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Parabolic Harnack inequality on fractal-type
metric measure Dirichlet spaces

Janna Lierl

Abstract. This paper proves the strong parabolic Harnack inequality for
local weak solutions to the heat equation associated with time-dependent
(nonsymmetric) bilinear forms. The underlying metric measure Dirich-
let space is assumed to satisfy the volume doubling condition, the strong
Poincaré inequality, and a cutoff Sobolev inequality. The metric is not
required to be geodesic. Further results include a weighted Poincaré in-
equality, as well as upper and lower bounds for non-symmetric heat kernels.

1. Introduction

Parabolic Harnack inequalities are relevant in studying regularity of solutions to
the heat equation, and to obtain heat kernel estimates. On some metric measure
spaces, sharp two-sided bounds of (sub-)Gaussian type for the transition density of
a diffusion process can be characterized by the parabolic Harnack inequality. More-
over, parabolic Harnack inequalities can be characterized by geometric conditions,
namely the volume doubling property and the Poincaré inequality. This equiva-
lence was first proved on complete Riemannian manifolds by Saloff-Coste [26], [27]
and Grigor’yan [11]. We refer to [29], [30], and [19] for generalizations to symmet-
ric and non-symmetric Dirichlet spaces. A proof of the elliptic Harnack inequality
in Dirichlet spaces was given by Biroli and Mosco [5].

It is desirable to obtain similar results under minimal assumptions on the metric
of the underlying Dirichlet space. Interesting and comprehensive results in this di-
rection have been obtained in recent years. See, e.g., [16], [3], [15], [4], [14] and ref-
erences therein for results in the context of fractal-type Dirichlet spaces. The main
focus of these works is on bounds for symmetric heat kernels. Harnack inequalities
are used to obtain or characterize these estimates. For this purpose, one may re-
place the parabolic Harnack inequality by the elliptic Harnack inequality together
with some additional conditions, e.g., resistance estimate, or exit time estimate.
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In this paper, we present three main results. The first is the strong parabolic
Harnack inequality on any metric measure Dirichlet space that satisfies volume
doubling, strong Poincaré inequality, and the cutoff Sobolev inequality on annuli.
We emphasize that we do not require the metric to be geodesic, though if the metric
is geodesic then we also have the converse implication, namely that the parabolic
Harnack inequality implies the strong Poincaré inequality. See Proposition 5.8.

More specifically, we show that the strong parabolic Harnack inequality

supu < Cinfu
Q- Qf

holds for any non-negative local weak solution u(t,z) of the heat equation on
a time-space cylinder Q(z,a,r) = (a,a + ¥(r)) x B(z,r), where Q= = (a +
T1Y(r),a + 12¥(r)) x B(x,dr) and QT := (a + 13Y(r),a + 74¥(r)) x B(z,dr)
are two smaller time-space cylinder of radius 0r < r that are separated by a
time gap (a + 739(r)) — (a + 2¥(r)). Here a is any real number, x € X is
any point in the underlying metric measure space, and C' is a positive constant
depending on the arbitrary choice of parameters 0 < 71 < 70 < 13 < 74 < 1.
The function ¥ describes the appropriate time-space scaling that is implicit in
the assumed Poincaré inequality PI(¥) and the cutoff Sobolev inequality CSA(¥)
whose definitions we recall in the main text. Our only condition on W is that it
satisfies a polynomial growth condition (2.4) given in Section 2.2.

In the absence of a geodesic metric, we must distinguish between the strong
parabolic Harnack inequality as stated above, and the weak parabolic Harnack
inequality (see [4]) in which the Harnack constant exists for some parameters 0 <
T < 1o < T3 < 74 < 1 but not necessarily for any arbitrary choice of parameters.
See [4], [14] for equivalence results for the weak parabolic Harnack inequality on
symmetric Dirichlet spaces.

The second main result concerns weak solutions of the heat equation associated
with time-dependent and/or non-symmetric bilinear forms (&, F), t € R. These
bilinear forms generalize Dirichlet forms: they may lack the Markovian property,
non-negative definiteness, or symmetry. We think of these forms as perturba-
tions of a symmetric strongly local regular reference Dirichlet form (£*, F). Our
hypothesis is that the bilinear forms & satisfy certain structural conditions (see
Assumption 0) and quantitative conditions (Assumptions 1, 2). We establish the
local boundedness of local weak solutions (Corollary 4.8) and the strong parabolic
Harnack inequality for & (Theorem 5.3) under natural geometric conditions on
the reference Dirichlet space. The local boundedness and the Holder continuity
(Corollary 5.5) of local weak solutions are well-known consequences of the parabolic
Harnack inequality. A priori, however, the local boundedness of weak solutions is
not obvious. We derive it from mean value estimates which we prove using a
Steklov average technique similar to that in [19].

Third, we present upper and lower bounds for the nonsymmetric heat kernels or,
in the time-dependent case, heat propagators associated with &, t € R. Asin [19],
our assumptions on the non-symmetric perturbations cover plenty of examples on
Euclidean space, Riemannian manifolds, or polytopal complexes. For instance, our
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results apply to uniformly elliptic second order differential operators with (time-
dependend) bounded measurable coefficients. Examples of non-symmetric bilinear
forms on an abstract Dirichlet space are not immediate. In Section 8, we construct
a non-symmetric perturbation £ of a symmetric strongly local regular Dirichlet
form (£*,F) so that £ satisfies the strong parabolic Harnack inequality and heat
kernel estimates.

Our setting includes fractal spaces like the Sierpinski carpet, though in this case
the strong parabolic Harnack inequality is equivalent to the weak parabolic Har-
nack inequality because the metric is geodesic. Nevertheless, this case is interesting
because we give a proof that does not rely on heat kernel estimates.

This work is in part motivated by applications to estimates for nonsymmetric
Dirichlet heat kernels on inner uniform domains in fractal spaces [18]. A common
hypothesis in the works [2], [3], [1], which treat fractal-type spaces, is the conserva-
tiveness of the Dirichlet form. Since the estimates in [18] are proved using Doob’s
transform and it is not clear a priori that the transformed Dirichlet space would
be conservative, it was important to not assume conservativeness in the present
work. We remark that the assumption of conservativeness was already dropped in,
e.g., [14] in a similar context.

We prove our main results using the parabolic Moser iteration scheme [23], [24],
and [25]. It was proved by Barlow and Bass in [2], [3] that the elliptic Moser iter-
ation scheme can be applied to obtain the elliptic Harnack inequality on a fractal-
type metric measure Dirichlet space which is symmetric strongly local regular and
which satisfies the volume doubling property, the strong Poincaré inequality, and
a cutoff Sobolev inequality. The parabolic Harnack inequality was then derived
through an estimate for the resistance of balls in concentric larger balls. The
approach in [2], [3] is to follow Moser’s line of arguments with du replaced by a
measure dy; r = ¥(R) dT'(¢, ¢) + dp, where dT'(-,-) is the energy measure of the
Dirichlet form, and ¢ is a cutoff function for the ball B(x, R/2) with compact sup-
port in the larger ball B(x, R). This approach does not seem to generalize to the
parabolic case: the estimates for sub- and supersolutions (cf. Lemmas 4.4 and 4.5),
which are an important step in obtaining mean value estimates, are not available
with v, r in place of pu. Therefore, the parabolic case requires that the energy
measure dI'(¢,1)) of a suitable cutoff function ¢ must be estimated through a
cutoff Sobolev inequality very early in the line of arguments, that is, when proving
sub- and supersolution estimates. This is possible thanks to the cutoff Sobolev
inequality on annuli CSA (W) which was introduced in [1]. The relevant property
of this condition is that for every e € (0,1) there exists a cutoff function ¢ for
B(z, R) in B(x, R+ r) that satisfies the inequality

61—62/2
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for all f € F, where C' is a positive constant independent of ¥, f, x, R, 7, €.

A slightly weaker condition is the generalized capacity condition introduced
in [14]: it is inequality (1.1) for bounded functions f € F N L*°(X) and the
cutoff functions v are allowed to depend on f. The generalized capacity condition
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appears to be too weak to run the parabolic Moser iteration. Indeed, since the
local boundedness of weak solutions is not known a priori, several approximation
arguments are used in our proof. Because of this we need the cutoff functions to
be independent of the functions that approximate the weak solution.

Once the mean value estimates for sub- and supersolutions are proved, we apply
a weighted Poincaré inequality to complete the proof of the parabolic Harnack
inequality. More specifically, we need the weight to be a cutoff function that
satisfies CSA(¥). The weighted Poincaré inequality is obtained in Theorem 3.4.

It is worth pointing out that our arguments are local. Therefore, our hypotheses
on the space (volume doubling and Poincaré inequality) are local. That is, they
are stated for balls B(x, R) that lie in some subset Y of the underlying space X,
with radii R up to a fixed scale R < Ry € (0, o0].

Regarding the notion of (local) weak solutions to the heat equation, we adopt
the definition that is natural from the viewpoint of existence and uniqueness theory
(see, e.g., [20], [31], [9]). In order to clarify the relation of recent literature to
our results, we verify that the space of local weak solutions to the heat equation
associated with a symmetric strongly local regular Dirichlet form constitutes a
space of caloric functions in the sense of [4]. Along the way, we obtain a proof
of the parabolic maximum principle (Proposition 7.1) using the Steklov average
technique. We remark that the axiomatic properties of caloric functions implicitly
presume the strong locality of the Dirichlet form.

In part of this paper, we will work with the so-called very weak solutions
introduced in [19]. Very weak solutions may lack continuity in the time-variable
and are thus too general to satisfy the parabolic Harnack inequality unless we
additionally assume continuity in the time-variable, which then leaves us with
weak solutions.

Structure of the paper. In Section 2 we recall basic properties of the underlying
metric measure Dirichlet space and introduce non-symmetric perturbations of the
reference Dirichlet form (£*, F). Since the assumptions we impose on the per-
turbations involve cutoff functions, we provide some background on cutoff Sobolev
inequalities in the same section, and introduce a localized cutoff Sobolev condition.

In Section 3 we consider Sobolev and Poincaré inequalities for the reference
form. The main result of this section is the weighted Poincaré inequality of Theo-
rem 3.4.

In Section 4 we return to the setting of time-dependent non-symmetric local
bilinear forms. We recall the definition of very weak solutions introduced in [19],
Definition 3.1, in Section 4.1 and then follow Moser’s reasoning: we first prove
estimates for non-negative local weak sub- and supersolutions (Section 4.2) and
then run the parabolic Moser iteration scheme to obtain mean value estimates
(Section 4.3). A main result of the paper, the local boundedness of weak solutions,
hides in Corollary 4.8.

Section 5 is devoted to parabolic Harnack inequalities. Section 5.2 contains
main results, namely parabolic Harnack inequalities in the context of non-symmetric
local bilinear forms. In Section 5.3 we take a closer look at the case of a symmetric
strongly local regular Dirichlet form, relating the present paper to recent literature.
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This subsection relies on a parabolic maximum principle and a super-mean value
property for local weak solutions. We prove these in Section 7.

In Section 6 we present applications: estimates for symmetric and non-symmetric
heat kernels and, in the time-dependent case, heat propagators. Some of these es-
timates are proved under the additional assumption that the metric is geodesic,
and the bilinear forms satisfy a further quantitative condition (Assumption 4).

We conclude the paper by constructing an example of a non-symmetric local
bilinear form on a fractal-type metric measure space, see Section 8.

Acknowledgement. The author thanks Laurent Saloff-Coste for discussions.

2. Cutoff Sobolev conditions and non-symmetric forms

2.1. The symmetric reference form

Let (X,d, ) be a locally compact separable metric measure space, where p is a
Radon measure on X with full support. Throughout this paper we fix a sym-
metric strongly local regular Dirichlet form (£*, F) on L?(X,u). The Dirichlet
form (£*, F) induces the norm

1711 = 8*<f,f>+/f2 d

on its domain F. The energy measure I' of £* (in [10] denoted as $p< ) satisfies
a Cauchy—Schwarz inequality, cf. Lemma 5.6.1 in [10],

(2.1) ’/fg dF(u,v)‘ S(/f2 dF(u,u))1/2</92 dF(v,v))l/z,

for any uw,v € F and any bounded Borel measurable functions f,g on X. We
have the following chain rule for T': for any v,uy,us,...,um € F N L¥(X,p),
u=(ug,...,Up), and ® € CY(R™) with ®(0) = 0, we have ®(u) € F N L>¥(X, u)
and

m
(22) dr(q)(u)vv) = Z(I)am(ﬂ) dr(uz»v)»
i=1
where @, := 0®/0z; and 4 is a quasi-continuous version of u, see (3.2.27) and

Theorem 3.2.2 in [10]. When ®,, is bounded for every i € {1,...,m} in addition,
then ®(u) € F and (2.2) hold for any uy,...,u, € F and any v € F N L>(X, pu);
see (3.2.28) in [10].

Inequality (2.1) together with a Leibniz rule ([10], Lemma 3.2.5) implies that

(2.3) / dT(fg, fg) < 2 / 2 dT(g.g) +2 / 2 dT(f. f),

for any f,g € FNL>(X). Here, on the right-hand side, quasi-continuous versions
of f and g must be used.
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By definition, the (essential) support of f € L?(X,u) is the support of the
measure |f|dp. For an open set U C X, we set

Fo(U) :={f € F: the support of f is compact in U},
FOU) := closure of F.(U) in (F,| - ||#),
Fioc(U) :={f € L} (U) : V compact K C U, 3f* €f,f|K = fﬁ|K p-a.e.}.

loc

For functions in Fio.(U) we always take their quasi-continuous versions. Note
that I'(f,g) can be defined locally on U for f,g € Fioc(U) by virtue of Corol-
lary 3.2.1 in [10]. For any v, uy, ..., um € Floc(U)NLL (U, ) and ® € CL(R™), we

loc
have ®(u) € Fioc(U) N L2, (U, p) and the chain rule (2.2) holds. For convenience,
we set

Fo=FNL¥(X,p), For=Fo(X) and Fioe = Fioo(X).

Throughout the paper we will use the notation f V a := max{f,a}, f Aa :=
min{f,a}, f*:=fVv0and f~ :=(—f)7, for a function f and a real number a.

2.2. Cutoff Sobolev inequalities

For the ease of readability, we suppose in this section that any metric ball B(x, R+
r) C X under consideration is relatively compact. Later, we will localize this
assumption; see condition (A2-Y") in Subsection 3.1.

Let ¥: [0,00) — [0,00) be a continuous strictly increasing bijection. Assume
there exist 81, B2 € [2,00) and Cy € [1,00) such that, for all 0 < s < R,

o (3) =am =)

Definition 2.1. A function ¥ € F is called a cutoff function for B(xz,R) in
B(x,R+r), where x € X, R >0, r > 0, if

(1) 9 is continuous,
(ii) 0 < <1 p-a.e.,
(iii) v =1 on B(x, R) p-a.e.,
(iv) The compact support of 1 is contained in B(z, R + r).

Definition 2.2. (X,d, u,E*, F) satisfies the cutoff Sobolev condition on annuli,
CSA(W), if there exists a constant Cy € (0, 00) such that for any € € (0,1), z € X,
R >0, r > 0, there exists a cutoff function 1 for B(x, R) in B(z, R+ r) such that

1—ﬂ2/2
(25) VferF, /A AT, ) < ¢ /A der<f,f>+CogT /A B2 du,

where A = B(z, R+ 1) \ B(z, R).
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Abusing notation, we denote by CSA(¥) not only the cutoff Sobolev condi-
tion on annuli, but also the collection of all cutoff functions that satisfy (2.5) for
some x, R, r. We will sometimes write 1) € CSA(¥,¢) or ¢ € CSA(V, €, Cy) when ¢
satisfies (2.5) for the specified € and Cy. To keep notation simple, we will write
Co(e) for Coe'—P2/2,

The cutoff Sobolev condition on annuli was introduced in [1] for fixed ¢ = 1/8.
From the proof of Lemma 5.1 in [1], it is clear that CSA(¥) holds with some
fixed € and for all » > 0, R > 0 if and only if it holds for all € € (0,1) and for all
r > 0,R > 0 (with a different cutoff function for each €). Thus, the two definitions
are equivalent. More precisely, we have the following lemma which quantifies the
scaling of the zero order term on the right-hand side of (2.5) as € varies.

Lemma 2.3. Let B(x, R+7r) C X be relatively compact. For every e € (0,1) there
exists X € (0,00) such that the following holds. For each non-negative integer n, let

—n\ *n/\/ﬁz
b

b, =¢e and s, =care

where ¢y is chosen so that
oo
E Sy =11 <1
n=1

Let ro =0,

(2.6) T— Z Sk

and B, = B(x, R+ry,). Let ¥, be a cutoff function for B,_1 in B,, which satisfies,
forall f e F,

IO AT (f, f) + —2 rm
/ L FArw) < / AT / L

for some fixed constants ¢1 and co that do not depend on f, n, z, r and R. Let
[oe]
w = Z(bn—l - bn) wn
n=1

Then ¢ is a cutoff function for B(xz, R) in B(x, R+ 1) and ¢ satisfies (2.5) for
the given e with some constant Cqy € (0,00) that depends only on B2, Cy,c1,ca.

The cutoff function v constructed in Lemma 2.3 will serve as a weight function
in the weighted Poincaré inequality of Theorem 3.4. We include the full proof of
this lemma for the convenience of the reader, though it is essentially the same as
the proof of Lemma 5.1 in [1].

Proof. Let f € F. Note that ¥ = 1 on By = B(z, R), and ¥ — (bp,—1 — b))y, is
constant on B,, \ B,_1. Because of the strong locality and Theorem 4.3.8 in [7],
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we obtain

Jrawe = [ Parws«Xeoa-br [ Parw.)

B, \Bn-1

#2301 = /B o LA = Gt = b))

+ Z / P2AT( = Bt — by — (baot — b)ibn)

\Bn 1
_ - _1\2 2
_nz::l(bn 1 b ) /Bn\B,, 1f dr(wnawn)
.- _ 2 C2 2
sngl(bn_l b) (C1 /B n\B”ildF(f, N+ 30 /B . f du)

o0

A 1)2 —2nA
< (@ -1) (;e & /B " ar(s. )
0o e
# 3 —h )/B K

e—lcl/wdl“f, +Zn1b T )/B F2du.

\Bn—1

The last inequality is where we needed the annuli (rather than balls). We also
used the fact that v, > b, = e~ on B,,_1 \ B,. By (2.4), we have

U(r) r B2 er—1
(2-7) < C\Il(i) <Cy Barr 1 N

Thus,

> C2 1)2 Co - Cq/

_p )2 2 G 2
(e = 05 /B o P [t an.

n=1

Finally,
2 A 2 2 (e —1)?c;-Cy 2
[ area < @ vt [orang s SR GT fora

Choose A := log(1 + (¢/c1)'/?). Then (e* — 1)%c; = e. By the choice of cy,

— 6/\/52(1 _ 6*/\/52)7”_/ — (6/\/52 _ 1)7"_/

C)\ .
T r
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Hence,

(e>\ — 1)2 B (e>\ — 1)?ﬁ2 (7"_')—62 B i(e)\m? B 1)—62 (r_’>—62

e C(eMB2 -1 N T

< const(Ba, c1,7’ /1) - (i
¢

where we applied the trivial inequality (e* — 1)~! < z~! with o = log(1l +
(¢/c1)Y/?)/Ba. This completes the proof. O

Let Y € X be open and Ry > 0.

Definition 2.4. The cutoff Sobolev inequality on annuli, CSA(V), is satisfied on Y
up to scale Ry if there exists a constant Cy € (0, 00) such that, for any € € (0,1),
0 <r <R < Ry, B(z,2R) C Y, there exists a cutoff function ¢ for B(z, R) in
B(z, R+ r) such that

2 2 Coe! #2/2 2
@) vier [ farwa<e [ vargn+ LG [ o
where A = B(z,R+7) \ B(z, R).

2.3. Structural assumptions on the bilinear forms

Let (X,d, p,E*,F) be as in Section 2.1. We will refer to (£*,F) as the reference
form for the bilinear forms defined below. Let (&, F), t € R, be a family of
(possibly non-symmetric) local bilinear forms that all have the same domain F as
the reference form (£*,F). We always assume that, for every f,g € F, the map
t— & (f,g) is measurable.

For f,g € F, let Esym(f, ) = —[St(f, 9) + &g, f)] be the symmetric part of
E(f.g) and let EF%V(f, ) == 5[E(f,9) — (g, f)] be the skew-symmetric part.
Notice that 1 € Fioe, thus &(1, f) and Et(f, ) are well-defined for any f € F.. We
will use the decomposition

E(f.9) =E(f,9) +EX(fg. 1) + Li(f.g9) + Re(f.9), Vf, g €F with fg € Fo,

that we introduced in [19]. Here, the so-called symmetric strongly local part & is
defined by

ENf9) =E""(f,9) - & (fg,1), [f,g€ F with fg € F,
and the bilinear forms £; and R; are defined by
Li(f.9) = 7 [6F9.1) ~ (1, fo) + E(F,0) — £(9. 1),
Ri(f,9) = 161, F9) ~ Efg. 1) + Elf.) — Eulo. )] = ~Lilo. ),
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for any f,g € F with fg € F.. Due to the locality of &, the bilinear forms L;(f, g)
and Ry (f, g) are well-defined whenever f € FiocNLiS. (X, 1) and g € FoNLyS (X, w),
or vice versa.

Let D be a linear subspace of F N Cc(X) such that

(i) D is dense in (F,| - |l #)-
(ii) If f € D then (fV0)eDand (fALl) €D.

(iii) If f € D then ®(f) € D for any function ® € C*(R™) with ®(0) = 0, where
m is a positive integer.

By the regularity of the reference form (£*, F), such a space D exists. We make
the following assumption on the structure of the forms &, ¢t € R.

Assumption 0. For each t € R, &, is a local bilinear form with domain D(&;) = F.
For every f,g € F, the map t — & (f, g) is measurable. Moreover,

(i) there exists a constant C, € (0,00) such that
&(f 9l < Callflizllglz Vg€ F,
(ii) for all f,g € Fy, with fg € Fe,
£ (fg, DI < C £l 7 gl 7,
(iil) there is a constant C' € [1,00) such that

LE N SEU N SCES), Ve FneX).
(iv) (Product rule for £;) For any w,v, f € D,

Li(uf,v) = Li(u, fv)+ Lo(f, uv).

(v) (Chain rule for £;) For any v, uy, ua,...,um € D and u = (uq,...,un), and
for any ® € C%(R™),

Lo(@(w),v) = Liui, O, (u)v).
i=1
(vi) There exist constants 0 < ¢ < o < oo such that, for all f € F,

Et(f,f)+a/f2 dp > c||f11%

Part (i) and (vi) of Assumption 0 ensure the existence of weak solutions to the
heat equation. See, e.g., [20].

Under Assumption 0, the bilinear forms &, &”™, and £V are continuous
on F x F. For results on extending the bilinear forms £; and R; and the maps
(f,9) — &(fg,1) and (f,g) — &(1, fg) to F x F, see Section 7.2 of [19]. The
elementary proof of the next lemma will be given elsewhere.
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Lemma 2.5. Under Assumption 0 (i)-(iii), the bilinear form E;, defined for f,g €
Fv with fg € Fo(X), extends continuously to F x F, and the extension (5, F) is
a strongly local reqular symmetric Dirichlet form.

Under Assumption 0, the Dirichlet form (&7, F) admits an energy measure I';
which has all properties that are described in Section 2.1 for the energy measure
T of (£*,F). In particular, I'; satisfies the product rule, the chain rule, and a
Cauchy—Schwarz type inequality.

Assumption 0 (ii) implies that there exists a constant Cg € [1,00) such that

(2.9) C%O/deF(g,g) S/][ert(gvg) < Cho /fzdf(gvg), Vf,g e FNC(X).

See [22]. Of course, this inequality extends to all bounded Borel measurable func-
tions f: X — (—o00,4+00) and g € F. The inequality also holds when f € F and
g € CSA(D). If the reference form (€*, F) satisfies CSA(¥,Cj) locally on Y up to
scale Ro, and if (&, F) satisfies Assumption 0, then (&, F) satisfies CSA(, C’o)
locally on Y up to scale Ry (with Cy depending on Cj and Cho).

We refer to Section 8 and to [19] for examples of forms &, that satisfy Assump-
tion 0.

2.4. Quantitative assumptions on the bilinear forms

Suppose Assumption 0 is satisfied. In this section we introduce quantitative as-
sumptions on the zero-order part and on the skew-symmetric part of each of the
forms (&, F), t € R. We will show in Section 4 below that our assumptions are
sufficient to perform the Moser iteration technique to obtain L?-mean value esti-
mates. The statements of Assumption 1 and Assumption 2 are inspired by and
weaker than Assumptions 1 and 2 in [19]. The new contribution here is that we
state these quantitative conditions only for functions ¢ that are cutoff functions
and in CSA(V).

As before, we fix an open connected set Y C X and Ry > 0. Let Cy € (0, 00)
be given. Let

(2.10) Ci(e) = e 20y (e) = Cp - 1772/ for e € (0, 1].

Assumption 1. There are constants Cs, Cs, C11 € [0,00) such that for all ¢t € R,
for any € € (0,1), any 0 < r < R < Ry, any ball B(z,2R) C Y, any cutoff function
1 € CSA(¥,¢€,Cp) for B(x, R) in B(x, R+r), and any 0 < f € Fioe(Y)NLS.(Y, 1),

EX(F20% D)+ [E5N (242, 1) + [E7V(f, f4°)]
C
< Cnél? / AL(f, £) + (Ca + Ca(r)) . / f2dp,
U(r) Jg
Assumption 2. There are constants Cy, Cs, C11 € [0, 00) such that for all ¢ € R,
for any € € (0,1), any 0 < r < R < Ry, any ball B(z,2R) C Y, any cutoff function

where B = B(x, R + ).
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1 € CSA(P,¢,Cy) for B(z,R) in B(z,R+ r), and any 0 < f € Fio(Y) with
fH el (yom,

|2 (f F 7 )| < O e/? / w?dT(log f,log f) + (Cs +O5\P<r))i}(f)) /B dp,

where B = B(x, R+ ).

Remark 2.6. For simplicity, we may and will assume that the constants C7; in
Assumption 1 and in Assumption 2 are the same.

2.5. Some preliminary computations

In the next three lemmas, we consider bilinear forms (&, F), t € R, which satisfy
Assumptions 0 and 1 with respect to the reference form (£*, F). Recall that Y is
an open subset of X. For a non-negative function u and a positive integer n, let

Uy = UAN.

Lemma 2.7. Suppose Assumption 0 and Assumption 1 are satisfied. Let p € R,
e€ (0,1),0<r < R< Ry, and B(z,2R) CY. Let ¢ € CSA(T,¢,Cp) be a cutoff
function for B(z,R) in B(x,R+ 1), and 0 < u € Fioc(Y) N LS(Y, ). Assume
either of the following hypotheses:
(i) p=>2,
(ii) w is locally uniformly positive.
Then uud € Foe(Y), uudyp? € Fo(Y), for any ¢ > 0. Moreover, for any k > 0
it holds
(1= p) & (u,uul 2 9?)
2

< (8k6010+0(¥ +1—p))/w2u£’;2dr(u,u)

+ (2keCro(p—2)° = C" (1 —=p*+ (1—p))) /W ub =2 dT (up, un)
Co(e) 2 p-2
w0 /wu ub ™~ dp,

where C = Cyg if |1 —p|?/k+1—p >0 and C = 1/Cyo otherwise, and C' = 1/Cyy
if (1—p)2+1—p>0and C' = Cyo otherwise.

(2.11)

+ 4k Cho

Proof. The first assertion follows from Lemma 1.3 in [19]. Moreover, by (2.2)
and (2.1), we have for any k > 0 that

(1— p) & (wuul2 4?)
2
<ar [wrwanw + (2 + - p) [vruan
(@ —p)? +(1—p)) / WP AT (g, 1)

Hence (2.11) follows from applying (2.5) and (2.9). O
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Lemma 2.8. Suppose Assumptions 0 and 1 are satisfied. Let p € (—o0,1 —n)
for some small p > 0. Let e € (0,1), 0 < r < R < Ry, and B(z,2R) C Y. Let
P € CSA(V,¢€,Ch) be a cutoff function for B(x,R) in B(z,R +r), and 0 < u €
Froc(Y) N LIOC(Y, w). Assume us is locally uniformly positive and locally bounded.
Then, for any k > 0, it holds

i 0 < (220 4 o= (1= /) [0t dr )
(2.12) 8010 CO /u) u? dy.

For the proof, simply choose k = 5(1 — p) in the proof of Lemma 2.7.

Lemma 2.9. Suppose Assumptions 0 and 1 are satisfied. Let p € R, € € (0,1),
0 <r < R< Rg, and B(x,2R) C Y. Let ¢ € CSA(¥,¢,Cy) be a cutoff function
for B(z,R) in B=B(x,R+7r), and 0 < u € Fioc(Y) N Lfg’c(Y, ). Assume either
of the following hypotheses:

(i) p=2,
(ii) p # 0 and u is locally uniformly positive.

Then,
|gsym( 2 p 2w2’1)|

—92)2
<20 €/? / ul™2 % dT (u, u) + % Oy /2 /uffz Y2 dT (uy, uy,)

+ (Cy + C59(r)) i;l((:)) /Bu2 uP =2 dy,

and

|8§kew(u,uuﬁ_2 w2)| <201 el/z/uﬁ_2 )2 dT (u, u)

won e (BS2 BB fue i arun )

# (v ) G [ a2

+ (Co + C3¥(r)) |p|]—)|2| C\I}(f)) /Buﬁ dp.

Proof. We will prove the assertion for u € D. Then the general case follows by
approximation, using Assumption 0 (i), the locality of &, and the fact that D is
dense in (F,|| - ||#). First consider the case when « is uniformly positive on the
support of 1. By strong locality, (2.3) and (2.2), we have

/1/)2 dI‘(uuﬁf“_Q)/2 , uu;p_z)/z)

(2.13) <2 w2t dru) + 27 [ e vt )



700 J. LIERL

The first assertion follows easily from Assumption 1 and (2.13). By Lemma 2.13
in [19], we have

gtskew(u)uup—2 wQ) _ gtskew(uu(p—Q)/Q uu(p—2)2 1p2) + 2—p gtskew(up/2 up/2 w2)
n n ’ n p n I n
9 _
(2.14) R W)
Hence, by Assumption 1, (2.3) and (2.13), we have
| &S5 (u, uul =2 1h?)| < 204, €2 /uﬁ_Q Y2 dT (u,u)

—9)2 _
+ O 61/2<(p 22) + |p(p4 2)|) /u]ff2 ¢? AT (up, un)

+ (C2 + C5¥(r)) Cile) /B uw? uP~2 dy

lp —2| Ci(e)
+ (Cy + CsW(r ul dp.
( TN W)
In the case when w is not uniformly positive on the support of v, repeat the

proof with u + € in place of w. If p > 2, then we can let € tend to 0 at the end of
the proof. O

For € > 0, let
Ue = U+ E.

Lemma 2.10. Suppose Assumptions 0 and 1 are satisfied. Let p € R, e € (0,1),
0<r < R<Ry, and B(z,2R) C Y. Let v € CSA(¥,¢,Cp) be a cutoff function
for B(xz,R) in B(z,R+7), and 0 < u € Fioe(Y)NLZ.(Y, ). Then, for any k > 1,

loc
[Eele, ul ™t 9?)]

2
g01161/2%/wug*dmg,ug)+(cz+03\p(r)) ill((:))/Bugdu,

where B = B(z, R+ ).

Proof. We apply Assumption 1 and (2.2). Then,

(e, ul ™ 9?)]
el (L ulm ) 4 e [E7 (1, ul T 9P

<eChr el/z/w2 dF(ugp_l)/Q,ugp_l)m) +e(Co+ 03\11(7“))?1;1((73) / ug_l du
B

12
< Oy €2 u/guig*?’ 2 dT (ue,us) + (Co + C’?,\Il(r))c1 (€) / eul~tdp.
4 U(r) Jp

Applying ¢ < u. completes the proof. O
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3. Sobolev and Poincaré inequalities

3.1. Weak, strong, and weighted Poincaré inequalities

In this section we consider Sobolev and Poincaré inequalities for the symmetric
reference form (£*, F) defined in Section 2.1. We fix an open connected set Y C X
and Ry > 0.

For the rest of the paper we suppose that
if B(z,2R) C Y with 0 <r < R < Ry,

(A2-Y) . .
then B(z, R + r) is relatively compact.

Note that any open set Y such that Y is complete in (X,d) satisfies (A2-Y), see,
e.g., Lemma 1.1 (i) in [30].

Definition 3.1. The volume doubling property is satisfied on Y up to scale Ry if
there exists a constant Cy;, € (1,00) such that, for every ball B(z,2R) C Y and
for 0 <r < R < Ry,

(VD) V(z,R+71) < CypV(z,R),

where V(z, R) = u(B(z, R)) denotes the volume of B(x, R).

Lemma 3.2. If VD is satisfied on'Y up to scale Ry, then for v =logy(Cyp),
o = (5)

for all0 < s < R< Ry andy € B(x, R) with B(y,2R) C Y.

Proof. See Lemma 5.2.4 in [28]. O

Definition 3.3. (£*,F) satisfies the (strong) Poincaré inequality PI(¥) on Y up
to scale Ry, if there exists a constant Cp; € (0, 00) such that for any 0 < r < R < Ry
and B(z,2R) C Y,

(PI(W)  Vf € FioalY), /B \f — fol?dp < Co W(R + 1) /B dr(f. f),

where fp = )fdu is the mean of f over B = B(z, R + ).

v )
V(xz,R+r) JB(xz,R+r

Assumption 3. The reference form (X, d, u, £*, F) satisfies A2-Y, VD, PI(¥) and
CSA(P) on Y up to scale Ry.

Theorem 3.4. Suppose Assumption 3 is satisfied. Then (E*,F) satisfies a weighted
Poincaré inequality on' Y up to scale Ry. That is, there exists a constant Cyp; €
(0,00) such that for any 0 < r < R < Ry, any B(z,2R) C Y, and for ev-
ery € € (0,1), there exists a cutoff function 1p € CSA(¥,e,Cy) for B(z,R) in
B(x, R+ 1) such that

(31)  Vf € FelY), / = foP 0P du < Cum W(R+7) / G2 dT(f. f),



702 J. LIERL

where )

Iy = [ fv? dp
YT feRd

The constant C,p; depends only on Cy, Cyp, Ch.

Proof. Let € € (0,1). Let

(32) Y= (a1 —ba) tn

be the cutoff function constructed in Lemma 2.3. In particular, for each non-
negative integer n, b, = e~ for some A\ = \(¢), and v, € CSA(V) is a cutoff
function for B, in B,,, where B,, = B(z, R+ r,) and the sequence r,, T’ < r is
defined by (2.6). By Lemma 2.3, we have ¢ € CSA(V, ¢, Cp) for a suitable choice
of A(e). We will prove the weighted Poincaré inequality (3.1) for the weight
given by (3.2). By the triangle inequality,

J15=toPvrdu< [15 = g0 dus [ 1a, - foPe dn
The second integral on the right-hand side can be estimated by

(f = fBo)¥? dp?
[t = goPoran = [ L < [ = g an
where we used the definition of fy and the Cauchy-Schwarz inequality. Thus, it
suffices to show that there exists a constant C' € (0, 00) such that

VS € Fioo(Y), /|f ~ fro[0 du < CU(R+ r>/w2 ar(f. f).

By (3.2) and the fact that v,, vanishes outside B,, and 0 < 1,, < 1, we have

/ |f = f 0% dpn = (bn1 = bn) (bm—1 — bm) / \f = fBo [ tntbm dp

< Yt =0 )nr =) [ 1 ff

<h+1I,
where we applied the triangle inequality with

I1=23 " (bno1—bn)(bm-1 — bm) /B = fpanm, 2 dy
n m n m

and
L:=2Y > (ba1—bn)(bm—1—bm) / BB, — fBo | dpt.
o B,NB,,

Observe that
by1—bp = e bp — bri1).
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Applying the strong Poincaré inequality on the ball B, N B,, = Buam, and
using the fact that ¢,,41 =1 on B,,, we obtain

I < CPIZZ 1= b) (b1 — b)) U(R+ (rnmm»/ dr'(f, f)

B,NBy,

< Co¥(R+1) S0 S uct = b) (bt =) [ Gt U TS S)
<O ¥(R+7)Y > € (b = bns1) (b — bnt) /T/)nﬂ Vg1 dU(f, f)

< O 62’\\P(R+r)/w2dr(f» f)-

Now we estimate Iy. Note that |fp,np, — fB,| is constant and p(B, N By,) <
V(z,R+ 1) < Cypu(Bp) by the volume doubling property. Applying the triangle
inequality, and then the Poincaré inequality on the balls B,, N B,,, and By, yields

12 <200 3 3001 = ba)om-1 = bw) / s = foaf
<4600 2 3 bnes b1 ) . Usnn = 1R
DY Emj(bnfl =)o =) [ 1 = Fuuf
<8Cuy Cn ZZ = b)) (b — b (R (r m«m))/ dr(f, f)

B,NB,

< 8Cyy Cor ™ W(R +7) / Y2 dT(f, f). .

Definition 3.5. (£*,F) satisfies the weak Poincaré inequality weak-PI(¥) on Y
up to scale Ry, if there exist constants x € (0,1) and C(x) € (0, 00) such that for
any 0 < r < kR < R < Ry and any ball B(z,2R) C Y,

2
V€ FioolY /|f Foldu < C(r) T(2 >/B<m> ar(f, ),

where B = B(x, R+ ).

Remark 3.6. If (A2-Y) and VD hold on Y up to scale Ry and if the metric d is
geodesic, then the weak Poincaré inequality PI(¥) on Y up to scale Ry implies the
strong Poincaré inequality on Y up to scale Ry. This is immediate from a weighted
Poincaré inequality with weight function ¢ = 1p(, r), see Corollary 5.3.5 in [28].
The weighted Poincaré inequality with weight ¢ = 1p(, r) can be proved using a
Whitney covering and chaining arguments that are applicable when the metric is
geodesic. See Sections 5.3.2-5.3.5 of [28].
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Lemma 3.7. Assume that (£*,F) satisfies A2-Y and VD, PI(¥) on Y up to
scale Ry. Then the pseudo-Poincaré inequality holds: there is a constant C =
C(p1, P2, Cy, Cyp, Cpr) € (0,00) such that for any ball B(z,2R) CY with0 < R <
Ry, and any f € Fo(B(z, R)),

/|f fPdp< cws)/ AT(f,f). Vs < (0.R),

where fs(y):= me(%s) fdu. If, in addition, f € Fo(B(x, R/4)) and B(z, R) #Y,

then
[ran<cun [ ari.s.

Proof. The proof is as in the classical case ¥(r) = 72, with the obvious changes

regarding the use of ¥(r). The idea is to cover B(z, R) with balls 2B;, where
each B; has radius s/10, and to apply the Poincaré inequality to each of the
balls 4B;. For details, see Lemmas 5.3.2 and 5.2.5 in [28]. O

3.2. Localized Sobolev inequality

Definition 3.8. (£*,F) satisfies the localized Sobolev inequality SI(¥) on Y up
to scale Ry, if there exist constants £ > 1 and Cy € (0, 00) such that for any ball
B(z,4R) C B(z,8R) C Y with 0 < R < Ry/4, and all f € F.(B(x, R)), we have

. 1/k CSI
a3 ([ wEa) s g [,

Theorem 3.9. If A2-Y and VD, PI(V) are satisfied on Y up to scale Ry, then
(E*, F) satisfies SI(¥) on Y up to scale Ry. The Sobolev constant Csy depends
only on 1, B2, Cy, Cyp and Cy. The constant k satisfies 1 —1/k = 1/ 1ogy(Cyp).

Proof. We follow Theorem 5.2.3 in [28]. Tt suffices to proof the assertion for non-
negative f. For any y € B = B(z, R), 0 < s < R, we have by Lemma 3.2 that

| c3 (Ry"
|fs(m)| < m/}g(yﬁ) |fldp < (B (s) I £1l1,

where v =log,(Cyp). For 0 < f € F.(B) and A > 0, write
p({f = A < p(lf = fsl = A/2}n B) + u({fs = A/2} N B)

and consider two cases.

Case 1. If )\ is such that

e
2> ),

n(B)
then pick s € (0, R) depending on A in such a way that

3= S (B
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For this choice of s,

u({fs = /20 B) = 0.
By (2.4), we then have for k satisfying 1 — 1/k = (1 /v that

1-1/k W(R) (I fll\t=2/=
(3.4) A /SCW(M(B)) :

where C' denotes a positive constant that may change from line to line and depends
only on 31, B2, Cy, Cyp, Cp. Applying the pseudo-Poincaré inequality of Lemma 3.7
and (3.4), we obtain

w({f > A1) < u{lf — £l = M2} N B) < é/|f—fs|2du

<o [arn < 55 (T e [aran.

Case 2. If ) is such that

Ao O
1= uB)

then it follows from the second part of Lemma 3.7 that

[ r2an<cwa [ arig)

£l

Hence,

W72 N) < 55 [ Fdu< G [arp)

We obtain that

1 1/
(3.5) NTUR u({f > A}) <c({1 /dF £.1)
holds in both cases. Now the proof can be completed easily by following the
reasoning in Theorem 3.2.2 and Lemma 3.2.3 of [28]. O

4. The Moser iteration technique

For the rest of the paper, we fix a reference form (£*,F) as in Section 2.1 and an
open set Y C X. We assume (£*, F) satisfies A2-Y, VD, CSA(¥) on Y up to scale
Ry > 0. Let (&, F), t € R, be a family of bilinear forms that satisfy Assumption 0
and Assumption 1.

4.1. Local weak solutions to the heat equation

We recall the notion of very weak solutions introduced in [19]. For an open time
interval I and a separable Hilbert space H, let L?(I — H) be the Hilbert space of
those functions v: I — H such that

1/2
1ol z2r ) = (/Iuv(t)ni, at)"” < oo,
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It is well known that L?(I — L2(X, u1)) can be identified with L?(I'x X, dtx dpu).
Indeed, continuous functions with compact support in I x X are dense in both
spaces and the two norms coincide on these functions.

Let L2 (I — F;U) be the space of all functions u: I x U — R such that for any

loc
open interval J relatively compact in I, and any open subset A relatively compact

in U, there exists a function u* € L?(I — F) such that uf = u a.e. in J x A.

Definition 4.1. Define
D(Ly)={f € F:g— &(f,g) is continuous w.r.t. || - |2 on F.}.

For f € D(L¢), let L;f be the unique element in L?(X) such that

—/Ltfgdu =¢&(f,g) forallge F.

Then we say that (L, D(L;)) is the infinitesimal generator of (&, F) on X. See,
e.g., [21].

Definition 4.2. Let I be an open interval and U C X open. Set Q =1 x U. A
function u: Q — R is a local very weak solution of the heat equation %u = Liu
in Q, if

(i) we L (I — F;U),

loc

(ii) For almost every a,b € I,

b
(4.1) Vo € Fo(U), /u(b, 36 dp — /u(a, )6 di +/ E,(ult, ), d)dt = 0.

Definition 4.3. Let I be an open interval and U C X open. Set Q =1 x U. A
function u: Q — R is a local very weak subsolution of %u = Liu in Q, if

(i) we LE (I — F;U),
(ii) For almost every a,b € I with a < b, and any non-negative ¢ € F.(U),

b
@2 [ut)o - [ute)odus [ eut).0)d <o,

A function u is called a local very weak supersolution if —u is a local very weak
subsolution.

Note that a local very weak solution is not required to have a weak time-
derivative. A function u: @ — R is a local weak solution in the classical sense
if and only if u is a local very weak solution and u € Cioe(I — L2(U)), where
Cloc(I — L?(U)) is the space of measurable functions u: I x U — R such that
for any open interval J relatively compact in I and any open subset A relatively
compact in U, there exists a continuous function uf: I — L?(U) such that u = u*
on J x A. See Proposition 7.8 in [19].
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4.2. Estimates for sub- and supersolutions

Let B = B(z,r) CY and a € R. For 0,d € (0,1], set

0B = B(x,or),
I =(a—9(r),a), I"=(a,a+¥(r)),
I; =(a—0o¥(r),a), If=(a,a+a¥(r)),
Q (x,a,7) =1 x B(z,r), QF(x,a,7)=1" x B(x,r),
Q,5=1, x B, Q05:I+><53
Let 0 < 0/ <o <1landd := 0 —0'. Let x be a smooth function of the time

variable ¢ such that 0 < x <1, x =0 in (—o0,a—c¥(r)), x = 1l in (a— o’ ¥ (1), 00)
and

<4y < .
0=X<Z9m

Let 0< 68 <8 <1landd:=6—0" Let di = du x dt.

Lemma 4.4. Let p > 2. Then there exists a cutoff function ¥ € CSA(V,Cy) for
B(z,d'r) in B(x,0'r +0r) and constants a; € (0,1), A1, A2 € [0,00) depending on
Cy, Cro, C11 such that

sup /upw2 du—l—al/ /1#2 AT (uP/?, uP/?) dt
I

tel,
2
A B2 J 2
5r) + 203) &\1/(7«)>/;5“ d

43 < ((ama+c

(4.3) 1 ( 2) —= p (

holds for any non-negative local very weak subsolution u of the heat equation for
Ly in Q = Q (x,a,r) which satisfies [, [5,uP dudt < oo.

Proof. We follow the line of reasoning in the proof of Theorem 3.11 in [19]. We pick
k = 2(p—1) and e = ¢*/p? for some sufficiently small ¢ > 0 that will be chosen later.
By Lemma 2.7, we have for any s € I~, any cutoff function b € CSA(¥,¢, Cp)
for B(z,8'r) in B(z,d'r 4+ ér), and any non-negative function f € F N Co(X),
fn == f An, that

&) < (16C0 e 5o / WAL AT(f, )
+ (10 2p P2) [t ar )

+ 8C1o

Co(e) 24p-2 g
o) / VIR dp.
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By Lemma 2.9, we have
ESV S FIR2 0P+ €™ (F2 1572 02, 1)
<acne” [ tar( )
ex 61/2((19 24 p—“’; 2y / F2 g AN, )

(Cg-i-Cg b= Qd,u

Combining the two estimates, we get

&, ) < v2) [prare.p)

p(p—2)))

_ Q_L _ 1/2 92
+ (4C0e-2)? — m— (-2 + Cu (-2 + 7

/w 2 AT (fu, f2)

(4.4) + [8Cio +4(Ca + C30 (5 2fh2q

for any non-negative f € F N C.(X). By the regularity of the reference form,
Assumption 0 and Lemma 2.12 in [19], we can, for any ¢ € I, approximate the
very weak subsolution w(t,-) by functions in F N C.(X), so that (4.4) holds with
u(t,-) in place of f. On each side of the inequality, we take the Steklov average
at t. Notice that, in fact, the right-hand side does not depend on s. Writing u for
u(t,-) and wu, for u,(t,-), we obtain

1 [tth
—— Es(u, uul 2% ds
h Ji
< (160106— ! +4cuel/2)/¢2up—2dr(u )
= 2010 n )
- o 1/2 _ 9\2 p(p—2)
+ (40106(]) 2)? CO( 2)+Chie ((p 2)" + 1 ))
~/1/)2 P2 dT (U, un)
S 01(6) 2 p—2
(4.5) + [8C10 + 4(C2 + C5¥ (0r)) | — u?ub=dp
Y (or) Jon

This is the analog of Step 1 in the proof of Theorem 3.11 in [19].
For a positive integer n, let u, := u A n, and define a function H,, : R — R by

Hp(v) == {

v2(v An)P—2 if v <n,

)

v2(v An)P=2 +nP(1/p—1/2), ifv>n.

Nl= Q=
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Then H/,(v) = v(v An)P~2. For a small real number h > 0, let

1 [tth
up(t) = E/ u(s)ds, te(a—V(r),a—h),
t
be the Steklov average of w. In this proof, the subscript of the Steklov average
will always be denoted as h, and wuj, should not be confused with the bounded

approximation .

We will write up(t,-) for uy(t). Note that up, € L*((a — ¥(r),a — h) — F),
and Hn (u(t, ")), Hn(un(t, ) € Floc at almost every t. The Steklov average up, has
a strong time-derivative

%wﬁzﬂ %@@+hw—u@@)

Let sg = a— L2 (r). Following the proof of Theorem 3.11 in [19] line by line,
we obtain that for a.e. ¢y € I, for h sufficiently small so that ¢y + h < a, and
for J := (s0, to),

(4.6) / Ho(un(to, ) dp

< [ [ 2 e e dude s [ [t dud
<3 / T s, o1, (s
+ /, /X o (un) 0 dp
47 = [ [ e 0.~ e s )
a9 =[5 [ et -t Mt s
wn - /3 /Hh 0l ) ds () dt

(4.10) + / / Ho (up)?X dpdt.
JJX
We will take the limit as h — 0 on both sides of the inequality. As in Step 2 of the

proof of Theorem 3.11 in [19], it can be seen that (4.7) and (4.8) go to 0 as h — 0.
As in Step 3 of the proof of Theorem 3.11 in [19], it can be seen that

tim [ 3 (0. )0 dp = /X Mo (ulto, )02 dp,

h—0

lim// Ho (up)b?x dudt:// Ho (w)p?x dpdt.
h=0JyJx JJX

and
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We have already estimated the Steklov average in (4.9) in inequality (4.5). Thus,
taking the limit as h — 0 in (4.6)—(4.10), we get

[ Hatutto, ) 02 du
X
—(160106— ! +4C’11€1/2)//wQuﬁ_QdF(u,u)x(t)dt
2Chp 7

_ Lm(p_ 2)+ Cn e ((p-2)° + w»

./I/qp?ug*?dr(un,un)x(t)dt

< [8010 + 4(C2 + 03‘11(57“))] gzéi)) /J/(SB u? uﬁ_Q dp x(t) dt

+/]/}(Hn(u)¢2xl dpdt.

Finally, we take the supremum over all ¢y € I, on both sides of the above inequal-
ity, and then we let n tend to infinity. This is where we use the assumption that
fI; f&B uP du dt < oo. Multiplying both sides by p and setting € = ¢/p? for some
sufficiently small ¢ > 0 completes the proof. O

— (4 CIO E(p — 2)2

Lemma 4.5. Let p € (1 + n,2] for some small n > 0. Then there exists a cutoff
function ¢ € CSA(¥,Cy) for B(x,d'r) in B(z,d'r + dr) and constants a; € (0,1),
A1, Ay € [0,00) depending on n, Cy, Cro, C11 such that

sup /upw2 du—l—al/ /wz AT (uP/?, uP/?) dt
tel, I;’

(4.11) < ((A1(1 + Cg)ﬁgr) + A, Cg)pﬁ2 + &;(T)) / uP dji.

o,8

holds for any locally bounded, non-negative local very weak subsolution u of the
heat equation for Ly in Q = Q~ (x,a,r).

We omit the proof of Lemma 4.5 because it is analogous to the proofs of
Lemma 4.4 and Lemma 4.6. See also the proof of Lemma 3.12 in [19].

Let € € (0,1) and ue := u +&.

Lemma 4.6. Let 0 # p € (—o0,1 —n) for some n € (0,1/2). Then there exists
a cutoff function ¢ € CSA(W,Cy) for B(z,d8'r) in B(x,d'r + 6r) such that the
following holds for any locally bounded, non-negative local very weak supersolution u
of the heat equation for L in Q.

(i) Let Q@ = Q™ (z,a,7). If p <0, then there are a1 € (0,1) and A1, As € [0, 00)
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depending on Cy, Cig, C11 such that
sup /u’;wQ dp + al/ /wQ dF(uig/Q,u’;/z) dt
I

tel,

(4.12) ((A1(1 +Ca) e

2
Ba2—1 P g5
+ Az 03)|p|(1+|p| )+ —A\I,(T))/;é ul dji.

U (or )

(i) Let @ = Q*(xz,a,r). If p € (0,1 —n), then there are a1 € (0,1) and
Ay, Az € [0,00) depending on n, Cy, Cio, C11 such that

sup /U§¢2 d,u—i—al/ /wz dT(uP/?,uP/?) dt
It

tel?,

(4.13) ((A1(1+Cg) (1; ) +A203) (14 p5 1) 4 —2 )/%ugdﬁ.

a¥(r)

Proof. First, consider the case p € (—00,0). Let ¢ € (0,1) be small (to be chosen
later). Let ¢ € CSA(T,¢,Cp) a cutoff function for B(z,d'r) in B(z,d'r + ér). By
Lemma 2.8, we have for small € > 0 and for large k& ~ (1 — p), that

& (ue, “g_l ¢2)

2C 1 8 Cio C
< (B0 4 o /) et arte ) + 250 fowa

By (2.14) and Assumption 1, we have for C' =1+ |2 — p|/|p|,
€7 (2, 1)] + €7 (ue, u2 ™" 4?)|

1/2 p2 2 p—2 +  Cile) p
< CCi e T YUl dT (ue, ue) + C’(Cg + Cg‘l/(ér)) > ul dp.
6B

U (or)
By Lemma 2.10, we have
|5t(6,u§71¢2)|
1/2 - 2 p- 2 Ci(e) P
<Cn — [ PP dT (ue, ue) + (Co + Cs0 () ) — ul dy.
U(or) Jon

If p < —(1 —7), then we choose € = cn/p? for a sufficiently small constant ¢ > 0.
Otherwise, we let ¢ = en?. Then the proof for the case p € (—o00,0) can be
completed similarly to the proof of Lemma 4.4, see also Lemma 3.13 in [19].

For the case p € (0,1—n), let x be such that 0 < x <1, x = 0in (a+0¥(r), 00),
X =11in (—oo,a+ d'¥(r)), and

>y > =
02X = 5U(r)

The proof of (4.13) can be now completed similarly to the case p € (—00,0), we
skip the details. O

It is clear from the proofs that in the above lemmas the cutoff functions ¢ can
be chosen to be in CSA(V, ¢(p~2A1), Cp) for a small enough constant ¢ = ¢(n) > 0.
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4.3. Mean value estimates

In addition to the assumptions made at the beginning of Section 4, we assume
here that the reference form (£*, F) satisfies the localized Sobolev inequality SI(¥)
on Y up to scale Ry. Let a; be small enough and A;, A, large enough so that
the estimates of Section 4.2 hold with these constants. Set A} := A;(1 4+ C3)/ax
and A} := Ay C3/ay. Define 6B, I—, I, I, I, Qg5 Qj,& as in Section 4.2. In
addition, assume that 2B C Y.

Theorem 4.7. Suppose Assumptions 0 and 1, A2-Y, VD, CSA(¥) and SI(¥) are
satisfied on'Y up to scale Ry. Let p > 14 for somen > 0. Fiz a ball B = B(z,r),
0 < r < Ro/4, with B(x,4r) C B(x,8r) C Y. Then there exists a constant A,
depending only onn, 1, B2, Cy, k, Cs, Cyvp, Co, C1o and C11, such that, for any
a€R, any0<o’' <o<1,0<¢ <§<1, and any non-negative local very weak
subsolution u of the heat equation for Ly in Q = Q™ (x,a,r), we have

sup {07} < [(A + Ap(6 = 8)m)(6 = &)+ (o = o)1)

A .

Proof. First, consider the case p > 2. For a ball Bp = B(z, R), let E(Bgr) =
CsU(R)V (2, R)~'*1/* be the prefactor in the Sobolev inequality (3.3). Consider
0 < v € Floc(B) and let v,, = v An. By Lemma 2.7, we have vl € Fioo(B) for
all ¢ > 1.

Let 0 < 8 < 8o < 1 and &g := &y — 61. Let o € CSA(V,¢,Cy) be the cutoff
function for B(z,d1r) in B(x,d1r + 307“) provided by Lemma 4.4. We now apply

the Holder inequality, the Sobolev inequality on Bgs,, with f = tuv,, (2.3) and
CSA (U, e, Cy). We get

/r -1/
/B(x’&”) 022=1/r) 4 dp < ( e 2“d 1 K(/B(w}élr)vid,uy 1/
Bz, dor)) </B(x . 1/)%,1/)%))(/}3(30}6”) ”3 dlu>1—1/f<,
0l

B(z, 1)) 2/ P2 dT (vn, vp) +2/ vfb dF(w,w))
B(z,601) B(z,601)

-(/B(x’&”)viduy 1/k

< 2E(B(x,6or))((1+e)/ W2 AT (0, v + 20 /(M : v? du>

B(z,d07) W (dor)

9 1-1/k
. (/ v, du) .
B(z,017)
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Letting n — oo, we obtain

(4.15) / V22718 qyy
B(z,017)

< 2E(B(m,507“))<(1 + e)/ Y2 dT (v, v) + Cole) /B’(;c . v? du)

B(x,507) W(dor)

(/3( 5 )v2d“>1_1/m'
2,017

Now let u € L (I — F; B) be a non-negative local very weak subsolution of
the heat equation in ). Then for almost every ¢t € I, v := u(t,-) is in Fioc(B) and
satisfies (4.15). Let 0 < 01 < 09 < 1 and integrate (4.15) over I, . Applying then
the Holder inequality to the time integral yields

(4.16) / / u? dp dt
15, Jo.B
< 2E(6OB)<(1+6)/ Y2 dT (u, u) dt—|— / / u dudt
17, JooB 5o B

1-1/k
2’ du) ,

- sup (
tely, ~JdoB

where §# = 2 — 1/k. Note that the right-hand side of (4.16) is finite by Lemma 4.4
(applied with p = 2). Hence the left hand side is finite and this means that u/ is
in L2(I,, x 61B), which is the prerequisite to apply Lemma 4.4 with p = 26 in the
next step.

Let 0 < 09 < 01 and 0 < d2 < 1. Applying Lemma 4.4 with p = 26, we obtain
that there exists a cutoff function in CSA(¥, Cy) for B(xz, dor + (61 — d2)r) in 61 B
with which we can repeat the argument above to obtain that v’ € L2(I, x
d2B). Tteratively, we obtain that, for any strictly decreasing sequences (o;), 0 <

oir1 < o0; <1, and (6;), 0 < d;41 < 0; < 1, we have fQ w20 dp dt < oo.
Tig1:0i41

Therefore, for p as in Theorem 4.7,

(4.17) / uPldpdt < oo,  for arbitrary o,6 € (0,1), and g > 1.

.8

Now we pick specific sequences (o;), (4;) and (qi) with the aim of apply-
ing (4.16), Lemma 4.4 and CSA(¥) iteratively. Let 0’,0,0’,6 be as in the The-
orem. Set 6; = (0 —0')2” =1 so that >72,6; = 0 — o’. Set also 0g = o,

Oip1=0;—0; =0 — Zj 005 Set &; —(5 82711 50 that 350, 8; = 6 — &', Set
also 6o =0, 0;41 = 0; — §;=6— Z;o
By Lemma 3.2 and (2.4),

(4.18) (
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Let 1b; € CSA(U, ¢, Cp) be the cutoff function for B(z, §;417) in B(x, §;417+0;7)
that is given by Lemma 4.4. Here, € = ¢(pf*) 2 for some small fixed constant ¢ > 0
that depends at most on Cyy and Cq;. ‘

Similar to how we obtained (4.16) but with u??'/? in place of u, we get

/] " dp
Q..

it1:0i41
<2E(5B)((1+e/ / W2 dT(u??' 12, P12 dt + Cfe)/ / upaid/j>
Ig )6 V(o;r) J1,, Jo:B
i 1-1/k
( sup / Vil du) .
tely, ;B

By Lemma 4.4 together with (4.17), and by (4.18), the right-hand side is no more
than

T ’ ’ i\ B2 ¢ po’ g5 '
et (i + )07+ )+ o] [ )

S
T [w(ruB) e

([ /1+A’2\Il(c§ir))qlngi)>(p9i)ﬁz_,_%) \IEE):I;T // " d)’

o O (A A 1) // “Wdu,

<

where the constant C' € (0,00) (which may change from line to line) depends at
most on 97 Bla ﬁ27 ) C\IH C(Sly CVD) C07 ClO) Cll- Hencea

p9i+1 _ G_i_l
(/. i)
Q Tit1:%i41
1 ‘
< (;171/&)29 Ccrutne
(W (r)u(B)]
(AL + A (5r)) 6 P2pPe 4 671> / u? dii,
Qs
where all the summations are taken from j = 0 to 7 = i. Letting 7 tend to infinity,
we obtain

A2 261 C
sup {uP} < [((4; + ALV (6r))d P2pP2 4+ 61 "’17/ uP dji.
op 0 = A e e N SEtm o,

This yields (4.14).

At this stage of the proof, Corollary 4.8 already follows. Thus, in the case
14+ 1n < p < 2 the assertion can be proved similarly, by using Lemma 4.5 and
Corollary 4.8. O
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Corollary 4.8. Under the same hypotheses as Theorem 4.7. Then any non-
negative local very weak subsolution u for Ly in Q is locally bounded. In particular,
any local very weak solution of u for L; in Q is locally bounded.

Proof. The first statement follows from the proof of Theorem 4.7. By Proposi-
tion 3.4 in [19], for any local very weak solution u of the heat equation, |u| is a
non-negative local very weak subsolution. O

Theorem 4.9. Suppose Assumptions 0 and 1, A2-Y, VD, CSA(¥) and SI(¥)
are satisfied on'Y wup to scale Ry. Let 0 < p < 2. Fix a ball B = B(x,r),
0 < r < Ro/4, with B(z,4r) € B(x,87) C Y. Then there exists a constant A,
depending only on Cy, 1, B2, k, Cs, Cyp, Co, Cro, C11, such that, for any a € R,
any 0 < o’ <o < 1,0 < ¥ <06 <1, and any non-negative local very weak

subsolution u of the heat equation for Ly in Q = Q™ (x,a,r), we have

A
sup {uf} < C 7/ uPdji,
o 1 = C G utm Jo,,

B2 5=y 4/ 21
Cz(%) T (AL + ALW((5 - 8)r) (5 — ) P2 4 (o — o)

Proof. We follow Theorems 2.2.3 and 5.2.9 in [28]. Let Dy := 2°2 (A} + ALW((6 —
§")r)). By (4.14) with p = 2, we have forany 0 <o’ <0 <1,0< 8 <4 <1,

2r—1_ A 1/2 1/2
sup u < [Dy(6 — 6’)_52 + (0 — g’)—l PICE D R e / quﬂ
o D1 ] (\Il(r),u(B)) ( Q:, )
ol R
< [Di(6=0)" +(0—0")"] 21y J sup u?=P)/2,
0.
Y (r)u(B)

Set 8o := &, §i41 = 6; + (5 — 6;)/4. Then (5 — &;) = (3)" (5 — &'). Similarly,
we set 0o :=0', 0,41 := 0; + (0 — 0;) /4. Applying the above inequality for each i
yields

where J := ($)1/2(IQ_6 updﬂ)l/Q.

A\ Pt N—1730=17 2-p)/2
Sup u < (g) [Di(6 =0y +(0—0) 20T sup P2

Q”iv‘si Q”i+1 i1

Iterating this inequality, we get for i = 1,2,...,

sup u < C sup u<17p/2)i,
Q;/,é/ Q;iv‘si

c=(3)" T B (58 e 4 (o — oy ] g TR0
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Letting ¢ — oo, and noting that lim;_, Supg- ul-P/2)" = 1, we get

4N B2 oa—1y4/P° 2k—1 2/p
sup u < (g) 2(r—1) [[Dl((S— 6/)7ﬁ2 + (o —U/)fl] (k1) J} .
Qs s
Rasing each side to power p we get the desired inequality. O

The next theorem can be proved analogously to the proof of Theorem 4.7, by
applying Lemma 4.6 instead of Lemma 4.4.

Theorem 4.10. Suppose Assumptions 0 and 1, A2-Y, VD, CSA(¥) and SI(¥)
are satisfied on' Y wup to scale Ry. Let 0 # p € (—oo,1 —n) for some small
n € (0,1). Fiz a ball B = B(z,r), 0 <r < Ry/4, with B(z,4r) C B(z,8r) C Y.
Let a € R. Let u € Fioc(Q) be any non-negative local very weak supersolution of
the heat equation for Ly in Q. Suppose that u is locally bounded. Let € € (0,1) and
U =u+e. Let 0<o' <o<1,0<d <§<1.

(i) Let Q@ = Q (z,a,r). If p € (—00,0), then there exists a constant A, depend-

ing only on B, B2, Cy, Kk, Cst, Cyp, Co, C10, C11, such that

2r—1

sup {ul} < [(4] + A50((0 = 8)r)) (6 = &)~ (1 + [p|™) + (0 = o) 1]

ol 8!
)
R — uPdp.
U(ru(B) Jo- M

0,8

(i) Let Q = QT (z,a,7). If p € (0,1—mn), then there exists a constant A, depend-
an OTLly on 1, 617 /827 C‘va R, CSI» C\/Dv CO» ClOv Cll} such that
2k—1

sup {u} < [(A] + AW ((0 = 0)r)) (6 = )~ (1 +p™) + (0 = o)1

o, 8!

A .
U()u(B) /Q e

5. Parabolic Harnack inequality

5.1. The log lemma and an abstract lemma

Let (X,d,u,E*, F) and (£, F), t € R, be as in Section 4. In this section, we
suppose that Assumptions 0-3 are satisfied for an open subset Y C X.

Let a; be small and A;, Ay large enough so that the estimates of Section 4.2
hold with these constants. Recall that for € € (0, 1), ue 1= u + €.

Lemma 5.1. Suppose that Assumptions 0-3 are satisfied. Let 0 < o < 1,
0<d<1andd :=1—45. There exists a constant C € (0,00) such that, for
any a € R, 0 <r < Ry, B= B(z,r) CY, and any non-negative, locally bounded
function u € Cioc(I — L*(B)) which is a local very weak supersolution of the heat
equation for Ly in Q, there exists a constant ¢ € (0,00) depending on u(a,-), such
that
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(i)
a({(t,2) € Ky :logu. < =\ —c}) < CU(r)u(B)A!, YA >0,
where Q = QV(z,a,7), Ky = (a,a + o¥(r)) x §B, and

(i)
a({(t,2) € K_:logus > A —c}) < CU(r)u(B)A™!, YA >0,

where Q@ = Q~ (x,a,1), K_ = (a—o¥(r),a) x 0B.

The constant C depends on Cyp, Cp, Cw, B1, B2, Co, Cro, Ci1, and upper
bounds on (14 Co 4+ Cy) + (Cs + C5)¥(6r), 1/§ and 1/6.

Proof. For h > 0, let

1 t+h
Uep(T) := E/ ue(7)dr
t

be the Steklov average of u.. Let ¢ € (0,1) (to be chosen later), and let ¢ €
CSA(¥, €, Cp) be the cutoff function for B(z, dr) in B(x,r’) given by Theorem 3.4,

for some ' € (6r, 7).
Using the fact that the Steklov average has a strong time-derivative and the
assumption that u is local very weak supersolution, we obtain

~ 4 [oguen®? du= 5 [lute+ ) - ute) TR

%/:HL Es (u(s), us,i(t) wz) ds
%/:HL 2 (u(s), ue,i(t) v - uel(t) ¢2> ds

L / Hhé’s(u(s)—u(t), L v?) ds

IN

h ue(t)
t+h
- % /t & (u’s(t)’ u:(t) W) —& (5’ u:(t) W)’ds

= fu(t) + fu(t) + gn().

It can be shown that f5(¢) and f,(¢) tend to 0 in L((a,a+0o¥(r)) — R) as h — 0.
Next, we will estimate gy (¢). We write u. = uc(t). Applying (2.2), (2.1), (2.9) and
CSA(V,¢,Cy), we have for any ko > 0 that

£ (ue,us 4?) = / 2 dT, (log(ue) ¥ / 42 T (log(uz), log(ue))

< 4k0/ dT (1), 1) — (L - % /w dI'(log(ue), log(uc))

Cio
1 @ 2 4koCr10Co(€)
(e /w Arlogue) loglue)) + =g &) /Bd
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By Assumption 1 and Assumption 2, we have

8Sskew(u€’ u—l wQ) + g:ym(wQ’ 1)

€

61/2 2 og(u og(u Ar Cl(e)
<Cn /w dT (log(ue), log(ue)) + (Ca + Ca + (Cs + Cs) W (6 ))\I,(gr)/Bdu

By Lemma 2.10,
- gs(gaus_l wQ)

61/2l 2 og(u oglu A7“ Cl(E)
< Ci 4/¢ dT (log(ue), log(uc)) + (C2 + Cs0(0 )) ‘11(57“) /B dp

Hence, making a suitable choice of ko (large) and e (small), we find that for
sufficiently large k > 1 depending on Cy, C1p, C11 and an upper bound for (1 +
Co 4+ Cy+ (C35 + C5)T(0r)), we have

L og e n(ty? du+% / ? dT (log(u.), log(ue))

ot
(5.1) < () + fu(t) + (14 C2 + Cy + (C3 + C5) W (6r)) v ('}T) w(B).
bt J log uc(t)y* du Jloguc n ()9 dp
W(t) = —W and Wh(t) = wa d/j/ .

By the weighted Poincaré inequality of Theorem 3.4, there is a constant Cp; €
(0,1) such that, for a.e. t € I,

/| ~logue(t) — W22 dp < Conn \Il(r)/¢2dF(loguE(t),logug(t)).

The constant C,p; depends only on Cp; and an upper bound on u(B)/u(6B).
This and (5.1) yield

d 71 2.2
EWh(t) + U u(B) /63 | —loguc(t) — W(t)|“¢* du
<C T dn +C" (14 Cy+ Cy + (Cs + C5)¥(or)) T

for some constants C, C" € (0, 00) that depend only on k, Cy;, Cp, Cy and an upper
bound on 1/5. Notice that by (2.4), 1/¥(ér) < C”/¥(r) for some constant C”
depending only on Cy, B2, and on an upper bound on 1/5

Now the proof can be completed easily by following Lemma 4.12 in [19] line by
line, except for replacing r? by W¥(r) and applying (2.4) where needed. O

Let Us be a collection of measurable subsets of X such that Uss C Us for any
0< ¢ <d<1. Let J, be a collection of intervals in R such that J,» C J, for any
0<o <o<1.
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Lemma 5.2. Fizo*,6* € (0,1). Let f be a positive measurable function on Jy x Uy
which satisfies

C C 1 1/p
su < + / Pdudt
I xIt)JS, f (((5 =) (o — U’)”) |J1lu(Ur) S, Ju, /" )
forallo* <o <o <1,0*<d <d<1,pe(0,1—mn), for some y1,72 > 0,

€ (0,1), C € (0,00). Suppose further that

(5.2) fi({log f > \}) < C M YA > 0.

Then there is a constant Az € [1,00), depending only on o*,6*,v1,72,C and a
positive lower bound on n, such that

sup [ < As.
Jox XU g

Proof. We follow the proof of Lemma 3 in [25] (see also the proof of Theorem 4
in [6], and Lemma 2.2.6 in [28]). Without loss of generality, assume for the proof
that |J1|u(Uy) = 1. Define

¢ = ¢(0,0) ;= sup f.

JoXUs

Decomposing J, x Us into the sets where log f > %log((b) and where log f <
3 log(¢), we get from (5.2) that
2C
/ fPdpdt < ( sup f”)u(logf > $log ) + ¢/ 2|, |u(Us) < P ——+¢"/%.
JoJUs JoxUs log ¢

The two terms on the right-hand side are equal if

» 2 1 g(loggﬁ)i

T loge 2\20
We have p < 1 — n if ¢ is sufficiently large, that is, if
(5.3) ¢ > A

for some A; depending only on 1 (note we can always take C' > 1). Hence, for
¢ > Ay, the first hypothesis of the lemma yields

1 C C logg  log2
1 8N < =1
Og¢(0a6)—pOg((§_§/)71+(0—0’)72) 2 * p

1 ( 2C 2C ) +log¢_log<z>Fog<<5f§m+<afﬁm)
: _

5oy (o—o)n) T 2 2 log (1229

+1].

log ¢ e 20 N2
>
2C ~ ((5 5y o= 0’)72) ’

then

AN
] o
3
i
©

log ¢(o”,d")
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On the other hand, if (5.4) or (5.3) is not satisfied, then
20 2C 2
/)’Yz ) ’

1 1§ <1 <log Ay +2
og¢(0’,d") <log¢ <log A1 + C(((;_(;/)vl +(0—0

In all cases, we obtain

L3 C? 2
(5:5)  loge(o',d') < Tlog(0.0) + Az Gt s 0,)272)

for some constant As € (0,00) depending only on o*,*, 41,72, C and a positive

lower bound on 1. Let 0; =1 — 111"],* and §; =1 — 1115;‘. Iterating (5.5), we get
[e's) .
3\J C? C?
et <13 (2 (5 )= 4y <o0.
sl Z 4/ \(0j41 — 6;)*™ i (01— 0j)?7 e

5.2. Parabolic Harnack inequalities

Let (X,d,u,E*, F) and (&, F), t € R, be as in Section 4. In this section, we
suppose that Assumptions 0 - 3 are satisfied for an open subset Y C X.

Let B=B(z,r) CX,a€R. Fixde€ (0,1)andlet 0 <7y <72 <73 <74 <1
Set

0B = B(x,0r),
Q=Q(z,a,r) = (a,a+¥(r)) x B,
Q =(a+nY(r),a+ 1Y (r)) xiB,
QF = (a+7Y(r),a+749(r)) x §B.
Theorem 5.3. Suppose Assumption 0-3 are satisfied. Then the family (&, F),
t € R, satisfies the parabolic Harnack inequality PHI(¥) on Y up to scale Ry.
That is, there is a constant Cpy € (0,00) such that for any a € R, any ball

B(z,4r) € B(z,8r) C Y, 0 <r < Ry/4, and any non-negative local weak solution
u of the heat equation for Ly in Q@ = Q(x,a,r), we have

sup u < Cpyy mf .

o-
The constant CPIII depends OTLly on 5: T1,72,73, T4, C‘IM /81’ /82; CY\/D; CPI; CO; CIO}
Ci1, and an upper bound on [(1+ Cy + Cy) + (C5 + C5)P((1 — 0)r)].

Proof. Let ¢ € (0,1) and u. := u + e. By Corollary 4.8, Theorem 4.10, and
Theorem 5.1, we can apply Lemma 5.2 to u. on (a,a + 72¥(r)) x 6B. We obtain
that there is some ¢ such that

supuce < C.

o-
Similarly, apply Lemma 5.2 to uZ! on (a + 72¥(r),a + 749 (r)) x §B. We obtain
that, for the same ¢ as above,

sup(ucef)™t < .
Q+
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Hence,
C/
supu. < e °C < C—— < CC infu..
Q- SUpg+ Us Qt
Letting ¢ — 0 on both sides finishes the proof. O

Corollary 5.4. Suppose Assumptions 0-3 are satisfied globally on Y = X. If
C3 = C5 = 0, then the family (&, F) satisfies the parabolic Harnack inequality
PHI(¥) on X. That is, there is a constant Cpy; such that for any a € R and
any ball B(x,4r) C X, any non-negative local weak solution u of the heat equation
for Ly in Q = Q(x,a,r), we have

supu < Cpy; inf u.
Q- QF
The constant CPIII depends OTLly on 5: T1,72,73,T4, C‘IM /81’ /82; CY\/D; CPI; CO; CIO}
Cll; CQ; C4'

Corollary 5.5. Suppose Assumptions 0-3 are satisfied and each &; is left-strongly
local. Let 6 € (0,1). Then there exist o € (0,1) and C € (0,00) such that for
any a € R, any ball B(x,4r) C B(x,87) CY with 0 < r < Ro/4, any local weak
solution u of the heat equation for Ly in Q = Q(xz,a,r) has a continuous version
which satisfies

u(t,y) — u(t',y')|
sup
(t9). () EQ { [W=t(Jt = t]) + dly, y)] }
where Q' = (a+ ¥((1 = 0)r),a+ ¥(r)) x §B. The constant C' depends only on 0,

Cy, B1, B2, Cyp, Cpi, Co, Chro, C11, and an upper bound on [(1+ Cy+ Cy) + (Cs +
Cs)¥((1—d)r)].

C
< — sup |u]
reQ

Proof. The proof is standard. For instance, the reasoning in the proof of Theo-
rem 5.4.7 in [28] applies with only minor changes such as replacing 72 by W(r).
The left-strong locality is assumed because then constant functions are local weak
solutions to the heat equation, a fact that is used in this proof. O

5.3. Characterization of the parabolic Harnack inequality in the sym-
metric strongly local case

Tt is known from the works of Grigor’yan [11] and Saloff-Coste [26] that on complete
Riemannian manifolds, the parabolic Harnack inequality is characterized by the
volume doubling condition together with the Poincaré inequality, as well as by
two-sided Gaussian heat kernel bounds. For related results on fractal-type metric
measure spaces with a symmetric strongly local regular Dirichlet form see, e.g., [3],
[15], [4] and references therein.

The parabolic Harnack inequality PHI(¥) stated above is slightly different from
the Harnack inequalities w-PHI(W) or s-PHI(¥) introduced in [4] because, in defin-
ing Q,Q~,Q", we used 7;¥(r) rather than ¥(7;7). Our choice is in accordance
with the parabolic Harnack inequality stated in [16]. In order to clarify the relation
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between PHI(¥) and w-PHI(U), let us define time-space cylinders Q as follows.
For 0 <o) <09 <03 <04 <1, set
Q= Q(x,a,7) = (a,a+ ¥(r)) x B,
Q™ = (a+Y(017),a+ U(oor)) x 0B,
QF = (a+U(osr),a+ U(oyr)) x 6B.
Let F’ be the dual space of F.

Definition 5.6. (£*, F) satisfies the weak parabolic Harnack inequality w-PHI(¥)
on X (for local weak solutions) if there is a constant C' € (0, c0) such that for any
a € R, any ball B(z,r) C X, and any bounded local weak solution u of the heat
equation for L; in Q = Q(az, a,r), it holds

supu < C'inf u.

Q- QF

Remark 5.7. In fact, [4] introduced the condition w-PHI(¥) for a space of so-
called caloric functions. We show in Proposition 7.3 below that local weak solutions
have all the properties that define a space of caloric functions.

Proposition 5.8. Let (X, d, u, E*, F) be a symmetric strongly local reqular Dirich-
let space. Assume that all metric balls in (X, d) are precompact and VD is satisfied.
Let U be as in (2.4) and consider

(i) (&*,F) satisfies PI(V), and CSA(¥) on X,

(i) (&*,F) satisfies PHI(T) on X,
(iii) (&*,F) satisfies w-PHI(¥) on X (for local weak solutions),
(iv) (&*,F) satisfies weak-PI(V), and CSA(¥) on X.

The following implications hold:

(
(
(
(

(i) = (ii) = (iii) = (iv).
If, in addition, d is geodesic, then (iv) = (i).
Proof. The implication (i) to (ii) is the content of Corollary 5.4. To verify the

implication (i) to (iii), it suffices to find parameters 7; and o; such that Q‘ c Q-
and Q* C QT. By (2.4), we have
B1

T4U(r) 1 _

— >

U(oyr) = v 04
for any 74,04 € (0,1). We pick 74 and o4 such that the right-hand side is greater
than 1. Applying (2.4) once again, we get

T30 (r)
\11(037")

< C\Il7'30'3_ﬂ2a

for any 73,03 € (0,1). We pick 73 < 74 and 03 < o4 such that the right-hand
side is less than 1. Then QF* C Q*. Similarly, we find 0 < 71 < 7 < 73 and
0 <01 <09 <ogsuch that Q— C Q™.
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Under VD, condition w-PHI(¥) is equivalent to weak heat kernel estimates
(w-HKE(¥) and w-LLE(¥)) by Theorem 3.1 in [4]. Under VD, these heat kernel
estimates imply the weak Poincaré inequality weak-PI(¥) and CSA(¥) by Theo-
rem 2.12 in [17] except for the continuity of the cutoff functions which follows from
the Holder continuity of the Dirichlet heat kernel, which is a consequence of the
parabolic Harnack inequality; see also [1], [3]. This proves that (iii) implies (iv).
For the implication (iv) = (i) we refer to Remark 3.6. O

Definition 5.9. The reverse volume doubling property (RVD) holds if there are
constants Cryp and vy € [1,00) such that

u(B(x, R)) Ryw
(5:6) 2B 2 O(3)

forany 0 < s < R,z € X, y € B(z, R) with X \ B(z, R) # 0.

Remark 5.10. (i) Suppose, in addition to the hypotheses of Proposition 5.8,
that RVD holds. Then condition CSA(¥) in (iv) can equivalently be replaced by
the generalized capacity condition introduced in [14]. Moreover, under RVD, (iv)
is equivalent to a weak upper bound and a weak near-diagonal lower bound for the
heat kernel, see Theorem 1.2 in [14]. The weak heat kernel bounds imply (iii) by
Theorem 3.1 in [4].

(ii) If the metric space (X, d) is not geodesic then (iii) may fail to imply (ii).
See [4] for a counterexample on a non-geodesic space.

(iii) For the implication (iv) = (i), the hypothesis that (X, d) is geodesic could
be replaced by a chaining condition. Then the strong Poincaré inequality can be
derived from the weak Poincaré inequality by a Whitney covering argument; see,
e.g. [28].

Congecture: The strong parabolic Harnack inequality PHI(¥) implies the strong
Poincaré inequality PI(W), that is, (ii) < (i) in Proposition 5.8.

6. Estimates for the heat propagator

Let (&, F) be a family of bilinear forms that satisfies Assumptions 0, 1, and 2
globally on Y = X with respect to the reference form (£*,F). Observe that the
bilinear forms é’t( fy9) = &g, [) satisty the same assumptions. In addition, we
suppose that Assumption 3 is satisfied locally on X, that is, every point € X has
a neighborhood Y, = B(x,8r;) where Assumption 3 is satisfied with Y = Y, up
to scale Ry = 4r, and B(x,4r,) C Y,. Recall that o and ¢ are positive constants
introduced in Assumption 0 (vi).

Proposition 6.1. Let s < T < +o0. For every f € L*(X) there exists a unique
weak solution w to the heat equation for L; on (s,T) x X satisfying the initial
condition u(s,-) = f.
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More precisely, there exists a unique u € L*((s,T) — F) of the initial value
problem

T T
o / <at ,¢>> . dt+/s Slu, @) dt =0, for all ¢ € L2((s,T) — F),
ltiinu(t,~) =f in L*(X).

In particular, v has a weak time-derivative %u € L*((s,T) — F') and u €
C%([s, T] — L*(X)).

Proof. The proof for the case when &; is non-negative definite is given in Chapter 3,
Theorem 4.1 and Remark 4.3 of [20]. For the general case, it suffices to notice that
& + af-,-) is positive definite by Assumption 0 (vi), and w is a solution to the
initial value problem for L; if and only if e=*(=%)y is a solution to the initial value
problem for L; — . O

For ¢t > s we consider the transition operator associated with L; — 0/0t,
TP : L*(X) = F.

The transition operator assigns to every f € L*(X) the function u(t) = TS f € F,
where u: t — T7 f is the unique solution of the initial value problem (6.1) with T =
~+o00 given by Proposition 6.3. We set T f :=limy T} f = f. From Corollary 5.5,
we obtain that (¢,y) — T7f(y) has a jointly continuous version which we will
denote by P? f(y). The transition operators satisfy

(6.2) Trf=TFoTrf, Vr<s<t, feL*X).

This follows from the fact that both ¢t — T} f and ¢t — T o T} f are weak solutions
of the heat equation on (s,00) x X and satisfy the initial condition T[f|t=s =
T f=T7 Ty f | 1+ and because the weak solution to this initial value problem is

unique by Proposition 6.1. Moreover, applying Assumption 0 (vi) it follows that
(6.3) IT7 fllze < ™ fllz2, VF € LX(X).

Proposition 6.2. The transition operators T f, s < t, are positivity preserving.
That is, if f € L*(X), f >0, then T{ f > 0.

Proof. Since e*a(t*S)Tff is the transition operator for L; —«, and e*a(t*S)Tff >0
if and only if e=*(¢=9)T7f > 0, and by Assumption 0 (vi), it suffices to give the
proof for the case when £ is non-negative definite.

Take w = T f and ¢ = w — u* in (6.1). Let u™ := max{u,0}. By locality,
E(u,u—ut) > 0. We also have (& (u — u+),u>}.,’}. < 0. Therefore,

T 8 T 8
0= /s <§u,u B u+>]—'/,]-'dt = /8 ot (uyu = u+>]—",]—' dt
= <’LL(T)7’LL( ) ( > — < (8),U(s) _ 'LL+(S)>]__/7}_ )

)
Since u(s) = f >0, we have u(s)—u™t(s) = 0 and thus (u(T),u(T)—u™(T)) z 7 < 0.
Therefore, u(T) = u™(T) > 0. O
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Similarly, there exist transition operators St, s < t, corresponding to the heat
equation for the adjoints L, of the time-reversed generators Lg. It is immediate
from (6.1) that S! is the adjoint of T;. Let QL f be the continuous version of S?f
which exists by Corollary 5.5.

Proposition 6.3. There exists a unique integral kernel p(t,y, s, x) with the fol-
lowing properties:
(i) p(t,y,s,x) is non-negative and jointly continuous in (t,y,x) € (s,00)x X x X
(ii) For every fized s < t and y € X, the maps v — p(t,y,s,x) and y
p(t,y,s,x) are in L?(X).
(iii) For every s <t, all z,y € X and every f € L*(X),

EW@)ZL}@&&JV@MW@ and QU@&ZA}@&JJV@MM@-

(iv) There exists a constant C' € (0,00) such that, for every s <t and x € X,

¢
V(x, 1)’

where 7, = 1, A WY2(t — 5)), and and C depends at most on B1, B2, Cy,
CO; CIO; Cll; CY\/D; CPI; and on an upper bound on (1 + CQ + 03\11(7—:6))

(v) For every s <r <t and all x,y € X,

p(t,z,s,x) < elo=5)

MW@@=/Mwm@Ww@@W@-
X

(vi) For every s <r and every fized x € X, the map (t,y) — p(t,y, s, ) is a weak
solution of the heat equation for Ly in (r,00) x X.

Proof. In the special case when (&, F) is a time-independent symmetric strongly
local regular Dirichlet form, the proof is given in Section 4.3.3 of [4].

Let f € L*(X), f > 0, and let s < t. Then (t — 3U(r,),t + $¥(r,)) C
(s,s+¥(ry)). By the mean value estimate of Theorem 4.7, the joint continuity of
P?f(y) in (t,y), and by (6.3), we have

s 2 c t+%qj(7—y) s 2
P < (ry)V(y; ) /t—%%y) /B(yn’y) [P ] du(z)d

C
V(vay)
for some constant C' € (0, 00) that depends on y only through an upper bound on
C5(¥(7y)). Considering f* and f~, the displayed inequality extends to all f € L?.
This shows that f — P7f(y) is a bounded linear functional. By the Riesz rep-
resentation theorem, there exists a unique function p;, € L?(X) such that, for
every y € X,

(6.5) Pifly) = /pfy(:c)f(x) du(z), forall fe L2(X),

(6.4)
< ela=0)(t=9)

113
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and
Clela—c)(t—s)
V(y» Ty)

By similar arguments, we obtain that there exists a function q;x € L*(X) such
that

(6.7) Q! f(x) = / ¢S () du(y),  for all f € L*(X),

(6.6) P 113 <

and
Celo—o)(t—s)

t 2 <
(68) Hqs,a:||2 —= V(x,Tw)

Since Q! is the adjoint of P, we have p;  (z) = ¢} ,(y) for almost every z,y € X.
We define

(6.9) plt,y,5,2) == / P (2) .o (2) dp(2).

for some r € (s,t). Then

p(t,y,s,x) = /p:y(z)pﬁz(az) du(z) for ae. z € X.

Proposition 6.2, together with (6.5) and (6.7), implies that p; , and g; , are non-
negative almost everywhere, hence p(t,y,s,z) is non-negative for all z,y € X.
Applying (6.2), we get for any f € L?(X),

P fly) = P o P31 (y) = / P (@) P2 f(x) du(z) = / QL () f(x) du(x)
- / / 002 () Py (2) dpu(2) f () da() = / p(t, . 5,7) f(z) dp(x).

Similarly, we obtain Qf(z) = [p(t,y,s,z)f(y)du(y). Combining with (6.5)

and (6.7), we see that p(t,y,s, ) = pi, € L*(X) and p(t,-,s,2) = ¢! , € L*(X, ).
From a computation similar to the one above, we see that p(t,y, s, z) is in fact

independent of the choice of r, and the semigroup property (v) holds.

The upper bound (iv) follows from (6.9), the Cauchy—Schwarz inequality, as
well as (6.6) and (6.8).

Since p(r,-,s,2) is in L?(X) when s < r, the semigroup property implies that
p(t,y,s,x) = Plp(r,y,s,z) for almost every x € X. Since (t,y) — P{p(r,y,s,x) a
weak solution on (r,00) x X, we have proved (vi).

It remains to show the joint continuity. It suffices to show that p(¢,y, s, z) is
continuous in z locally uniformly in (¢,y). Let f € L?>(X). We apply Corollary 5.5
to the weak solution P} f for Ly in Q = Q(z,t,7,) = (t — 3U(7y),t + 2 ¥(7y)) x
B(x, 1), Then,

) - Prpa)] < 0 (B2 g (prpe)

T (a,2)€Q
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By (6.4),

'
sup |P5f(2)] < el @m0 ———— | f2.
(a,z)€Q| )| V(vax)l/z

Here, C' is a positive constant that may change from line to line. Now we set f =
p;,, Wherer = (s+1t)/2. Then P} f = p(t,y, s, ) and || f]|3 < Ce(o"c)(“s)/V(y, Ty)
by (6.6). Hence,

Az, 2N (ey2ii— 1 1
s N ps < ) (a—c)2(t—s) .
B~ Pes@) <0 (T2 e V(a,m) 2 Viy,m)'/?

This shows that p(¢,y, s, ) is continuous in z locally uniformly in (¢,y), and com-
pletes the proof of the joint continuity. O

The next lemma is immediate from CSA and (2.2), (2.3).

Lemma 6.4. Let v € CSA(¥,¢,Cy) be a cutoff function for B(x, R) in B(x, R+r).
Let ¢ = eM¥ for some constant M € R. Let A= B(z, R+ 1)\ B(z,R). Then

2¢
1—2e

C 1—B2/2
M2 [ GRar(r )+ g M [

[ rare.o <

Assumption 4. There are constants Cg, C7,C11 € [0,00) such that for all ¢t € R,
for any € € (0,1), any 0 < r < R < Ry, any ball B(xz,2R) C Y, any M > 1, any
cutoff function ¢ € CSA(¥,¢,Cy) for B(xz,R) in B(x,R+r), and any 0 < f €
Froe(Y) N Lig (Y, 1),

EX (2 1) + [E (S, fo?)|
< Oy M / 6> dT(f, ) + (Co + Cr(r))

01(6) 2,2
i M/f & dp,

where B = B(z,R+71), ¢ = e MV,

We set p(t,y,s,z) = 0,(y) whenever ¢t < s. Let

{R t Rﬁ2}

o) =800 G (R)

>0
Lemma 6.5. Let x,y € X. Suppose Assumption 4 is satisfied and CSA(V,Cp)
holds locally on B(x,d(x,y)) up to scale %d(m,y). Let f1 € L?(X) with support in
B(x,d(x,y)/4), and let f2 € L*(X) with support in B(y,d(z,y)/4). Then there is
a constant C' € (0,00) such that, for any s < t,

/Ttsfl(l“)fz(l“) dp(z) < || fillz2 1 f2llz2 exp (= ®p, (d(x, y), €' (t=s5)) + (a—c)(t—5)).

The constant C' depends at most on Cy, 51, B2, Co, Cio, C11, and on an upper
bound on (Ces + C7VU(d(x,y))).
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Proof. Set R = d(y,z). Let 1) € CSA(¥, €, Cy) be a cutoff function for B(z, 1R)

in B(x, %R). Let ¢ = e MY for some M > 1 that we will choose later. Let
u =T} f,. Following Theorem 2 in [8], we get

s loull = —&wu?) < - [ driun)+ 5 [ Farww +2 [ drio.o
2

gsym 2¢ ) gtskew (u,u¢2)
1 1/2 >
< ( 5 o +Ci1€ M /d) dTy (u, u)

M? C
+Q_%H%+&MMVWM)%)HMM

by Lemma 6.4 and Assumption 4. Here, C' is a positive constants that depends
at most on Cy, 51, B2, Co, C1o, C11, and on an upper bound on (Cs + C7V(R)).
Choosing € = ¢/M? for some small enough é = ¢(C11), we get

C’M62
|6T7 fill2 < exp (7

T ¢~ )16l

If (t —s) > U(R), then ®g,(R,C'(t — s)) is bounded from above. In this case
the desired estimate follows by the Cauchy—Schwarz inequality and (6.3). Indeed,

/Tffl(w) Fa(@) dp(x) < T3 fullze [ fallee < e fill e | foll o

Similarly, if the supremum (in the definition of) ®g, (R, C'(t — s)) is attained at
some r > R, then ®g,(R,C’'(t —s)) < R/r < 1, and the assertion follows.

It remains to consider the case when (¢t — s) < U(R) and the supremum
®p,(R,C'(t — s)) is attained at some r < R. Then we choose M := R/r > 1.
We get,

C'MP> R C'(t—s)R*

I =T T e SRE O ).

Hence,

/ T} () fole) du(z) < |16T5 fulloz 67 ol 1

I A B2
it =) 19filzs 1o~ falls

(t=) (s ¢)( s 67 [fillee | fallee

B(z,R/4) B(y,R/4)

(t =) = M) | ill= 1] 22
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By Theorem 4.9, there exists a constant C' € (0,00) such that the following
L*-mean value estimate holds for any 0 < r < r, and any non-negative local very
weak subsolution u of the heat equation for L; in (t — 2W(r),t+ $¥(r)) x B(y,r),

t+31W(r)
(6.10) u(t,y) < / / u dpdt,
() u(By.1) Jisue) I

where C depends on Cy, (1, B2, Co, Cro, C11, Cp, Cyp, and on an upper bound
on (1+Cy+ Cs¥(r)). Here, on the left hand side, we used the jointly continuous
version of u that exists by Corollary 5.5.

Theorem 6.6. Suppose Assumptions 0, 1, 2 and 4 are satisfied globally on X, and
Assumption 3 is satisfied locally on X. Let x,y € X. Suppose CSA(¥,Cp) holds
locally on B(z,d(z,y)) and on B(y,d(z,y)) up to scale 2d(z,y). Then there exist
constants C,C" € (0,00) such that, for all s <,

exp (=Pp, (d(x, y), C"(t = 5)) + (@ = ¢)(t — 5))
Vi@, m) 2 Viy,my)'/? ’

p(t,y,s,x) <C

where T, = WH52) Ary, 7y = U (52) Ary. The constants C,C" depend only

on Cw, p1, B2, Co, Cio, Ci1, Cuop(Y), Cor(Y) for Y =Y, and for Y =Y, and on
an upper bound on (1 + Cy + Cs + C3(¥ (1) + V(1)) + C7¥(d(z,y))).

Proof. Applying the L'-mean value estimate (6.10) to (t,y) + p(t,y, s,r) and to
(s,z) = p(t',y, s,x), we get

p(t,y,s,x)

C /t+ ‘II(TH)/ ( ! ! ) ( /) !
S ——— p(t, Y, s, x)du(y’) dt
\II )V(yaTy) 1U(ry) JB(y,my)

t+ 3 (7y) S+ 5U(Ta)
<D / / [ pet s duta)as duty) e
(y, Ty B(z,7)

t—1u(r,) —1u(r)

whete D = gy e v
In the case 7, V 7, < d(z,y)/4, Lemma 6.5 yields

/ / p(t', o/, 5", a') dua’) dpy')
B(y,ry) J B(z,7z)
<V (a7 YV2 V(g 7)) Y2 exp (— @, (d(x, ), C'(t — 5)) + (@ — )(t — 5))..

In the case 7, V 1, > d(z,y)/4, ®p,(d(z,y),C’(t — s)) is bounded from above. By
the Cauchy—Schwarz inequality and (6.3),

/ / p(t' o/, ', 2!) du(e’) dpy! / Py Loy (0 )1 5(gumy () dia(y)
B(y,my) Y B(z, Tm)
< ”Tt’ lB(w,n)HQ HlB(y,Ty)||2 < e(a_c)(t =) V(m,Tx)l/ V(yaTy)1/2~

In both cases, we obtain the desired estimate. O
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Definition 6.7. For an open set U C X, the time-dependent Dirichlet-type forms
on U are defined by

gl?,t(fag) = 8t(fag)? f:gED(gl?)a

where, for each t € R, the domain D(Egt) := FO(U) is defined as the closure of

FNC.(U) in F for the norm ||- || 7. Let TZ(t,s), t > s, be the associated transition
operators with integral kernel pZ (t,y, s, z).

Proposition 6.8. Let V C U C X be open subsets. For anyt > s, x,y € V,

pP(ty,s,2) < pP(t,y, s, ).

Proof. We may assume that each &; is non-negative definite (if not, multiply the
kernels by e~(=%) and notice that the associated bilinear forms & + a are non-
negative definite by Assumption 0 (vi)). Let r € (s,1).

Let f(z) = pH(r,z,s,2). Then pH(t,-,s,x) = PF(t,r)f is a non-negative local
weak solution of the heat equation in (r,c0) x V. Ast | r, PP(t,r)f — f in
L2(U), and by non-negativity also in L?(V). Hence, by Corollary 7.2,

po(ty,s,2) > PR (L) pp (r, -, s,2) = / Pyt Y, 2) pp (r, 2,8, @) dp(2).
v
Similarly, we have for pD(t,y,s,x) = Q2 (s,r) pD(t,y,r,-)(x) that

PRty 5,7) < QR (s,7) pR(t,y, 7, () = / PR (.2 5,2) pR (L, ) du(2).
U

Combining both inequalities finishes the proof. O

Theorem 6.9. Suppose Assumptions 0, 1, 2, and 4 are satisfied globally on X,
and Assumption 3 is satisfied locally on X. Let a € X and B = B(a,rg).
(i) For any fized € € (0,1) there are constants ¢/, C" € (0,00), such that for any
x € B(a,(1—€)ry) and 0 < e(t—s) < ¥(r,), the Dirichlet heat propagator p5
satisfies the near-diagonal lower bound

cl

V(z, U=t —s)AR;)’

for any y € B(a, (1 —€)ry) with d(y,z) < eW~L(t — s), where R, = d(x,0B).
The constants ¢’, C" depend at most on Cy, 51, B2, Co, C1o, C11, on Cyp(Yy)
and Cp(Yy) for'Y, = B(a,8r,), and on an upper bound on (14 Cy + Cy +
(C5 4+ C5)¥(14)).-

(ii) There exist constants C,C" € (0,00) such that for any x,y € B, t > s, the
Dirichlet heat propagator pg satisfies the upper bound

exp (=Pg, (d(z, y), C"(t = 5)) + (@ — c)(t — 5))
V('I’Ta)l/QV(y’Ta)l/z )

pE(ty,s,x) >

pB(t,y,s,2) < C

where T, = U1 (’E_Ts) ATq.
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The constants ¢, C,C" depend at most on Cy, B1, B2, Co, Cho, C11, on Cyp(Yy)
and Cy,(Yy) for Y, = B(a,8r,), and on an upper bound on (1+Co+Cs+C5U(7,) +

Proof. The on-diagonal estimate in (i) can be proved in the same way as in The-
orem 5.6 of [19]. See also Theorem 5.4.10 in [28]. For the near-diagonal estimate,
apply the parabolic Harnack inequality of Theorem 5.3.

(ii) is immediate from Theorem 6.6 and the set monotonicity of the heat prop-
agator proved in Proposition 6.8. O

If (X, d) satisfies a chain condition as in [15], then we can apply the parabolic
Harnack inequality repeatedly along chains to obtain an off-diagonal lower bound.
In particular, if d is geodesic, then the lower bound in Proposition 6.9(i) can be
improved to the following corollary. By Proposition 6.8, we obtain the same lower
bound for the global heat propagator p(t,y, s, x).

Let

o(R )= { - gy

Corollary 6.10. Suppose d is geodesic. Then there are constants C" ', ¢’ €
(0,00) such that for any a € X, all x,y € B(a,r,/2), and t > s, the Dirichlet heat
kernel on B = B(a,r,) satisfies the lower bound

C/

Vi w5 A

pg(t, Y,s, .’E) > eXp (_C//(I)(d(xv y)v C//(t - S))) )

The constants ', c”,C" depend on Cy, 1, B2, Co, Cig, C11, Ca, C3, C4, Cs, on
Cyp(Y) and Cp (Y) for Y = B(a,8rq), and on an upper bound on (1 + Cy + Cy +
(C3+ C5)¥(ra)).

Proof. From Theorem 6.9 (i) we obtain an on-diagonal bound for 0 < €(t — s) <
U(rg). The off-diagonal estimate (for any ¢ > s) follows from the parabolic Harnack
inequality. O

Corollary 6.11. Suppose Assumptions 0, 1, 2 and A2-Y, VD, PI(¥), CSA(¥)
are satisfied globally on Y = X. Suppose d is geodesic. If C3 = C5 = 0, then
there are constants C,C",c',c",C" € (0,00) such that for any x,y € X andt > s,
we have
,exp (—C"®(d(x,y), " (t — 5)))
Ve, U=1(t —s)) ’

exp (—Pp,(d(z,9),C'(t — 5)) + (@ — )(t — 5))

V(z, U=1(t — s)) '

p(t,y,s,x) > c

p(t,y,s,x) <C

The constants C,C",c,c",C" depend only on Cy, 81, B2, Cy, Cro, C11, Ca, Cy,
Cyp(X), Cp(X).
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7. Parabolic maximum principle and caloric functions

Proposition 7.1 (Parabolic maximum principle). Suppose (&, F), t € R, is a
family of bilinear forms satisfying Assumption 0. Assume that £ (f, f) > 0 for
allteRand f € F. Let I = (s,T) for some —oco < s <T < o0. Let U C X be
an open subset. Let u € Cioe(I — L*(U)) be a local very weak subsolution of the
heat equation for Ly in I x U. Assume that u*(t,-) € FO(U) for everyt € I, and
ut(t,) =0 in L2(U) ast — s. Then u < 0 almost everywhere on I x U.

For weak subsolutions of the heat equation for symmetric regular Dirichlet
forms, the parabolic maximum principle is proved in [13], Proposition 5.2 (see also
Proposition 4.11 in [12]). Their proof makes explicit use of the Markov property of
the Dirichlet form. Below we give a proof of Proposition 7.1 that relies on Steklov
averages.

Proof of Proposition 7.1. Let u be as in the proposition. Then (4.2) extends to
all ¢ € FO(U) by an approximation argument together with the Cauchy—Schwarz
inequality and Assumption 0. Thus, for any fixed ¢, we can take ¢ = (u™)p(t) €
FO(U) as test function in (4.2). Let s < a < b < T and h > 0 be so small that b+
h < T. Since uj, has the strong time-derivative 2 (u™),(t) = +[ut(t+h) —u*(t)],
we have

@y [ @hierd- [ @) / & | o

/ Tt +h) —ut (@) (u")n(t) dudt

[u(t + h) — u()](w")n(t) dpdt

|
S~ s
-
q\\

u”(t4+h) —u” () (w)p(t) dudt

I
[\
T~
<o

Es (u(s), (u)n(t)) dsdt

u”(t4h) —u” (8] (u)n(t) dudt

t+h
Es (u(s), (wh)n(t) —ut(t)) dsdt

|
T
q\v\q\
+

IN
|
[\]
T~
<o
S sl Ll

=
K
IN
S
m\
o
a\

b t+h

(7.3) i / % /t £, (uls) — u(t), wt (1)) ds dt
b t+h

(7.4) —2/ %/t Es (u(t),u™(t)) dsdt
b

(7.5) o [ [ O dua
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Letting h go to 0, we see that (7.2) and (7.3) tend to 0 by Assumption 0 and
Lemma 3.8 and Corollary 3.10 in [19]. In (7.4), observe that —& (u(t),u™(t)) =
=& (u™(t),u™(t)) < 0 because &, is local and its symmetric part is non-negative
definite. The integrand in (7.5) converges to 0 pointwise almost everywhere.
Hence (7.5) goes to 0 by the dominated convergence theorem. Thus, we obtain

[ rerdn- [ @hiadu<o.

U U

for almost every s < a < b < T. The assumption that u*(t,-) — 0 in L?(U)
as t — s implies that we can make [;;(u")?(a) dp arbitrarily small by choosing a
sufficiently close to s. Hence,

/ (u)2(b) da < 0,
U

so ut(b) = 0 p-almost everywhere on U, for almost every b € I. This proves that
u < 0 almost everywhere on I x U. O

Corollary 7.2 (Super-mean value inequality). Suppose (&, F), t € R, is a family
of bilinear forms satisfying Assumption 0. Assume that EX™(f, f) > 0 for all
teRand f € F. Let I = (5,T) for some —c0 < s < T < oo. Let f € L*(U),
f>0. Let u € Coe(I — L2*(U)) be a non-negative local very weak supersolution
of the heat equation for Ly in (s,T) x U such that u(t,-) — f in L*(U) as t | s.
Then, for everyt € (s,T),

u(t,z) > PP (t,s) f(x)  for a.e. x € U.

Proof. Following Corollary 2.3 in [4], we apply the parabolic maximum principle
to the local very weak subsolution v(t,-) = PP (t,s)f — u(t,-). Indeed, we have
vt(t,:) € FO(U) for every t € I by Proposition 6.2 and Lemma 4.4 in [12]. Now
Proposition 7.1 yields that v < 0 almost everywhere in I x U. Continuity in ¢
completes the proof of the super-mean value inequality. O

The properties listed in the next proposition are the defining properties of a
space of caloric functions as defined in [4].

Proposition 7.3. Suppose (&, F), t € R, is a family of left-strongly local bilinear
forms satisfying Assumption 0. Assume that E™(f, f) > 0 for all t € R and
feF. Let I =(s,T) for some T <oo. Let U C X be open. Let W(I x U) be the
space of local weak solutions of the heat equation for Ly on I x U. Then

(i) W x U) is a linear space over R.
(i) IfI'c I and U C U, then W(I xU) C W(I' x U").
(iii) For any f € L?>(U), the function (t,z) — Pé?tf(m) is in W(I x U).
)

(iv) Any constant function in U is the restriction to U of a time-independent
function in W(I x U).
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(v) For any non-negative u € W(I x U) and every s <r <t <T,

u(t,z) > PY(t,r)u(r,z)  for a.e. x € U.

Proof. Properties (i) and (ii) are immediate from the definition of local weak solu-
tions. Property (iii) is immediate from the definition of P?. Property (iv) follows
from the left-strong locality and the definition of local weak solutions. Property (v)
follows from Corollary 7.2. O

8. Construction of non-symmetric local bilinear forms

In this section we dicuss the construction of non-symmetric bilinear forms on a
given symmetric strongly local regular Dirichlet space (X, d, u, E*, F). Let Y € X
be an open subset and Ry > 0. Suppose Assumption 3 is satisfied.

Definition 8.1. Let H be the space of all non-negative functions h € F, for which
there exists a constant Cj, € (0, 00) such that

(8.1) Ve, / F2dT(hh) < Cy £

For instance, H contains linear combinations of cutoff functions that satisfy

CSA(D).
Proposition 8.2. Let h € H. For f,g € F,, set

(3.2) E(f.9) = E"(f.0) + / gdT(f,h) - / fdT(g,h).

Then £ extends uniquely to a local bilinear form on F x F and (£,F) satisfies
Assumptions 0, 1, and 2. In particular, the results of Section 4, Sections 5.1-5.2,
and Section 6 apply to (€, F), provided that the reference form (E*,F) satisfies
Assumption 3 as required for these results (locally or globally).

Proof. First we show that £ extends uniquely to F x F. For g € F, let (g,) be
a sequence in F, that converges to g in (F,|| - ||»). Passing to a subsequence,

we may assume that g, converges to g also quasi-everywhere. It is clear that for
any f € F, [ g.dT(f,h) is well-defined. Applying (2.3) and (8.1),

| [onarm - [gnarn)] < ( [on-gmraren) ™ ( [aren)”
(53 <O lgn —gulr ( [aris.p)”

Since the right-hand side converges to 0 as n — oo, we see that [ g,dI(f,h)
converges and we denote its limit formally by [ ¢gdI'(f,h). The limit [ gdI'(f,h)
does not depend on the approximating sequence (gs,).
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Since g, — ¢ in F and quasi-everywhere, it is easy to show that
1
i [ gndr(0) = 5 [ar(ron + [artrgn - [aring
n—00 2

whenever [dT'(fg,h) = lim, o [ dT(fgn,h) exists and is finite. The other in-
tegrals on the right-hand side are well-defined and finite because gh and fh are
in F. This justifies denoting the limit by [ g dT'(f,h). Taking g,, = 0 in (8.3), we
see that

/ gdT(f,h) < CY2gll I £

Interchanging f and g, we find that [ fdI'(g,h) is also well-defined. Thus, &
extends to F x F and the extension is bilinear, local, and satisfies Assumption 0 (i).
Below we will verify that (£, F) satisfies Assumption 0(ii)—(vi), Assumption 1 and
Assumption 2.

It is immediate from (8.2) that (£, F) is a local bilinear form. The symmetric
part of £ is &¥™ = & = £*. This follows easily from the definition of £ and
the strong locality of (£*,F). Thus, part (ii), (iii) and (vi) of Assumption 0 are
trivially satisfied. Observe that £(f,g) = [ gdT'(f,h). Since I obeys the product
rule and the chain rule, part (iv) and part (v) of Assumption 0 are verified.

Next, we show that (£, F) satisfies Assumption 1. The estimate on %™ is
trivially satisfied. Let € € (0,1). Let 0 < r < R < Ry and B(z,2R) C Y
Let g € CSA(V,¢,Cp) be a cutoff function for B(z, R) in B = B(x, R+ ). Let
0<feF.Y )ﬂLf;;(Y, ©). By (2.1), (8.1), (2.3), and CSA(¥, ¢, ),

| £ (f2g%1)] = ‘/dF(fQQQ,h) = /f2gdr(g,h)
< ([ pearom) ([ Paree)” < ol [ £are.)

1-B2/2 /
< o (@2+29 / Far(r )+ g [ )’

(e S [ o)

(1-B2)/2
<5020 [ary. )+ 25— [ an
B

1/2

Furthermore, we have
e (f.09%) = =2 [ fgdri.h
and by (2.1), (8.1), (2.3), and the cutoff Sobolev inequality (2.5),
2| [ fgarie.n)
<o [ Par.0) " ( [ugraro.n)”
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<20)2( [ Par.g) " (2 [ ar vz [ P + [P
<20%(c [ artrn+ 9 [aran) " (2 [ faren) "
+20;/2(2/f2dr(g,g)+/f292du)

<26,%[- — (e/gzdr(f,f) + ?Po(f)) /gf2du) +2el/2/92dr(f>f)}

+20}/2(2e/g2dr(f,f)+ (2%2 +1 /ngd,u

172
< Crie'/? /QQdF(f,f) +(Cy + C’g‘l/(r))Tf;) /B f2du,

for some constants C11, Cy and C3 depending only on Cp and Cy. This proves
that (€, F) satisfies Assumption 1. Similarly, one can verify that Assumption 4 is
satisfied.

Next, we show that (€, F) satisfies Assumption 2. Let g be as above and
0<f€ F.Y)with f+ f~1 € L2 (Y). By (2.2), (2.1), (8.1), and by the cutoff
Sobolev inequality (2.5),

g (f. 17| = ‘/f Lg2dT(f, ) /de (/7 g% )]
- | _g/gdr(g,h)+2/g2dr(1ogf, )|
< 2(/dr(g,g))l/z(/g%zr(h,h))W
+2(/g2dI‘(logf,logf))1/2</g2df‘(h,h)>1/2
< 2C}1L/2</df(g,g)+/g2du>
+201/2(/g2dr(1ogf, 1ogf))1/2(/dr(g,g) +/92du)1/2

<262 [¢ [ ar(ios f.1og ) + (1) 1+ 7) [ g

71/20
< et [ artog fiox ) + (Ca+ Cov() s [ o
B

for some constants C11, Cy, Cs depending only on C}, and Cj. O

Remark 8.3. We point out that the restricted bilinear form (€, F,,) satisfies the
inequality in Assumption 0 (i) for all f,g € F,. For the proof of the parabolic
Harnack inequality this is in fact sufficient. Indeed, by locality, the definition (8.2)
makes sense for any pair (f,g) where f € F..(Y) and g = f¢? for some 1 €
F.NL>®(Y, ). Moreover, if (fr) C FNC.(X) converges to some [ € Fin (F, | -||#)
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and quasi-everywhere, then one can easily verify that, for any positive integer n
and any p > 2,

Jim E(fi, fu(Fi A)P720%) = E(f f(F An)P7242).

This is in fact sufficient to apply the argument of (4.4) and the paragraph there-
after, which is the only place where we have used Assumption 0(i) within Section 4
and Section 5.1-5.2.

However, the full Assumption 0 (i) (for general f,¢g € F) may be needed to
ensure existence of weak solutions.
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