed a Poincaré inequality (P, 1c ), Which is stronger than (P, 1oc )
assumed in Theorem [3.2] and Corollary [3.5] The reason is that, for the case (RHc), harmonic
functions are Lipschitz continuous and we can use the pointwise Lipschitz constant (3.4), while
for the case (RH)), p < oo, harmonic functions are not necessarily Lipschitz continuous and we
need instead to use the Hajtasz gradient (see Step 2 of proof of Theorem [3.6|below) which requires
a stronger Poincaré inequality.



24 T. CouLHoN, R. Jiang, P. KoskeLA & A. SIKORA

We need the following well-known Christ’s dyadic cube decomposition for metric measure
spaces (X, d, i) from [31]]; also see [69, Theorem 1.2].

Lemma 3.8 (Christ’s dyadic cubes). There exists a collection of open subsets {Qlf, cX: ke
Z, a € I}, where I, denotes a certain (possibly finite) index set depending on k, and constants
0€(0,1),ap€(0,1)and a; > ag with a; € (0, ) such that

(i) u(X \ U, Q%) = 0 for all k € Z;

(ii) if i > k, then either Q', C Q/’; or Q' N Q;; =0;

(iii) for each k and all a # B € I, Qﬁ N Qg =0;

(iv) for each (k, @) and each i < k, there exists a unique 3 such that Q’C‘, C Q;g

(v) diam (Qﬁ) < a6

(vi) each Q’(‘, contains a ball B(zﬁ, apd®).
Remark 3.9. (i) In the above lemma, we can require ¢ and a; to be as small as we wish. This can
been done by removing some generations, for instance, 2k + 1-generations, from the set; also see
[69, Theorem 1.2].

(i) Under the doubling condition (D), it is easy to see via conditions (iii) and (v) above that
X = U, 0F for each k.

The doubling condition allows us to conclude the following bounded overlap property for the
balls B(zX, a;6%) that contain B(zX, apd*) from Lemma 3.8]

Proposition 3.10. Let (X,d,u) be a Dirichlet metric measure space satisfying (Dg) for some
0 > 2. Foreach a and k, let B’fx = B(z’c‘,, alék). Then for each dilation t > 1, there exists a constant
C(t,ap,a1,Cg, Q) > 0 such that for each k,

D X (0) < Clt,a1,Co, Q).

Proof. Foreach x € X, let
Cx k) = X ().
@

Fix a point xg and k € Z, and consider the ball B(xg, 2ta 16%). Then there exist C(xo, k) distinct balls,

say {B’(‘,j} j<C(xo,k)» that are inside B(xo, 2ta;6%). Using the doubling condition and the properties (iii)
and (vi) of the dyadic cubes from Lemma|3.8] we see that
C(xg,k) C(xg,k) aQ
V(xo, 2tar sty > ; V(. ap®) > ; %(4—;1)Qu(4t3§/.)
C(xo, k)al

> — 2 V(x0, 2ta;8Y).
Coldrane 0219

Therefore, we conclude that
C(xo. k) < Co(4ta /ag)®,

which completes the proof. O
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We need the following geometric consequence of doubling; see [64] for instance.

Lemma 3.11. Let (X,d, u) be a doubling Dirichlet metric measure space. Then there exists a
constant N, such that for each k > 1, every 27 Kp-separated set in any ball B(x, r) in X has at most
NL‘ elements.

We shall make use of the Hardy-Littlewood maximal functions.

Definition 3.12 (Hardy-Littlewood maximal function). For any locally integrable function f on
X, its Hardy-Littlewood maximal function is defined as

Mf(x) = sup ng du,

B: xeB

where B is any ball. For p > 1, we define the p-Hardy-Littlewood maximal function as

1/p
Mpf(x) = sup ( fur du) .
B:xeB\JB

Using the Poincaré inequality, it readily follows that M,(|Vf]) generates a Hajlasz gradient in
the following sense; see Appendix [A.2] The proof uses a telescopic argument, which is by now
classical; see for instance [61] and the monographs [19, 164].

Lemma 3.13. Assume that (X,d,u, &) satisfies (D) and (P2,10c). Then for each § € (0,1) and
ro > 0, there exists C = C(Cp, 8, Cp(rg)) > 0 such that, for all f € WY2(B), B = B(xo, r), it holds
for almost all x,y € BB, that

[f () = fO)I = Cd(x,y) Ma(IVflep)(x) + Ma(IV flxB) (7)) -

Moreover, if f is continuous on B, then the above inequality holds for all x,y € BB.

Let us now turn to the proof of the main gradient estimate. Recall that, under (Dg) together
with (P2, 10c ), every solution f to the equation Lf = g with g € L™ is locally Holder continuous
according to Lemma there exists a modification f such that f = f a.e., and every point is a
Lebesgue point of f. Thus, in what follows, we may assume that every point is a Lebesgue point
of our solution.

Proof of Theorem[3.6] For simplicity, we assume that a; = 1 and 6 = % in Lemma

We divide the proof into five steps. In first four steps we prove that the statement is valid under
the additional assumption that g € L*(2B). Then in the last step we use truncations to remove this
additional assumption and conclude the proof.

Step 1. Construction of a chain of balls.
Let ko = [—log, r] be the largest integer smaller than — log, r, and set B0 = B(x, 6r). Fix a
dyadic decomposition as in Lemma 3.8] For each k > ko, let

Ipy :={a: Qf‘fz N B(xo, r) # 0},



26 T. CouLHoN, R. Jiang, P. KoskeLA & A. SIKORA

and
Fio = {BY = B2 s a e lgy).

a

Then, by Proposition [3.10} we see that for each k > ko, it holds that

DT X (0 < Co(64/ap)°.

a€lpy: BkeFi

From the properties of our dyadic cubes (Lemma|[3.8)), we see that:

(i) B(x0, ) C Uger,, BY for all k > ko;

(i1) for each B'(; € Fy, there exist balls Bé € Fj, ko < j < k, such that for all kg < j < k,
B)' c 1B}, and BY*' c 1Bk = 2B.

We call the collection Bf‘;’“, ..., B¥"1 a chain associated to BX (and hence to Q).

Proof of (ii): If BX € 7, then Q%*2 N B(xo, r) # 0. Therefore, there exists QX*! that contains
Q%+ and hence, QX! N B(xo, r) # 0 and d(z5+2, 1) < 2722 (by Lemma(v)).

For each x € B¥,

d(x, 251y < 2722 4 o2k = 22—2k < 15_62—2k+2'

From this, we conclude that %BZ‘[] > Bf.
In what follows, for each Bﬁ € Fi, we fix a chain from (ii).

Step 2. Construction of a Hajtasz gradient via the chain.

We first assume that £f = g in 6B = B*, B = B(xo,r), and g € L*(6B). In the last step of the
proof, we will complete the proof by using 2B instead of 65.

Let fi, € W *(B(xo, 6r)) be the solution to

Lfi,=¢g

in B(xo, 6r); the existence of a unique solution is guaranteed by Lemma [2.5] For each k > ko and
B’é € Fr,aclpy, welet for € Wé’z(B'fy) be the solution to the Poisson equation

Lfox=28
in BX. Then by Lemma we see that for each k > ko and every a € Ipy,

1/q
(3.5) f |fa,k|dugcz‘4k(f |g|q) .
BY Bk

@

In what follows, for consistency, we will write fi, as fox,» @ € Ipk,, although there is only one
element in /g ,.
Define a function wy, on 6B = B(x, 6r) by setting

Wio () = Mo(IV(f = fako)X38)(X).
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For each k > ko and every « € Ipy, let @’ € Ip—; the unique one such that Qﬁ*z - Q’C‘jl. Define

m@ = Y MYk = farsD )X (D)

aeIB‘k:Bﬁeﬂ

on 6B.
‘We also set

(o)

. 1/q
ZOENDY 2‘J(f Ihl"dﬂ) :
4 B(x,277)

J=2ko—
where £ is the zero extension of g to X \ 6B.

Claim: There exists C = C(Cp, Crs,Cp(1)) > 0 such that for all x, y € B(xp, r) with d(x,y) <
1/2, it holds that

(3.6) F() = £ < Ca(x, ) {G3<x> FG30)+ ) w0+ Y wm} :

k>ko k>ko

Proof of the claim: Let x,y € B such that d(x,y) < 1/2. If d(x,y) > 6L4, then

1F () = SO < I = fako)X) = (F = Jakod) O+ [ fako(X) = fako D),
where by Lemma with (P3,1o¢ ) for balls with radii at most one and 8 = % we have

I(f = fakg)(X) = (f = far) D)
< Cd(x,y) [Mo (IV(f = far)lx3s) (x) + Mo (IV(f = foro)lx3s) O],

and by Proposition[3.1)and (3.5) we have
| oo (%) = fa keI < Cd(x, IG3(x) + G3(0)].

The above two estimates complete the case d(x,y) > 6L4.

Suppose now d(x,y) < g7 and d(x,y) < 1/2. Then there exists k > ko such that 1 2246 <
d(x,y) < 1/22%*_From the properties of dyadic cubes, Lemma we see that there exists a cube
O%+2 such that x € OX*2. Noticing that B¢ = B(z52,272%), we see that

1 1
22k+d T 52krd T 5ka3”

d(y, 75 < d(x,y) + d(x,725"%) <

@ (01

and hence, x,y € %Bﬁ
Let {B/, € F i}ko<j<k be the chain of balls such that %B{, o) B{;l, whose existence is guaranteed
by Step 1 (ii). Applying a telescopic argument, we obtain
k-1

1f) = fOI S I = fak)X) = (f = fak) D + Z [(fa,j = fajr D) = (fa,j = fa,jr DD

J=ko
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H k() = faxOI.

By using Lemma with (P3,1oc ) for balls with radii at most one, 5 = % fork > kg and 8 = %
for ky, we conclude that

k-1

I(f = fadko)(X) = (f = fake) D + Z |(fa.j = fajr1)(X) = (fa,j = Ja, s DO

J=ko

< Cd(x,y) {wko(x) + Wi, () + Z wi(x) + Z wj(y)}

ko<j<k ko<j<k

< Cd(x,y) {Z w0 + wk(y)}.

k>ko k>ko
On the other hand, by using (3.5)), Proposition and that d(x,y) = 272k we see that

|f(y,k(x) - fa,k(y)| < |.ﬁz,k(x)| + |.ﬁzk()’)|

oo l/q l/q
< Cd(x, 27 f ) ) + 2-J(JC ) )
( y){z (B<x,2-j) sttdu) D27 et

J=2k =2k
< Cd(x, ) {G3(x) + G3(»)} .

The above two estimates imply the claim.

Step 3. Claim: For g < p with 1/q — 1/p < 1/Q, we have the estimate

C(@IV(xo, 611"/ Ve
63+ Y m < C@LV(x0,6r)] ( JC r dﬂﬂz( JC Wd#) ,
r B(x0,67) B(x0,67)

kzko |l Lr(B(xo,r)

We begin by estimating the L”-norm of the second term on the left-hand side. For a ball BX €
Fr let BS! = B:"IT(L ) € Fi—1 be the ball from the definition of wy; then it satisfies 1B oS BE € 7

Notice that fio — fak-1 is harmonic on BX. Hence (RH,,), (3-3)) and the boundedness of the usual
Hardy-Littlewood maximal operator on LP/? with p > 2 gives, for all k > ko and & € Iy, that

J

MV 0ot = Fos DDy s ] ) < [ 19k = foacP )

2Ba
22k p
2 [ W= fracotan

plq
scme,rl)ﬁPk(% | Iglqdu) .
(B, ") JB!

< Cu<Bfi>(
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Combining this with the fact that the sets {B]((Z}QEIBJ( have uniformly bounded overlaps for each %,
we have that for each k > k),

4
S D MV ok = Far-Dly ) (0) | dp()
*0,07" (XEIBAVkZB{(,Gﬂ
p
scu Y, [ (M9~ ) duo
aelpy:BleFr Ba
| plq
k—1 —2pk
<Cu ), B2 [(BT—I) f o 'glqd"]
aelp:BkeF; H\B o)) VB (@
P_ lq
doubling _pp2kO(G-D) P
<Cow Y V6 T2 gl d
rQ(;—l) Bkl
aE[B,k:B{(yEﬁ o (@)
2kQ(2-1) rlq
=227 ok
(3.7) < v on' T2 ([ o]
rQ(ﬁ_l) B(x0,67)

Above the last inequality relies on g < p and the fact that

E XBk7(l )(x) < C(u, ap).
a’(a
aelp:BkeF;

. k ~ 1pk-1 k+2 — 1 pk—1 ,
Indeed, since B, C §Ba,(0), we have O, C 3B, ". Foreach o’ € Ip;-1, let

1
Ia/,k = {a’ .a € IB’k,Bﬁ C gB];,_I} .

By using dyadic cubes again, we see that

C(u)a? C(u)a?
u(BSY > Z V2, ag2 %) > Z ((;))‘;o V(2 22k > Z (Wa LB,

(IGI(Z/J{ (IEI(Y/Yk

which implies that #(/, ) < Therefore, we conclude that

_2%
Cu)a)?”

D e @S D @) #len) < Cluao).
a€lp:BkeF; @' €lpy-1:BS €F

By (3.7)

1 22kOG=p) " 1/q
Wkl Lr(B(xp,2ry) < COV(x0,6r)p ¢ ————2 (f lel? d#) .
G B(x0.6r)
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Therefore, by the Minkowski inequality,

3w

1/q
gl du)
k>k0

< Cw)v<x0,6r)i‘ér(f
B

L2 (B(xo.1) C0.6r)

provided g < p and é 1< é
By applying Lemma@ and (RH,), we conclude that

C
IwWkollLr By < Vo, 20)1P = f If = fakol dut
r JB(xp,2r)

CV(xp, 20"/ a
(3.8) Yoo f fldu+ P f gl dy) |,
r B(x0,67) B(x,67)

which completes the estimate for the LP-integral of the second term on the left-hand side.
Regarding the first term, an estimate similar to the one in Theorem [3.4] (see also [61, Theorem
5.3]) yields

l/q
11
IGsllrBexo.ryy < C)rVixo, 6r)ra (f lgl? dﬂ) :
B

(x0,6r)

The claim then follows by combining the last inequality with (3.7) and (3.8).

Step 4. Completion of the L™ case.
For each yp € B(xo,7r/2), let 0 < ¢, < 1 be a one-parameter family of Lipschitz cut-off
functions such that

Y, (x) = 1 whenever x € B(yy, min{r/4, 1/8}),
3.9

¥ (x) = 0 whenever x € X \ B(yg, min{r/2,1/4}), and |V¢,(x)| < ———.
min{r, 1}

Then by Step 2, we see that, for all x, y € X,
I(fr)(x) = (fr) )

< Cd(x.y) {(M NACEDY wk(x)))(zgu) + (M NAUEDY wk(y)})(zg(y)}.

min{r, 1} s min{r, 1} &

Recall our assumption that g € L*(6B). Therefore, by applying Lemma [2.5/to f; 4, and Propo-
sition to f — fak,» We see that f € L™(2B). This, together with Step 3, implies that fiy, €
Wé’p(B(yo, min{r/2,1/4})); see Appendix

By and the pointwise estimate of the gradient of a Sobolev function (see Appendix
for fy,, we conclude that

V0l = V(0] < CG3(x) +C ) wilx)

k>ko
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for a.e. x € B(yg, min{r/4,1/8}). By the arbitrariness of yy, we see this estimate holds for a.e.
x € B(xp, r/2). This together with the estimate from Step 3 yields

CV(xo, 6r)'/P la
G10) IV llirarmy < L0607 f fldu + P f gldu) .
r B(x0,6r) B(x0,6r)

Let us now replace B(x, 6r) on the RH.S. by 2B, B = B(xp,r). By using Lemma [3.11] we
see that B(xp,r) contains at most NZ separate balls with radii r/32. Fix such a maximal col-

lection, which we for simplicity assume to have exactly N elements. Denote these balls by
{B(xh r/32)}1Sl§N‘2 Then

B(xp,r) C U B(x;,r/16).

1<i<N;

By applying the estimate (3.10)) to each B(x;, 11—26’) yields

CV(x;, TP ) Ha
IV Flllr g6y < i 162 f fldu + r ( f g du)
r B(x;, %) B(x;, Y

CV(xg,2r)!/P la
< o207 f fldu + P f gldu| .
r B(x0,2r) B(x0,2r)

Therefore, we conclude that

5
N

IV £llrseorn < DMV rses.rrien
i=1

CV(xo,2r)'/P 14
< o2 f fldu+ 7 f gl du) |,
r B(x,2r) B(x0,2r)

which completes the proof in the case g € L™ (2B).

Step 5. Truncation argument.
Once again, for each k € N, let gx := x{j¢<k} &> and let fi € Wé’z(ZB) be the solution to L f; = gx
in 2B.
. . 1,2 . .
By Lemma we see that there exists a solution fo € W"(2B) to Lfp = g in 2B, with

12 1/q
G.11) f Ifold#SCr(Jc |Vfo|2du) scrz(f Iglqdu) .
2B 2B 2B

For each k € N, by using Lemma 2.6 again, we obtain

1/q

1/2
f o= fildu < Cr( f V(o - fP du) <o ( f g — gl du) ,
2B 2B 2B
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since fy — fi € W, 2(2B). Consequently fi — fo in Wy *(2B).
By Lemma[2.6/and Theorem[3.6] we have for each k € N that

1/p C 1/q
(f IkaI”du) s—(f |fk|du+r2(f |gk|‘fdu)]
B(xo,r) ' \ JB(x0,2r) B(x0,2r)
1/q 1/q
SCr(f |gk|‘1du) SCr(J[ Iglqdu) .
B(xp,2r) B(x¢,2r)

Letting k — oo, we conclude that

1/p 1/q
( f ¥ ol dﬂ) <cr ( f gl dﬂ) .
B(xg,r) B(x¢,2r)

By applying this together with (RH,,) for the harmonic function f — fy on B(xo, r) and (3.11) we

obtain
1/p 1/p 1/p
( £ dﬂ) < ( f w-spr du) N ( f war dﬂ)
B(xo,r) B(xo,r) B(xo,r)
C 1/q
< —f If—foldM+Cr(JC Iglqd/i)
r JB(xp,2r) B(x0,2r)
C 1/q
S—JC |f|dﬂ+Cr(JC |g|"dﬂ) ,
" JB(xp,2r) B(x0,2r)
as desired.

O

Corollary [3.5|and Theorems 3.6 yield the following quantitative Holder regularity of solutions
to the Poisson equation.

Corollary 3.14. Let (X, d,u, &) be a Dirichlet metric measure space satisfying (Dg) with Q > 2,
and suppose that (UE) holds. Assume that (RH),) and (P 1oc) hold for some p € (Q,o]. Let
q > max{Q/2,1} and @ := a(p,q) = min{l — Q/p,2 — Q/q}. If Lf = g in B(xop,r) with g € LY(B),
then f belongs to C{ _(B).

4 Elliptic equations vs parabolic equations

4.1 From elliptic equations to parabolic equations

In this section, we give quantitative gradient estimates for the heat kernel by using the regularity
of solutions to the Poisson equation.
To begin with, let us recall that, under (D) and (UE), we have the estimate

oh, C dz(x,y)
@.1) ’E(x’”‘stm—,\/;)e”{‘ a }
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for the time derivative of the heat kernel for all ¢ > 0; see [20, 99 (107, [108]].
A version of the following result, requiring the slightly stronger condition (P5), has been estab-
lished in [74]. The proof below follows the ideas of the proof of [[74, Theorem 3.2].

Proposition 4.1. Assume that the doubling Dirichlet metric measure space (X, d, u, &) satisfies
(UE) and (P, 10c ). Then (RHs) implies (GLY ).

Proof. By using Theorem and following the proof of [[74, Theorem 3.2], we conclude the
claim. O

Our next result follows via the argument in [[7, p 941].

Proposition 4.2. Assume that the doubling Dirichlet metric measure space (X, d,u, &) satisfies
(UE). Then (GLY) implies (G),) for all p € [1, co].

Proof. By decomposing X into the union of B(x, V1) and the sets B(x,2* V1) \ B(x, 2¥"! v/r) for
k > 1, one sees via (D) that

1 d?(x,y)
(4.2) f — ex {— du(y) < C(Cp).
 Vx. VD) p p u(y D
The conclusion then follows from this and (GLY ). O

We will also need the following observation.

Proposition 4.3. Assume that the doubling Dirichlet metric measure space (X, d,u, &) satisfies
(UE). Suppose that (P3, 10c ) and (RH ) hold for some p € (2,00). Then (GLY ) holds.

Proof. Decompose the space X into B = B(y, 2 V) and the sets B(y, 21 Vi) \ B(y, 28 Vi), k > 1.
Denote B(y, 28! v/t) \ B(y, 2¥ V) by Ui(B). By Theorem (UE) and (@.1)), we see that

IV b o LBy

CV(y,4Nn'/r

< S neiduco o £
Vi B(yAVD) By.A4VD

C
< —V(y, VPl

\/; y

Let {Bx;j = B(xtj, V1/2)}; be a maximal set of pairwise disjoint balls with radius 2! v in
B(y, 21 /f). Then it is easy to see that

p 1/p
du(x)) J

0
;1Y)

B(y, 2" Vi) € U;B(xxj, V1)

and

> xan () < C(Cp).

J
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Therefore, by applying Theorem [3.6] (D), (UE), and (.1)), we conclude that
f IV.chy(x, Y)IP dp(x)
Uk(B)

< ), f IV by (x, )IP dpa(x)
J: 2By jNUk(B)#0 2By

Cu(4By.)) d ’ iy
< Z — ( JE | (x, y)l dpu(x) + t( JC 56 Y) du(x))
J:2Bi jNU(B)#0 ! 4By j 4By ;
Cu(4By.)) W —c2%¢
< - Z TVO}, \/;) exp P
J ZBk’jﬂUk(B)¢(D
exp 1 —c2%k exp {—c2%k
< CV(y,2"? «/E){—} < CV(y, \ft)sz#
exp {—022/‘}

<C——m——.
2V (y, Vi1

This together with the estimate on ||V 4;(, y)|lz»() from the beginning of the proof allow us to
deduce that there exists v > 0 such that

C
PRV (y, et

which completes the proof. O

[ b exp frant] du <

The following conclusion follows via the argument in [7, p. 944] applied to our setting.

Proposition 4.4. Assume that the doubling Dirichlet metric measure space (X, d, u, &) satisfies
(UE). Then (GLY),) for some p € (2, o) implies (G)).

Remark 4.5. If (P,) holds, then one can also use the open-ended property of the reverse Holder
inequality (RH)) (Lemma below), Theorem and the Hardy-Littlewood maximal operator
to prove the fact that (RH)) (p € (2, 0)) yields (G,). We will not go through this argument and
leave the details to interested readers.

4.2 From parabolic equations to elliptic equations

In this section, we show that (G,) implies (RH,). We begin with an abstract reproducing
formula for harmonic functions.

Lemma 4.6 (Reproducing formula). Let (X, d, u, &) be a doubling Dirichlet metric measure space.
Assume that (UE) holds, Let ® € .#(R) be an even function whose Fourier transform ® satisfies
supp(i) C[-1,1]and ®0) = 1. Thenifu € WY2(3B) is harmonic on 3B, B = B(xy, 1), for each
0<t<r u=®tVLu as functions in W-(B).
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Proof. Since ®'(0) = 0, the function ®(s) := s~'®’(s) € .7 (R) extends to an analytic function
which satisfies a Paley-Wiener estimate with the same exponent as ®@; see [96] or Appendix |A.4
By applying Lemmam to the functions ?*®(f), k € Z,, and ®, we conclude that the operators
(PLYDOE VL) and (P L)"120' (1 VL) satisfy

(4.3) fx (PLDUVDfi, frydu =0,

and

(4.4) f (L2 NL)fi, fr)du = 0,
X

forall 0 <t < d(E,F) with E,F c X, f; € L*(E), and f> € L*(F).
Let ¢ be a Lipschitz cut-off function such that ¢y = 1 on _%B, ¥ = 0 outside 3B. Let € € (0, r/4).

For each g € LZ(%B) with support in %_B, by (.3) and Lemma[2.12|we have

D(eVL)g € 2(L)

with support in %_B. Since ®(0) = 1, we have

1 - o(VT) = - f VI (s VI) ds,
0

which together with (#.4) implies that
@5) f (PLY (= AN, foy dut = f f (ALY INTV (VD fi, foy duds = 0,
X 0 X

forall 0 <t < d(E, F) with E, F C X, f; € L*(E), and f; € L*(F). This together with Lemma
implies that for each t < r

(4.6) L)1 - ot VL)D(eVL)g € D(L),

with support in 14—13. By this, the self-adjointness of £ and the fact that u is harmonic on 3B, we
obtain that

f«l - O(tr \/Z))u’ (e \/Z)g) d,u = f(u, (1 —-d(tr ‘/Z))q)(é‘ \/Z)g> d/J
X X
_ f Gy, (1 = D(tr VL) D(e VI)g) du
X

=7 f (Vu, V(P L)' (1 = Otr VL) D(s VL)g) du
3B
= 0.

Since g is arbitrary, and by Lemma ®(eVL)g — gin L*(X,u) as € — 0, we find that
(1 = ®@rvVL)u = 0 in L*(B). Hence u(x) = ®(tr VL)u(x) for a.e. x € 3B. Therefore, u =
O(tr VL)u in W2(B) for each r < 1. The proof is complete. O
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Remark 4.7. Notice that, for each f € L>(X, 1), ®(r VL) f € W3(X) and

IVO(r VL) [l = | VLO(r V) fl2 < gllfllz,

see Lemmal[2.12]

Corollary 4.8. Assume that the doubling Dirichlet metric measure space (X,d,u, &) satisfies
(UE). Let ® € .#(R) be an even function whose Fourier transform ® satisfies supp ® c [-1, 1]
and ®(0) = 1. Then ifu € WUY2(X) is harmonic on 3B, B = B(xo, r), foreach O <t <1, u equals
O(tr VL)u as functions in WL2(B).

Proof. Notice that by Lemma foreach 0 <t < 1, u(x) = O(tr \/Z)(M)(gg)(x), a.e. x € B. On
the other hand, by (4.3)), we see that

D(tr VL) (uyx\38)(x) = 0
on B, which allows us to conclude that for each 0 < ¢ < 1, u = ®(tr V.L)u in W2(B). o
The main result of this section reads as follows.

Theorem 4.9. Assume that the doubling Dirichlet metric measure space (X, d, u, &) satisfies (UE).
If (G ) holds for some py € (2, o], then (RH),) holds.

Proof. Let ® € . (R) be an even function whose Fourier transform ® satisfies supp o c [—1/2,1/2]
and ®(0) = 1. Then it follows that ®*> € .”(R) and supp 2 C [—1, 1]. In the proof, for simplicity
we denote V(x,r) by V,.(x).

Step 1. Boundedness of the spectral multipliers.

Claim 1. We first claim that, for each p € [1, 2], there exists C > 0 such that

sup IV} 200 VD)l < C.

r>0
By [20, Proposition 4.1.1] and the fact that sup,. o [O()(1 + *)N| < oo, one has
V"= 2N Dz = IV, 20 NDA + P LNV 2V 4 2 )N

< ClIOr VLA + P LN ool 720 + 2LV
< VP 4+ 2L Vs,

where we choose N > Q with Q the number from (D). Notice that for any f € L”(X, 1) one has

5 1/2
||Vr]/p_l/2(1 +I”2.£)_Nf||2 < Cf (f ’e—ssN—lVr(x)l/p—l/Ze—erLf(x)’ du(x)) ds
0 X

(09
(o)

1/2
< Cf e_SSN_l||Vr1/p€_sr2£f”io_p/2 (f ‘e—srz.l:f(x)r] d,u(x)) ds
0 X
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00
< Cf e SN
0 (o)

0 1
-5 N-1
< Clifllp-

1/p-1/2

r

v 1L, AL ds
\sr

Above in the third inequality, we used the fact that

VP (e L) <

CV, ()P Vvs?(x)‘/”e—jf;g|f( )
V = (xlr V2 PR
Vir? x Ve
; (p-D/p
CV, (0P 1 e
< i | [ ¢ N du(y)
V. m(0lp x Vim0
CV, (0P
Vim0l

1A1lp-

The claim is proved.
Claim 2. For each p € (2, o], if (G,) holds, then there exists C > 0 such that

sup [rV, PN VLI, < C.

r>0

By Claim 1 and [20, Proposition 4.1.1] again, we have

1PV~ PN DG VL iy = 1PV, PN VDIV 2V Pee VDI,
< Qv PN OGN DIV o IV 200 VDIl -2
< Qv PN O VDIV o
< Crivo DIV P,
< CrIVA + L) Nlpopli(1 + LD VLV Pl .

Claim 1 together with a duality argument easily implies

sup (1 + 2L VOV >, < o,

r>0
while (G ) implies that
¢
p—p r

IV + 2L sy < C f ) [[ve 4| ars
0

Combining these two estimate proves the second claim.
Step 2. Completion of the proof.
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Suppose first that u € WY2(3B), B = B(xy,r), satisfies Lu = 0 in 3B. By Claim 2 and the
validity of (G,), we then have

1-1
H’,.Vr /Po

VOV (wrsn)O)| < Clllla,
The doubling condition together with Lemma [4.6|implies that

IV ulllro) < PV, P VL) (wx38) ), < C

_ —|u||71 R
PV, (xg) 1P Vo= 1 6B

1/po C
(JC |VulPo dﬂ) < —JC |u| du.
B r Jss

Finally following the same argument as in Step 4 of proof of Theorem @ we see that (RH),)
holds, which completes the proof. O

ie.,

Remark 4.10. Using Claim 1 from Step 1 and [20, Proposition 4.1.1] one can see that for each
r>0

IV, D VL 5o = VO VLV V200 VI oo
< IV, @(r VOV, P eIV 20 VDIl
<O VLV ool V2OG VIl 22
<C.

This together with Lemma[4.6|then gives a simple proof of Proposition [2.1
We can now finish the proofs of Theorem [I.2]and Theorem[I.6] and their corollaries.

Proof of Theorem[I.2] (RHs) = (GLY.) is contained in Proposition {.1} (GLY&) = (G)
is straightforward and is contained in Proposition (see [7, p.919]), and (G) = (RH) is
contained in Theorem

(GBE) = (GLY.) follows from [/, Lemma 3.3] whose proof only requires (D) and (UE).
Notice that (GLY ) together with (UE) implies (LY), and therefore (P,); see [[14, Theorem 3.4].
Using (D) and (P3), (GLYs) = (GBE) then also follows from the same proof of [/, Lemma
3.3]. O

Proof of Corollary Note that (P;) implies (Ps) and (LY) (cf. [99,[108])), in particular (P, 10c )
and (UE). O

Proof of Corollary If (X, d, u) is a Riemannian manifold, then for any locally smooth function
v with bounded gradient Vv on a ball B, B = B(xy, r), it holds that

Ji v = vl du < JCB Ji () = vO) ) dia(y) < CHIT Voo
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Since harmonic functions are locally smooth on a Riemannian manifold, this together with the
assumption (RHo ) implies that the conclusion of Lemma 3.3 holds under the current assumptions.
Therefore, (D) and (UE) are enough to guarantee (RH.,) = (GLY) if (X, d, ) is a Riemannian
manifold, by the proof of Theorem [I.2]

The implications (GLY ) = (Go) and (G«) = (RH) are contained in Proposition .2 and
Theorem [4.9] respectively, requiring only (D) and (UE).

(GBE) = (GLY) is straightforward; see [7, Lemma 3.3]. On the other hand, since under
(D) and (GLY ), (P2) holds by [34, Corollary 2.2] (see also [14, Theorem 3.4]), one can apply [,
Lemma 3.3] to see that (GLY.,) = (GBE). O

Proof of Theorem[l.6] (RH,) = (GLY,) is contained in Proposition (GLY,) = (G)p) is
explained in Proposition .4} and (G,) = (RH,,) is contained in Theorem [4.9] |

Proof of Corollary[1.7] The conclusion holds, since (P,) implies (P,1oc) and (UE) (cf. [20, 99!
1071). O

5 Riesz transforms

In this section we apply our results to the Riesz transform. The following result was essentially
proved by Auscher, Coulhon, Duong and Hofmann [7]; see [[14]. As we already said, (D) together
with (P;) guarantees (R),) for all p € (1,2], see [32].

Theorem 5.1. Assume that the doubling Dirichlet metric measure space (X, d, u, &) satisfies (P»).
Let pg € (2,00). Then the following statements are equivalent:

(i) (Rp) holds for all p € (2, po).

(ii) (Gp) holds for all p € (2, po).

First we record the open-ended character of condition (RH ).

Lemma 5.2. Let (X, d, u, &) be a doubling Dirichlet metric measure space.

(i) If (P2) holds, then there exists &€ > 0, such that (RH),) holds for each p € (2,2 + €).

(ii) If there exists py € (2,00) such that (P,,) and (RHp,) holds, then there exists &1 > 0 such
that (RH)) holds for each p € (2, py + &1).

Proof. (i) By the self-improving property of (P,) from [78] (see Appendix [A.3), we have that
there exists 0 < & < 1 such that for each ball B = B(x,r) and every v € W2(B)

3 1/(2-&)
f lv—vgldu < Cr ( JC |Vy[>~2 d,u) ,
B B

where C is independent of B and v. Therefore, by Lemma for each u € W'2(2B) satisfying
Lu =01n 2B, B = B(xy, r), it holds that

1z 12 e Ve
( f |Vul? dﬂ) = ( f V(u— M23)|2dﬂ) <= f lu — upp| du < C( f |Vul>~* du) .
B B r JoB 2B
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By applying the Gehring Lemma (cf. [[115] or [19} Chapter 3]), we see that there exists & > 0 such
that, for each p € (2,2 + &),

p _o\leE-9 1/2
( f |Vul? dy) < C( f |Vul>~# du) < c( f |Vu|2d,u)
B(xo,r/2) B(xo.r) B(xo,r)

C
< —JC |u| du.
r J2B

Applying the geometric doubling lemma, Lemma|3.11} as in Step 4 of the proof of Theorem
we conclude that (RH ) holds for each p € (2,2 + &).

(ii) The second statement follows by noticing that (P,) implies (Pp,-z) for some & > O (cf.
[78]] or Appendix [A.3). This and (RHp,) imply

1/po 1/po C R 1/(po—&)
( JE |Vl du) = ( JC [V(u — usp)I” du) <— f lu — uppldu < ( f |Vu|Po~* du) ,
B B r J2B 2B

if u € WH2(2B) satisfies Lu = 0in 2B, B = B(xo, ).
Using the Gehring Lemma once more gives the existence of 1 > 0 such that (RH,) holds for
each p € (2, po + €1). O

We can now prove Theorem [[.9by using Theorem [I.6]and the lemma above.

Proof of Theorem|[1.9] Notice that under the assumption of (D), (UE) and (P,), (RH)) or (G))
implies (P3); see [15, Corollary 2.8] and [14, Theorem 6.3]. The equivalence of (RH)) and (G,)
follows from Corollary and we only need to prove that (G,) < (R)).

Step 1. (R,) = (G)).

This is well known (cf. [[7]]), but we recall the argument for the sake of completeness. Assume
(Rp). By analyticity of the heat semigroup on LP(X, u) (cf. [104]])

1/2 -
1L 2e 4,0 <

[0

Therefore, we conclude via (R),) that

WVHllpop = IVL2 L Hl ey = VLT LY ) < %
i.e., (Gp) holds.

Step 2. (G,) = (R)).

Suppose that (G,) holds. According to Corollary we know that (RH)) holds. By Lemma
@ there exists £ > 0 such that (RH,) holds for each g € (2, p+&;). This, together with Theorem
[T.6]and Theorem [5.1) above, yields that (R,) holds for each g € (2, p + &1), and in particular, (R,)
holds, as desired. O

Corollary now easily follows from Lemma [5.2]and Theorem 1.9
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Proof of Corollary This corollary follows by combining Theorem[I.9/and Lemma[5.2 O

Remark 5.3. One can also find a characterization of boundedness of local Riesz transforms via
boundedness of the gradient heat semigroup for small time, (Glll,OC ), in [7]. We expect that the
ideas of this paper can be employed to show that LP-boundedness of the local Riesz transform is
point-to-point equivalent to (G},"C) for each p € (2, ).

6 Sobolev inequalities and isoperimetric inequality

In this section, following the central idea of 75! [76] and using Theorem we show that
(RH)) for p > 2 yields a Sobolev inequality or an isoperimetric inequality. Combining this and
Theorem (1.9 we find a new necessary condition for quantitative regularity of harmonic functions
and heat kernels, and for boundedness of Riesz transforms.

6.1 Sobolev inequalities

Recall the definition of the Sobolev inequality (S, ,) given in Section@ In our setting, under
(D) and (UE), (S 42) holds for some g > 2 (see Section and hence by Holder (S, ) holds for
every p > 2. Here we are interested in the non-trivial range p € [1,2).

Theorem 6.1. Let (X, d,u, &) be a Dirichlet metric measure space. Assume that (X,d, u, &) sat-
isfies (Do), Q > 2, and that (UE) and (P2,1oc ) hold. Let py € (2,00). Suppose that one of the
mutually equivalent conditions (RHp,), (GLY ), (Gp,), holds. Then the Sobolev inequality (S, )

holds for all p € [-221.2] and q € [1, 32).
Proof. Let p), = ]% and g € [1, 5/33, ). Then the conjugate exponent ¢’ of ¢ satisfies ¢’ > —QQf;O
0

For any B = B(xp,r) and g € L7 (B), let fe WS’Z(B) be the solution to Lf = g in B(xg, 2r), see
Lemma [2.5] For a compactly supported Lipschitz function 4 on B, we have

‘ L h(x)g(x) du(x)| = ‘ L hLf dﬂ’
= f <Vh,Vf>d#‘
B
< CIIVA g 5, IV S Mo )

1/po
==CMthme[vcm,mP“w(fﬂVfWﬂ .
B

Thus, by Theorem 3.6

[V(xo, )]'/7 , A\
|fmmm@msawwmw—l——— Aldp+ 12 gl? du| |-
B r B(x0,2r) B(x0,2r)
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Since pg > 2, ql < plo + é < % + é, and therefore we may apply Lemma which yields

) ) 1/q
f  flduscr ( £ g du) ,
B(x0,2r) B(xo,2r)

and hence

) 1/q
lgl? du) :

[} s duco] < cnwni, g g v, ' (£

(x0,2r)

Taking the supremum over all g with [|gll;¢ 5 < 1 yields

1/q ) 1/p;
(JE |h|? d,u) <Cr (J[ |Vh|Po d,u) ,
B B
Op

Le. (Sqp). Finally (Sg,,) follows by the Holder inequality for every p € [p(.2] and g € [1, W)’
as desired. ]

6.2 Isoperimetric inequality

In this section, we give an application of Theorem [I.2] to isoperimetric inequalities. The fol-
lowing definition of perimeter can be found in [2, [89] (see Appendix [A.2]).

For an open set Q c X, denote by Lip () (Lip..(€2)) the space of all (locally) Lipschitz
functions on Q, and by Lip ((€2) the space of all Lipschitz functions with compact support in €.
Denote by Z(X) the collection of all Borel sets in X.

Definition 6.2. Let E € B(X) and Q C X open. The perimeter of E in Q, denoted by P(E,Q), is
defined by

6.1)  P(E,Q) = inf {1i]£gglf fg Vvl dp : it C Lipioc (Q), vi = x in L} (Q)}.

E is a set of finite perimeter in X if P(E, X) < oo.
The following proof is adapted from [76]. We include it for completeness.

Theorem 6.3. Let (X,d, i, &) be a Dirichlet metric measure space. Assume that (X, d, u, &) satis-
fies (Dg), Q > 2, and that (P 1oc ) and (UE) hold. Suppose that one of the mutually equivalent
conditions (RH), (GLY ), (G), (GBE), holds. Then, for every bounded Borel set E and every
xekFk,

WE)0 <C P(E, X).

[V(x,r)]"/2

where we choose r > diam(E) such that E C B(x, r).
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Proof. Let E be a bounded Borel set in X. We can find a ball B = B(x, r) with center in E and
radius r > diam(E) such that E cC B.

Consider the Poisson equation Lf = yg in 2B. Then there exists a solution u € Wé’Z(ZB) to

20

the equation by Lemma By using (RH,) and Theorem we obtain that for each p > iz’

there exists C = C(Cp, Crs, Cp(1), p) > 0 such that, for almost every y € B,

1/p
1 )
Vi <clt f fldu + 2,( el du)

r Jop B(y,27)

Jj<[log, r]
By Lemma 2.6 we have

1 1/Q CFM(E)I/Q
p— Q - 1/
(6.2) - JgB \fldp < Cr(fB el d#) = BVe

Fix p € (Q > Q). A direct calculation (cf. [76, Proposition 4.1]) shows that for any y € B

1/p
j r
(6.3) 21( el d/,t) <C W(E)C.

js[l%;l2 r B(y.2)) u(B)/e

By the definition of perimeter, we may choose a sequence of Lipschitz functions {vp}, C
Lipo(B), v, = x in L' (B) such that

hmfIVvhld,u P(E, X).

As f is a solution to the Poisson equation Lu = yg in 2B, we then have for each 4 € N,

fVu-Vvhdy:fXEvhdﬂzfvhd,u.
2B 2B E

Since supp v, C B, by using the estimates (6.2) and (6.3), and passing A to infinity, we obtain

W(E) = lim ||vh||L1<B)= Jim f V- Vo dpa < Tim (993l V2l

< CP(E,X) H(E)'2,

(B)l/ 0
which gives the conclusion and completes the proof. O

Remark 6.4. We remark that Theorem [6.1 and Theorem [6.3] admit localisation. Since the argu-
ments are the same as for the global versions, we leave them to interested readers.

7 Examples

In this section, we apply our results to several concrete examples of interest. Notice that s-
ince our assumptions are quite mild ((D), (UE) and (P2 1o )), our results have broad applica-
tions. Below we will mainly concentrate on three different settings, and we refer the readers to
[4, 15, 17, 124117} 146, 47, 180} [112] for more examples.
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7.1 Riemannian metric measure spaces

Let us begin with some examples arising from Riemannian geometry.

Example 1. Riemannian metric measure spaces with Ricci curvature bounded from below,
i.e., RCD*(K, N) spaces, K € R and N € [1, o0); see [} 146, 54]. Examples satisfying RCD*(K, N)
include complete Riemannian manifolds with dimension not bigger than N and Ricci curvature not
less than K, and complete Alexandrov spaces with dimension not bigger than N and curvature not
less than K. An important fact is that the RCD*(K, N) condition is stable under Gromov-Hausdorff
convergence, which means that a Gromov-Hausdorft limit, of a sequence of manifolds satisfying
RCD*(K, N), satisfies also RCD*(K, N).

The RCD*(K, N) condition can be defined as follows; see [5, 46, 54]. Let (X,d,u,&) be a
Dirichlet metric measure space satisfying suppu = X and V(x,r) < Ce<" for some C,c >0,
x € X and each r > 0. We call (X,d,u, &) a RCD*(K, N) space, where K € R and N € [1, ), if
for all f € & and each r > 0, it holds that

2

(7.1) IVH, f(x)I* + 0 |LH, fOIF < e X H (V1))

Equivalently, (X,d,u) is a RCD*(K,N) space if the Cheeger energy is a quadratic form and
CD*(K, N) condition holds; see [} 46].

Under the RCD*(K, N) condition, the (local) doubling condition was established in [88], [110],
and the (local) Poincaré inequality was established in [94]. The doubling condition and Poincaré
inequality have the same behaviour as in the case of classical smooth manifolds.

Gradient estimates for harmonic functions and heat kernels on RCD*(K, N) spaces were estab-
lished in [52} [73] [74, [118]. Our results recover these gradient estimates in a more obvious and
simple way. By the validity of the (local) doubling condition and (local) Poincaré inequality, the
definition implies directly (RHc), (Goo) and (R),) for all p € (1,00) if K > 0, and their local
versions if K < 0.

Example 2. On an n-dimensional conical manifold with compact basis N without boundary,
C(N) := R* x N, let A; be the smallest nonzero eigenvalue of the Laplacian on the basis (see
[29, 92] for studies on the first eigenvalue). By a result of Li [82]], the Riesz transform is bounded
on LP(C(N)) for all p € (1, pg) and not bounded for p > pg, where

-1
n n—22+ﬂ
=n|= -
Po B > 1
if 11 <n -1 and py = oo otherwise; see also [[7]].

Therefore by Theorem @], we see that (RH)) and (G,) hold for all p < po. Moreover, if
A1 <n -1, then (RH)) and (G,) do not hold on C(N) for any p > py.

Example 3. By a result of Zhang [116]], it is known that Yau’s gradient estimate for harmonic
functions is globally stable under certain perturbations of the metric in the following sense.
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Let M be an n-dimensional Riemannian manifold, n > 2, suppose that the volume of each ball
B(x, r) is comparable with 7 for any x € M and r > 0, and assume that the L?>-Poincaré inequality

holds. If
g

1+ d(x, x)?*o

for a fixed xp € M, 6§ > 0 and a sufficiently small £ > 0, then Yau’s gradient estimate (Yo)
holds with K = 0. This holds, in particular, if M is a small compact perturbation of a manifold
of dimension at least 3 that has nonnegative Ricci curvature and maximum volume growth, i.e.,
V(x,r) ~r'".

By Lemma @ (Ys) with K = 0 is equivalent to our (RH,). Therefore, by Theorem@], we
see that (RHw), (G), (GLY ) and (GBE) hold on these spaces.

Ric(x) >

Example 4. Let M be a Riemannian manifold that is the union of a compact part, My, and a
finite number of Euclidean ends, R"\ B(0, 1), n > 3, each of which carries the standard metric. The
volume of balls in M grows as V(x, r) ~ ", in particular, volume is a doubling measure. Moreover,
(UE) holds as a consequence of the Sobolev inequality (LS ;), g > 2. By [23]], the Riesz transform
is bounded on LP(M) if and only if p € (1,n). Since (R,) implies (G)), Theoremimplies that
(RH)) also holds if 1 < p < n. Notice also that, while (P, 1o ) holds on M, (P,) does not hold for
any p < n; see [23|[32]. Indeed, if (P,) holds, then by [[78] one has (P,_¢) for some € > 0. This
together with (G,,—¢) will imply (P») by [20], which however is impossible.

Actually, it is rather easy to see that (RH,) holds on M for p < n. Suppose that « is a harmonic
function on 2B. There is nothing to prove if r is small, since in this case, it holds

C
Vil < = f uld
r Js

If r >> 1, then by applying the pointwise Yau’s gradient estimate (Y) to u + ||ul| L3y We
conclude that

C
VO < g g (40 + e )

for each x € B, which implies, if p < n,

l/p 1 1/p C C
Vulf d <C o d <= widpg S — du.
(Jil u ,u) < Cliullo 3 (]i (1 + dist(x, Mo))? 'u) il <5 JEB i

Notice that, however, (RTI p) does not hold on M for any p > 2. Indeed, if (RTI ») holds, then
we have

1/p 1/2
( f IVuI”du) SCH(B)I/p_l/Z( |w|2du) ,
B 2B

if u is harmonic on 2B. By [84] Theorem 2.1], there exists a bounded, non-constant harmonic
function u with finite Dirichlet energy. Applying the above estimate to u and letting the radius of
B tend to infinity, we see that ||[Vu|||, = 0, which cannot be true.
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Example 5. Consider a complete, non-compact, connected Riemannian manifold M. Suppose
that a finitely generated discrete group G acts properly and freely on M by isometries, such that
the orbit space M| = M/G is a compact manifold. In other words, M is a Galois covering manifold
of the compact Riemannian manifold M, with deck transformation group (isomorphic to) G. The
most simple example is M = R” endowed with a Riemannian metric which is periodic under the
standard action of G = ZP by translations.

Assuming that G has polynomial volume growth of some order D > 1, Dungey [40, Theorem
1.1] (see also [39]) showed that (GLY,) holds on M. Our Theorem then implies that (RH,),
(Gw), (GLY) and (GBE) hold on these spaces. Indeed, by using the group structure of M, it is
relative easier to show that (RH) holds on M; see Appendix [A.5]

7.2 Carnot-Carathéodory spaces

A large class of examples that our results can be applied to come from Carnot-Carathéodory
spaces; we refer the readers to [[11, 12,491 158,161}, [71,90] for background and recent developments.

Let M be a smooth, connected manifold and u a Borel measure. Let {X;};=1 ... ,, be Lipschitz
vector fields on M, with real coefficients. The “carré du champ” operator I is given as

m

() = ) IXifP

i=1

for each f € C*(M), where the corresponding Dirichlet form fM >i XifXig du generalises a
second-order diffusion operator L.

A tangent vector v € T M is called subunit for L at x if v = 377 | a;X;(x), with 3", a? < 1; see
[48]. A Lipschitz curve y : [0,T] — M is called subunit for L if /() is subunit for L at y(¢) for
a.e. t € [0, T']. The subunit length of y, £(y), is given as 7. We assume that for any x,y € M, there
always exists a subunit curve y joining x to y. The Carnot-Carathéodory distance then is defined
as

dec(p,q) = inf{£(y) : 7 is a subunit curve joining p to g}.

Notice that for any x,y € M, the Carnot-Carathéodory distance d..(x,y) is the same as d(x,y)
induced from the Dirichlet forms; see [12, 22].

Once again, our results can be applied to this setting as soon as a (local) doubling condition
and an (local) L?-Poincaré inequality are available. Notice that all Carnot groups equipped with
the Lebesgue measure and the natural vector fields satisfy an L?-Poincaré inequality; see [61] for
instance.

For general vector fields satisfying the Hormander condition (cf. [48, 161} [71} 90]), it is known
that the doubling condition and L?-Poincaré inequality hold locally with constants depending on
the balls under consideration, which is not sufficient in order to apply our results. However, the
potential estimates for the Poisson equation from Section 3, Theorem [3.5] and Theorem [3.2] still
work in these settings.
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As we recalled in the introduction, by Theorem[I.2] (RH), (GLY), (Gwo) and (GBE) hold on
any Lie groups of polynomial growth (cf. [, 97]), and more generally, on sub-Riemannian man-
ifolds satisfying Baudoin-Garofalo’s curvature-dimension inequality CD(p1, p2,k,d) (cf. [12])
with p; 20,0, >0,k >0andd > 0.

Examples satisfying CD(p1, p2, k, d) include all Sasakian manifolds whose horizontal Webster-
Tanaka-Ricci curvature is bounded from below, all Carnot groups with step two, and wide sub-
classes of principal bundles over Riemannian manifolds whose Ricci curvature is bounded from
below; see [[12, Section 2].

7.3 Degenerate (sub-)elliptic/parabolic equations

Our results are also applicable to degenerate (sub-)elliptic/parabolic equations on Euclidean
spaces. It is of course also possible to extend these degenerate equations to general metric measure
spaces. For instance, one may consider a Dirichlet form given by

fx (V(x) - Tg(yw(x) d,

where (Vf,Vg) is the natural energy density of energy on an infinitesimally Hilbertian space
(X, d, ) (ct. [4]), or V is the Cheeger differential operator (cf. [24]]), and w is a suitable weight.

We focus on degenerate elliptic/parabolic equations on Euclidean spaces, and we refer the
reader to [17, p.133] and [SO] for more examples of degenerate (sub-)elliptic equations.

Let w be a Muckenhoupt A,-weight or a qc-weight, where by qc-weight we mean that w =
|J fll_%, where |J¢| denotes the Jacobian of a quasiconformal mapping f on R"; see [17,47]. Let
A = (A; j(x));?’j:1 be a symmetric matrix of functions on R" satisfying the degenerate ellipticity
condition, namely, there exist constants 0 < 1 < A < oo such that, for all £ € R”,

(7.2) ()IEP < (AE, €) < Aw(x)IE.

For all f, g € CZ(R"), consider the Dirichlet form given by

(7.3) f AX)Vf(x) Vg(x)dx.
Rn

Then the intrinsic distance d and the usual Euclidean metric dg are comparable, that is d ~ dE.
On the space (R", dg, w(x) dx), the doubling condition is a well-known property of a Muckenhoupt
weight or follows from properties of quasiconformal mappings, and an L2-Poincaré inequality was
established in [47)]. From this, one can deduce that a doubling condition and a weak L*-Poincaré
inequality, i.e.

1/2
(7.4) Ji f — faldu < Cr ( fB VAP d,u) ,

for all B = B(x, r), for some constant ¢ > 1, hold on (R",d, w(x) dx). By using the results from
[61) Section 9], together with the fact that (R", d, w(x) dx) is geodesic, we see that (R", d, w(x) dx)
supports a scale-invariant L2-Poincaré inequality.
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Therefore, our results are applicable to (R”, d, w(x) dx) as well. We would like to point out
that Caffarelli and Peral [21] established a W'-P-estimate for elliptic equations in divergence form
by using the technique of approximation to a reference equation. Shen [[102]] employed the tech-
niques from [21]] to prove the equivalence of (R,) and (RH),), for uniformly elliptic operators of
divergence form on R"”. Recently, for degenerate elliptic operators with A being complex-valued
and satisfying suitable weighted condition, Cruz-Uribe et al. [36] obtained the boundedness of the
Riesz transform in an open interval containing 2.

For degenerate equations satisfying condition for some A;-weight or qc-weight, although
the heat kernel and harmonic functions are known to be Holder continuous (cf. [[17, 106, [107,
108]]), harmonic functions and the heat kernel are not Lipschitz in general; see the examples from
the introductions of [73],[79] for instance.

Moreover, given an explicit p > 2, we do not even know if the gradients of harmonic functions
or heat kernels are locally LP-integrable. Indeed, in view of Corollary and Theorem 1.9} we
see that there exists &€ > 0 (implicit), such that (RH)) and (G,) hold for p € (2,2 + &). However,
for an explicitly given p > 2, the assumption w € A, alone is not sufficient for quantitative L”-
regularity of harmonic functions or heat kernels, in view of Theorem @ Since if (RH)) or (G))
holds for some p > 2, then one has a Sobolev inequality (S, ) for some g > p” on (R", d, w(x) dx),
and it is well-known that w € A, is not sufficient to guarantee such a Sobolev inequality for (small)
p’. It would be of great interest to know how to quantify the regularity of harmonic functions and
heat kernels in this case.

Finally we apply our results to the simplest possible form of degenerate elliptic operators in
dimension one. The correspond to the Dirichlet form

0u(f.5) = fR () - () dx

for some @ > 0 on L*(R, |x|*dx). The corresponding intrinsic distance coincides with the Eu-
clidean distance. Note that the weight w,(x) = [x|* belongs to Muckenhoupt class A, only if
a + 1 < p. Observe that in the range 0 < @ < 1 any harmonic function for the operator discussed
here is of the form a sign(x)lxll‘o‘ + b for some constants a,b € R. Hence a simple calculation
shows that (RH)) holds if and only if a(1 — p) > —1,i.e. p < (1 + @)/a. It follows from exam-
ples and the results obtained in [93] that the L2-Poincaré inequality holds if and only if & < 1 or
equivalently if w, € A;. Now it follows from Theorem@ that for 0 < @ < 1, (R,) holds also if
and only if p < (1 + @)/a. This range of validity of (R,) was first obtained in [62, Theorem 5.3]
(see also [62| Section 6.3]). Theorem [I.9]yields this result avoiding relatively tedious calculations.
We point out that the heat kernel and harmonic functions are usually discontinuous (at the point
x =0) for a > 1, see [45]]. We refer the reader to [62] for more about the Riesz transform.
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A Appendix

A.1 Sobolev spaces on domains

Let U c X be an open set. The local Sobolev space Wlloi (U) is defined to be the collection of
all functions f € L%OC (U), such that for any compact set K C U there exists Fx € Z satisfying
f = Fg a.e. on K; see [59) Definition 2.3]. Notice that bounded closed sets are compact (cf. [59,
Theorem 2.11]). So we can find a sequence of compact sets {U j};il such that U; is contained in
the interior of U ;1 and U‘]’.';l Uj=U. Write F; for Fy;.

1,2
loc

By the locality of the Dirichlet form &, for a given f € W
and measurable set E C U;

(U), one has that for any j € N

fXEdF(Fj,Fj)=fXEdr(Fj+1,Fj+1)-

U] U]
This implies that we may consistently define |V f| on U by setting

dI'(F;, Fly

V£? =
IV £l i

on Uj;.
Now for each p > 2, the Sobolev space WULP(U), defined as the collection of all functions
f e W2 (U) satistying f, [Vf] € LP(U), is well defined.

loc

A.2 Equivalence of differently defined Sobolev spaces

There are several different types of Sobolev spaces on metric measure spaces: Hajtasz Sobolev
spaces [60], Newtonian Sobolev spaces [[101]], Cheeger’s Sobolev spaces [24] etc. We refer the
readers to the monographs by Heinonen, Koskela, Shanmugalingam and Tyson [64] and A. Bjorn
and J. Bjorn [19] for these studies.

We first recall the definition of Hajtasz Sobolev spaces.

Definition A.1. Let 1 < p < oo. Given a measurable function f on X, a non-negative measurable
function g on X is called a Hajtasz gradient of f if there is a set E C X with u(E) = 0 such that
forall x, ye X\ E,

(A.1) lf(x) = I < d(x, y)[g(x) + g()].

The Hajtasz-Sobolev space M"“P(X) is defined to be the set of all functions f € LP(X,u) that
have a Hajtasz gradient g € LP (X, u). The norm on this space is given by

1 llarroc) 2= Al +infllgll,,

where the infimum is taken over all Hajtasz gradients of f.
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It is known that M!?(X) embedded continuously into the Newtonian Sobolev space N!(X),
which was introduced by Shanmugalingam; see [101, Theorem 4.8]. Notice that the embedding
MUP(X) — N'P(X) actually holds on any metric measure space (X,d) equipped with a Borel
regular measure y; see [[77, Theorem 1.3].

Under the requirements of doubling and Poincaré inequality (P), it is known that

Wi (X) = N'2(X) = Wh(X),

and that Lipschitz functions are dense in these spaces; see [101} [80]. Moreover, for any function
f € WH2(X), the square root of its density energy, |V f|, equals its approximate pointwise Lipschitz
constant, apLipf; see [80, Theorem 2.2]. Here,

apLipf(x) = inf limsup 20 —SON
A yeardey—0  d(x,y)

where the infimum is taken over all Borel sets A C X with a point of density at x.
We note that, without the validity of Poincaré inequality, the above conclusions are not true in
general. In particular, it may happen that, M Lr(x) ¢ NVP(X), see [64] [T01] for instance.
Nevertheless, for locally Lipschitz functions ¢, assuming only doubling but not Poincaré, one
still has that |V¢| = Lip ¢, a.e.; see [59, Remark 2.20] and [80, Theorem 2.1]. Therefore, our
perimeter P(E; Q) (see Definition coincides with that from [2, 89]].

A.3 Self-improving property of Poincaré inequalities

The self-improving property of Poincaré inequality was obtained by Keith and Zhong [78]] on
a complete doubling metric space. In our setting, together with the fact (X, d) is geodesic, their
result gives: if for some p € (1, o) it holds for each ball B = B(xg, r) and every Lipschitz function

f that
1/p
f f = foldu < Cr( f Lipfl? dﬂ) ,
B B

then there exists g € (1, p) such that the above inequality holds with p replaced by g.

From the previous subsection, we see that for each locally Lipschitz function ¢ it holds [V¢| =
Lip ¢. This together with a density argument implies that, if (P,) holds for some p > 2, then there
exists 1 < g < p such that for any ball B = B(xp, r) and any g € WP (B) it holds that

1/q
£ lg = galdu < Cr(f Vgl d,u) ,
B B

where C is independent of B and g.
Notice that however (P.,) does not have the self-improving property, see [41}42].
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A.4 Paley-Wiener Estimate

Suppose that F' € . (R) satisfies suppF c [-1,1] and F(0) = 0, where £ denotes the Fourier
transform of F. By the Paley-Wiener theorem (see [96]), we can extend F to analytic function,
F(z), on C, and so also G(z) = F(z)/z. It holds obviously that for |z| > 1, |G(z)| < |F(z)|. Note that
Paley-Wieners estimate |F(z)| < Cy(1 + 12N ePIm@I for 7 € [-B, B] is a condition only for large
Iz, so |G(z)| satisfies the same estimates as |F(z)|, which implies that Gcl-1,1].

From the above discussion, we see that if F is a Schwartz function, then G, F', G are all Schwartz
functions. It is easy to note that d,G(1) = F(p), so if F c [-1,1] then G(7) is constant on both half
lines (—co0,—1] and [1, c0). But G(t) is a Schwartz function, so it has to converge to zero at the
ends, which means that supp Gc[-1,1].

A.5 Gradient estimates on covering manifolds
Let us provide a proof of (RHs) on covering manifolds in Example S from Section

Theorem A.2. Let M be a complete, non-compact, connected Riemannian manifold. Suppose that
a finitely generated discrete group G acts properly and freely on M by isometries, such that the
orbit space My = M/G is a compact manifold. Assume that G has polynomial volume growth of
some order D > 1. Then (RHs) holds on M.

Let us observe that, due to the group action and the polynomial volume growth of G, (D) and
(P2) hold on M; see [99]]. Moreover, by Yau’s gradient estimate (cf. [30}[114]]), (RHw, 10c ) holds,
1.e., for each ry > 1, there exists C(rg) > O such that if u is harmonic in 2B, B = B(xy, r), r < rg, it
holds that

Cro)
(RHew 10 Vil < 00 f ul
2B

r

Proof. Since (RHw,10c ) holds, we only need to prove (RH.,) for balls of large radii.
Since (D) and (P) hold, by applying Proposition [2.2]there exist C > 0 and y € (0, 1), such that
for each ball B = B(xg, r) and if u is harmonic on 2B, it holds for all x,y € B(xy, r) that

a(x,
(A2) ) =) < €52 f g
r 2B

see for instance [18]].

We may assume that » > 1 is large enough so that B = B(xo, r) contains a copy of the funda-
mental domain X. Then g- X are pairwise disjoint for different g € G, and M \ (G - X) is of measure
zero. For simplicity of notions we assume that u is harmonic on 85.

Claim 1: For each x € X, g € G such that g - x € B(xy, r), it holds that

(A3) (e — utg -0 < 2L .
r 4B

Proof of Claim 1. 1f d(x,g - x) > 27'°r, then (A3) is obvious by (A.2). Consider now the
d(x,g-x) <2719 Let k € N such that 2 < rp(g)~! < 28! (remember r >> 1 and p(g) > 1). For
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each j € {1,--- ,k}, notice that gzj - x € 2B, since d(gzj - x,x) < r. By using (A.2) twice, we see
that for 1 < j < kit holds that

j j o+ d’(x, 27, j
[u(x) — u(g® - ] = [u(g® - x) - ug®"" - ¥)] SCM f u(x) — u(g® - )] du(x)

2217 (2)%
L ldie

2

Using the identity

k . .
u(x) = u(g - %) = 3 277 () = 2u(g” - 0 +u(@” - 0]+ 27 [u(x) - u(g® - )]
=0

together with the above estimate and 2% < rp(g)™! < 2%*!, we see that fory < 8 < 2y and 8 < 1, it
holds that

2k+1

k . .
() = u(g - D1 < 27 ) = 2u(g? - ) + (@ - )+ 275 () - u(g

- X)|
Jj=0
k 2j 2 k
22jy y 27 (@)Y
< > ot pz(g) f |u|dﬂ+cz—k—1ﬂf lul dp
= rey 4B rY 4B
k
< JC lul du Zz J=1+2jy=2ky 4 H—k-1
4B 0
k
< JC |l du 221(27 D=kQy-B)p—kB | y—k-1
4B

<28 " lild <CMJC | .

Repeating this argument sufﬁ01ently many times, we conclude that (A.3)) holds.
Claim 2: There exists a finite set J C G, with e € J, such that

sup u(x) —u(y)l < C sup |u(x) —u(g - x)|.
X,y€Ugejg- X geJ.xeX

Proof of Claim 2. Take yy € X and fix 0 < r; such that X C B(yg, r;). Then by Proposition [2.1]
there exists r, > rq such that

1
(A4) sup  |u(x) —u(y)| < 5 sup lu(x) — u(y)|.
x.yeB(yo.r1) X.yeB(y0,r2)

Let J C G be the collection of g € G such that g - X N B(yo, r2) # 0. Then B(yo,r2) C Ugejg - X
and J only has finitely many elements. For x,y € Ugcjg - X, take X,¥ € X and g, h € G such that
x=g-Xandy = h-§J. Then by (A.4) we obtain

|u(x) = u(y)| < lu(g - X) — (D) + |uh - ) — u@)| + [u(X) — u)|
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<2 sup |u(x)—u(g-x)|+ sup |u(xX)— u@)l
geJxeX x,yeX

1
<2 sup Ju()—u(g 0|+ 5 sup u(D - u@,
gel.xeX X.5€B(yo,r2)

which, together with the fact B(yo, 72) C Ugesg - X, implies that

sup  [u(x) —u(y)l < C sup |u(x) —u(g - x)|.
X,yESUP ey 8-X geJ.xeX

We can now complete the proof.

Recall that yo € X C B, X C B(xo,71) C B(x0,2) C Ugeyg - X. Fix r3 > r» such that
Ugesg - X C B(xo, r3). Notice J C G is a fixed finite set.

Since (RHw,10c ) holds, we may assume that r > r| + r3 is large enough, so that for each
heltheG: h-XNB+#0},hg-X c2Bforeach g € J. By (RHw,10c ), together with the previous
two claims, we obtain foreachhe {he G: h- XN B # 0},

IValllLognx)y < IIV(u = ulh - yo)lll=Bryo,r)) < CJC | — u(h - yo)l dp
B(h-yo,r2)

<c f = uh-yo)ldu <€ sup  lu(x) — uy)
Ugeshg-X X,y€Ugesgh-X

C
<C sup lu(th-x)—uChg-x)| < —JE lu| du.
geJ.xeX r Jss

This implies that

C
IVulllz=gy < sup  [IVulllzegxy < — f |ul du.
heG:h-XNB£D r JsB

A covering argument similar to that of Step 4 in the proof of Theorem [3.6|then gives (RHs,). O
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