OFF-DIAGONAL UPPER ESTIMATES FOR THE HEAT KERNEL OF THE
DIRICHLET FORMS ON METRIC SPACES

ALEXANDER GRIGOR’YAN AND JIAXIN HU

ABSTRACT. We give equivalent characterizations for off-diagonal upper bounds of the heat
kernel of a regular Dirichlet form on the metric measure space, in two settings: for the upper
bounds with the polynomial tail (typical for jump processes) and for the upper bounds with the
exponential tail (for diffusions). Our proofs are purely analytic and do not use the associated
Hunt process.
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1. PRELIMINARIES AND THE MAIN RESULTS

1.1. General setup. Let (M,d) be a locally compact, separable metric space, and let u be a
Radon measure on M with full support. Let (€, F) be a Dirichlet form on L2(M) := L?(M, p1).
That is, £ is a closed, symmetric, non-negative definite, bilinear form on a dense subspace F of
L? (M), which satisfies the Markov property. The closedness of the form £ means that F is a
Hilbert space with respect to the &£ -inner product, where

81 (fvg) :g(f’g)+<fvg)

Here (-,-) stands for the inner product on L?(M). The Markov property means that if f € F
then the function f = max(min (f,1),0) is also in F and £(f) < & (f) (here and in the sequel
we use the abbreviation £(f) := &(f, f)).

Let A be the generator of (£,F), that is, A is a non-positive definite self-adjoint operator in
L?*(M) with domain dom(A) C F, and

—(Af,9)=&(f,g) forall f e dom(A),ge F.
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The generator A gives rise to the heat semigroup {P;}+>0, which is the family of bounded self-
adjoint operators in L? (M), defined by

(1.1) P =2,
Obviously, the heat semigroup is contractive in L>(M), that is, | P.f|| < ||f|| for all f € L? (M),
where || - || is the L?-norm, and strongly continuous, that is,

|P.f — f|| - 0ast— 0 for all f € L*(M).
In addition, the semigroup {P;} is Markovian, that is, if 0 < f <1 a.e., then, for all ¢ > 0,
(1.2) 0<Pf<1 ae.

(see [10, Theorem 1.4.1, p. 23]). The Markovian property (1.2) allows to extend P;f to all
f € L*® (M) so that P, can be considered also as a contraction operator from L°*°(M) to
L>(M).

Conversely, given a strongly continuous Markovian semigroup {P;},.,, one recovers the cor-
responding Dirichlet form by letting -

(13 e =g (L5110 1).

t—0

and by letting F be the set of those f € L? (M) for which & (f) < oo.

Let C (M) be the space of all continuous functions on M with compact support. The Dirichlet
form (&, F) is called regular if F N Cy (M) is dense both in F (in the &-norm) and in Cy (M)
in the sup-norm. The Dirichlet form (&,F) is called local if £(f,g) = 0 for any f,g € F with
disjoint compact supports! (cf. [10, p.6]).

The heat semigroup (or the Dirichlet form) is called conservative if P,1 =1 a.e. for any ¢ > 0.

1.2. Upper bounds of the heat kernel.

Definition 1.1. A family {p; (z,y)},., of measurable functions on M x M is called the heat
kernel of (£, F) if, for all f € L? (M), t > 0, and p-almost all x € M,

(1.4) Puf(z) = /Mpt(x,wf(y)du(y).

The heat kernel does not have to exist but if it exists then it is unique (up to a set of measure
zero) and satisfies the following properties, which follow immediately from the corresponding
properties of the heat semigroup:

(7) For all t > 0 and almost all z,y € M, p;(z,y) > 0 and

(1.5) /M pe(z,y) du(y) < 1.

(73) For all t,s > 0 and almost all z,y € M,

(16) ps(es) = [ pia, () duto)
(747) For all t > 0 and almost all z,y € M,
(1.7) pe(z,y) = pe(y, @)

If the heat semigroup is conservative then (1.3) leads to the following relation between the
heat kernel and the Dirichlet form: for all f,g € F,

g(f7g) :%g%gt (fvg)u

1By definition, the support supp f of a function f € L? (M) is the set M \ Q where Q is the maximal open
subset of M such that f =0 a.e. in .



UPPER ESTIMATES 3

where
18)  ata =g [ [ 7@ =F0) 6@ -0 p (@9 du) dul)
(see [12]).
Assuming that the heat kernel exists, we are interested in the following upper estimate:
: 1 1 d(z, y)) }
e o < cun{geas. Tt (S )}

which is assumed to be true for all ¢ > 0 and almost all z,y € M, with some constant C' > 0.
Here and throughout the paper, assume that

e p:[0,00] = [0,00] is a strictly increasing continuous function such that p(0) = 0 and
p(00) = o0;

e V :[0,00) — [0,00) is an increasing function such that V' (0) =0 and V (r) > 0 if r > 0;

e h:[0,00] — [0,00] is a strictly decreasing continuous function such that A(1) > 0 and

h(oo) = 0.
Setting r := d (z,y), one can equivalently state (UFE) as follows:
1
X7/ if r < P (t) )
(1.9) m(zy) <c{ VW) .
— ), ifr>p(t).
v oo ¥

Indeed, the implication (U E)=-(1.9) is obvious. Now assume that (1.9) holds and we will deduce
(UE). If r < p(t) then, using the monotonicity of V' and h, we obtain

11 <h(1)_1h( r )
Vi) =~ V()= V(r) \p)
so that the first line in (1.9) implies (UE). If r > p(¢) then similarly

1 T 1
h (—> <h() L
Vi(r) \p() Vip(t))
so that the second line in (1.9) implies (UE).
It is obvious that (UFE) implies the on-diagonal upper estimate of pi(z,y):

(DUE) pi(z,y) <

V(p(t)’
for all ¢ > 0 and almost all z,y € M.

Let us state two well-known particular cases of the estimate (UE). In the both cases, we
assume that

(1.10) V(r)=7r" and p(t) =t"/7,
for some positive exponents «, 8.

Example 1.2 (Non-local Dirichlet form). Let

(1.11) h(s)=s"".

We claim that (UE) is equivalent to

d(w,y))_mm

—a/B
(1.12) pile,y) < Ct (1+ a

for all ¢ > 0 and almost all z,y € M. Indeed, (UFE) is equivalent to

pe(z,y) < <
t ) = r )
V(0 (£) + mormsy
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which for the selected functions V, p, h becomes?

C
te/8 4 pe (p/11/8)°
c
C
t/B(1 4 7 /t1/B)o+B"
The estimate (1.12) holds with @ = n and with 0 < § < 2 for the heat kernel of the operator

(—A)P /2 in R" (where A is the classical Laplace operator), which at the same time is the
transition density of the symmetric 3-stable process in R".

The estimate (1.12) was shown in [7] to be true in the following setting: the metric space
(M, d) is a subspace of some R", the measure u of a metric ball B (z,7) (see (1.15)) satisfies the
estimate

pi(z,y) <

12

(B (z,1)) =17,
for all x € M and r > 0, and the Dirichlet form is defined by

£(f.g) = /M /M (F @) — 7 () (9 (@) — g @) T (2, 9) dp (z) dps ()

where
1
d (z,y)**"
Here a, 3 are arbitrary constants in the range o > 0 and g € (0, 2).

J (2, y) ~

Example 1.3 (Local Dirichlet form). Assume that 5 > 1 and set
h(s) = exp (—cosﬂ/(ﬂ_1)> ,

for some cg > 0. We claim that (UFE) is equivalent to

B/(B-1)
wy wemscrne(<(52)"™).

Indeed, if 7 := d (x,y) < t'/P then (1.13) is equivalent to
pt(%y) < Ct_a/lg’
which is exactly the first case of (1.9). Assume now r > t'/8. Then (1.9) becomes

o r \B/(B-1)
(1.14) pi(z,y) < Cr~%exp (—c <W> ) ,

which clearly implies (1.13). The converse implication (1.13)=-(1.14) follows from the inequality

—a/B o T B/(B-1)
t < Cer™%exp (E <t1/ﬁ) ,

which is true for any € > 0, with a big enough constant C..

The purpose of this paper is to give some new equivalent characterizations of (UE). We
emphasize that the argument in this paper is purely analytical, without recourse to the theory
of Markov process. Our main results show how one can obtain the estimate (UFE) from the
diagonal upper bound (DUFE) and some additional conditions. All known so far results have
used some probabilistic conditions such as the first exit time from a ball, etc. — cf. [2, 13, 16].
For strongly recurrent graphs, the reader may refer to [3]. See [15] for an analytical approach
on effective-resistance metric spaces.

2The relation f ~ g means that C~*f < g < C'f for some positive constant C, for the specified range of the
arguments of functions f,g.
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As for the diagonal upper bound, there are plenty of various equivalent characterization of
(DUE) in terms of the Nash-type inequality [6], [8], [18], the Faber-Krahn inequality [11], the
Sobolev inequality [19], the log-Sobolev inequality [9], etc.

To explain the results, let us introduce some notation and terminology. Let

(1.15) B(z,r):={ye M :d(y,x) <r}
denote a metric ball in (M, d). Consider the following conditions:
e Forall» >0 and x € M,

(V) p(B(z,r)) < CV(r).
e For all ¢, > 0 and almost all z € M,

() /B L Pl () < O (%) .

e Forallt,r, R >0,y € M and almost all x € M,

VIR), (r_
pulm, 2) duz) < Oy h (p<t>> |

In all conditions, C' is a positive constant that is independent on the variables in question and
that can take different values on difference occurrences.
The integral in (7") should be understood as follows:

/B(m)c P ) dulz) := /M pe(2,2) 1p(e e (2) dp ().

) /
B(z,r)°NB(y,R)

Indeed, the function F'(z, 2) = pt (¥, 2) 1g(z,)c (2) is obviously measurable jointly in z, 2 so that
by Fubini’s theorem the integral [, F' (z,z) du (2) is well-defined as a measurable function of x.
On the contrary, the integral in (") cannot be understood as the value on the diagonal {z = y}
of the function

Ge)= [ newe),

because a measurable function cannot be restricted to a set of measure zero.
It is easy to show that (7') can be equivalently stated as follows: for all ¢,7 > 0 and all
zg € M,

(1.16) essup / pe(z, z) dp(z) < Ch <L>
2€B(z0,r/2) J B(zo,r)e p(t)

(cf. Remark 3.3 for the proof). The estimate (1.16) can be interpreted as an upper bound for

the function u (t,z) = P1p(g, ), Which is illustrated on Fig. 1.

The estimate (7”) can be reformulated similarly and is illustrated on Fig. 2.

Our first main result — Theorem 2.1, says that, if the function p satisfies the doubling prop-
erty®, functions V and h are polynomial-like (see (2.1)-(2.5)), and the measure of the balls
satisfies ('), then

(UE) & (DUE) + (T) + (T").
For example, the setting of the Example 1.2 matches the hypotheses of Theorem 2.1. A similar
equivalence for (UFE) (under the assumptions (1.10) and (1.11)) was proved in [4] although

instead of the conditions (T') and (7"), two alternative hypotheses were used, which were stated
in terms of the exit time of the associated jump process.

3A function £ : [0,00) — [0, 00) is said to satisfy the doubling property if there is a constant ¢ > 0 such that
(1.17) f@2r) <ecf(r) forallr>0.



6 GRIGOR’YAN AND HU

r
u(t,x) < Ch{p(t)}

m u(0,9=1

B(Xo,r) o

M

FIGURE 1. Function u(t,-) = P1g(z, e

A

VR) [ r
u(t,x) < CV(r) p(t)}

FIGURE 2. Function u(t,-) = P; 15(z0,r)enB(y,R)

Our second main result — Theorem 3.10, treats the case when the Dirichlet form is local. In
this case, one expects the upper bound of sub-Gaussian type as in Example 1.3. Consider the
following modification of the condition (UE):

(UEexp) pe(z,y) < V(Zt)) exp (—tCP (M)) ;

where

2 (s) :i‘i%{pasm ‘A}'

B
For example, under the conditions (1.10) with 5 > 1, we obtain ® (s) = ¢s#-1, and (UFEexp)
becomes (1.13).

Let us introduce the following weak version of the condition (7"): for any € > 0 there exists
K > 0 such that, for all r and ¢ such that » > Kp(t) and for almost all z € M,

(Tweak) / pt(.'lf, Z) du(z) <e.
B(z,r)°c

Equivalently, (Tyeqr) means that (7') holds with some (unspecified) function h such that A (s) —
0 as s — 0o. Theorem 3.10 says that if (£, F) is a regular, conservative, local Dirichlet form in
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L? (M), if all metric balls in M are precompact and satisfy (V), and if the functions p and V'
are doubling, then

(UEexp) © (DUE) + (Tweak)

(in this result, we do not use the condition (7”)). For the case p (t) = t'/P, this equivalence was
proved in [13], using the probabilistic approach.

The main ingredients in the proof of Theorem 3.10 are Theorems 3.1, 3.4 that are of indepen-
dent interest. The main point of those theorems is that the locality of the Dirichlet form allows
to self-improve the condition (Tycqr) thus leading to the following inequality

/B(w?r)cpt(m‘, z)du(z) < Cexp (—tq) (c%)) ,

which is true for all ¢, > 0 and for almost all z € M. The proof of Theorems 3.1, 3.4 use
the maximum principles for the resolvent equation (Proposition 4.6) and for the heat equation
(Proposition 4.11), through their consequences — Corollary 4.15 and Lemma 4.18. To make the
account self-contained, we present in Appendix the analytic proofs of the maximum principles,
which may be of their own interest.

NOTATION. Letters ¢,C, K > 0 and € € (0, 1) denote the constants whose values may change
at each occurrence.

If A is a subset of M then A€ is its complement, that is, A° = M \ A.

If B= B (z,r) is a ball in (M,d) then aB := B (z, ar).

ACKNOWLEDGEMENTS. The authors are grateful to Takashi Kumagai for valuable discussions,
which have led to improvements of Theorem 3.4.

2. UPPER BOUND WITH A POLYNOMIAL TAIL

In this section, we show that (UE) is equivalent to (DUE)+(T)+(T") under some additional
mild assumptions on V, h and p. Consider the following conditions:

(2.1) Virs) C<T—2>m,

V(r1) 1
e oy 2 <)
i <o)
e i = ()

where each inequality is assumed to be true for all 0 < ;1 < r9 < oo and for some positive
constants ¢, C, a1, ag, 31, B9. Clearly, if (2.1) and (2.2) hold simultaneously then as < a;, and
if (2.3) and (2.4) hold simultaneously then §; < f5.

Theorem 2.1. Let (£, F) be a Dirichlet form in L? (M) with the heat kernel ps(z,y). Assume
that the function p is doubling, and that V and h satisfy (2.1)-(2.2) and (2.3)-(2.4), respectively,
with the additional condition that

a7 (5]
2.5 — —=
29 <[5
Assume also that the volume of the metric balls in M satisfies (V). Then

(DUE)+ (T)+ (T") & (UE).

J+1

Here [s] denotes by the integer part of the number s. The proof of Theorem 2.1 will be split
into a series of Lemmas.
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Lemma 2.2. Let (€, F) be a Dirichlet form with the heat kernel p;(x,y). Assume that the volume
of the metric balls in M satisfies (V). Let function V' be doubling and h satisfy (2.3)-(2.4). Then

(UE) = (T)+ (T") + (DUE).

Proof. The implication (UE)=(DUE) is trivial. Let us show that (UE)=-(T"). Fix t > 0 and
r > 0. If p(t) > r then the monotonicity of h implies, for almost all z € M,

/B(xvr)cpt(w,y) du(y) <1< Ch (%) ;

where C' = ﬁ, which obviously matches (T'). Assume now that p(t) < r. It follows from (UFE)
and the monotonicity of V' and h that, for almost all z,z € M such that d(z,z) > s,

C s
2.6 pi(x, z) < h( )
(20 @2 =y Lo
Using (2.6), (V'), the doubling property of V', and (2.3)-(2.4), we obtain, for almost all z € M,

o0

[ meaae < Y[ pe(,2) du(2)
B(z,r)¢ 0’ B(z, 2k+1p)\ B(z,2%r)

o0

ZV(C ( )>,u<B 2K F1)\ B(a, 287 ))

k=0

& k:+1 k
ZCVZ h<2 )
p(t)

IN

IN

IN
X
o
Q
/N
)
-
~/~
b
v

< Ch|—
p(t

Condition (7”) is deduced from (2.6) and (V)

/ prle, 2) du(z) <
B(z,r)°NB(y,R) (

s follows:

" (p(t)) (B(y, R) N B(z,7)°)

r

< — R

<yt (i) v
This finishes the proof. O

For any ¢ > 0, consider the following condition
C d(z,y)

H pe(z,y) < 7 =h? ( :
) o= 7w ™ ot

which should be true for some Cy; > 0, all ¢ > 0, and almost all z,y € M. Clearly (DUE) is
equivalent to (Hp), and

(2.7) (Ho) + (Hg,) = (Hy)

provided 0 < ¢q1 < g2 < 0.

Lemma 2.3. Assume that (T') and (T") hold where p is doubling, V satisfies (2.1)-(2.2), and h
satisfies (2.4) If pi(z,y) satisfies (Hy) where

(28) 0<q<5—2

then it also satisfies (Hq41).



UPPER ESTIMATES 9

Proof. We need to prove that, for any ¢t > 0 and almost all z,y € M,

. C afr
%) e < ™ (55)

where r = %d (x,y), which implies (Hy41) due to the doubling properties of functions V, p and
(2.4). If r < p(t) then (2.9) follows from (H,) so that we can assume r > p (t).
By the semigroup property, we have, for all x,y € M,

pau(z,y) = /M pe(z, 2)pe(2,y) du(z)

(2.10) < /B(m,r)cpt<x, 2)pe(z,y) du(z) + /B(y,r)c pe(x, 2)pe(z, y) dp(z).

On order to estimate the first term on the right-hand side of (2.10) (the second term can be
treated similarly), split it into a “good” and a “bad” part:

(2.11) /B( ) pi(z, 2)pi(2,y) du(z) = g(t, =, y) + b(t, z,y),
where
(2.12) g9(t,z,y) :—/ pe(w, 2)pe(2, y) dp(z)
B(z,r)*\B(y,r)
and
(2.13) b(t,z,y) :=/ pe(@, 2)pe(z,y) dp(z).
B(y,r)

Let us first estimate the “good” part. It follows from (H,) that, for almost all y € M and
z ¢ B(y,r),

C r
2.14 pe(z,y) < ha ( ) .
(244 G0 = v oo™ o
Substituting this into (2.12) and using (T") we obtain, for almost all z,y € M,
C r
g(t,x,y) < hq( >/ pe(w, ) du(z
G20 = vy p@ ) S P D #

¢ o+t (T
(2.15) <V oo" (p@))-

In order to estimate the “bad” part, represent it in the form

(2.16) b(t,z,y) = (2, 2)pe(2, y) du(2)
y kZO/B pe(x, 2)pe(2,y) dps

(y,27Fr)\B(y,2~(+1r)
(see Fig. 3).

By condition (H,) and (2.4), we see that, for almost all y € M and 2z € B(y,27%r) \
B(y, 2~ k),

C o—(k+1),. 9kB2q r
(2.17) pi(z,y) < v(p(t))hq ( p(t) ) = CV(p(t))hq (P(t)) '
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2€ B(y,21) \ B(y,2“"Vr)

FIGURE 3. Estimating the “bad” part

Using (2.17), (T"), and (2.2), we obtain

/ pe(, 2)pi(z, y) dp(2)
B(y,2~*r)\B(y,2~ (k+1hr)

2kﬁ2q r

<" (501) ey o5 00
kBaq r —kp r
< O3 (p<t>) V(V2<r> g <p<t>>

9kB2q9—kaz .
(2.18) SO ™ (p<t>)

(here we have used the obvious fact that the balls B (z,r) and B(y,2 %) are disjoint).
It follows from (2.16), (2.18), and (2.8) that

C r > C r
2.19 b(t,z,y) < patl (_) ok(Baq—02) < patl (_) ‘
(219 ¥t < granh™ () 2 P ORRVE
Combining (2.11), (2.15) and (2.19) we obtain (2.9), which finishes the proof. O

Corollary 2.4. Under the hypotheses of Lemma 2.3, we have
(DUE) = (Hy)
for any 0 < ¢ < [g—ﬂ +1.

Proof. Recall that (DUE) is equivalent to (Hp). Repeatedly applying Lemma 2.3, we obtain
the conclusion. O

Lemma 2.5. Assume that (T") holds where p is doubling, V satisfies (2.1)-(2.2), and h satisfies
(2.3)-(2.4). Then (DUE) and (H,) with some q > g—i imply that

C d(z,y)
(2.20) Pi(®:y) < v<d<x,y>>”( (1) )

for allt > 0 and almost all x,y € M.

Proof. The argument is similar to that of Lemma 2.3. Let us prove that, for all ¢ > 0 and almost
all z,y e M,

C r
(2.21) pot(z,y) < V(r)h (m) ,
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where r = 3d (z,y), which will imply (2.20). If 7 < p(t) then (2.21) immediately follows from
(DUE). Assume in the sequel that r > p (¢). As in the proof of Lemma 2.3, it suffices to show

that
C T

Writing for simplicity p 1nstead of p(t), we have

/B R ERTIe / (2, 2)pu(z y)dia(2)

(2.22) + Z

/ pi(, 2)pe(z, y) du(2)
k=0 B(.’E,T‘)cﬂ(B(y,2k+1p)\B(y,2kp))

(see Fig. 4).

2€ B(1)°N B(y,2"*P)\ B(y,2P) L

FIGURE 4. Illustration to the estimate (2.22)

It follows from py(z,y) < % a.e. and (7") that

[ weonenie < g [ )

- /B pi(, 2)du(2)

~ V() s
G Vi), (T
=V V" (p>

-0 2

(we have used here the fact that the balls B (z,r) and B(y, p) are disjoint).
On the other hand, (H,) and (2.3) imply that, for almost all y € M and z € B(y,2¥"1p) \
B(y,2"p),

C 2k p C 27 Fab
(2.24) = Y) =y, hq( p ) =TV

5T

Next, by (7”) and (2.1),
k+1
ooz, ) du(z) < LBy, ( )

(2.25) < ook V(0), (

/B(m,r)cﬁB(y,2k+1p)
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Therefore, we obtain from (2.24) and (2.25) that, for almost all =,y € M,

(e o]

/ pe(z, 2)pe(2,y) du(z)
k0 Y Ba,r)°N(B(y,25+1p)\B(y,2*p) )

s Cg—kqﬁl/
< - pe(z, z) du(z
kz_o V() JB(ar)enB(y,25+1p) 1 2) ditz)

<SSO (s (7))

a7 (7)
2.26 < h\=],
(2:26) vin" s
where the series converges due to g3; > «;. Combining (2.22), (2.23) and (2.26), we finish the
proof. O

Proof of Theorem 2.1. The implication
(UE) = (DUE) + (T) + (T")
was obtained in Lemma 2.2. Let us prove the converse, that is,
(DUE) + (T) + (T") = (UE).
By Corollary 2.4, we have
(DUE) +(T) + (T") = (Hy),
for any 0 < g < [g—ﬂ + 1. Since g—i < [g—ﬂ + 1, we obtain that (H,) holds for some ¢ > g—i
Hence, by Lemma 2.5, we obtain (2.20). Combining (2.20) with (DUE) we obtain (UE). O

3. UPPER BOUND WITH AN EXPONENTIAL TAIL

The main purpose of this section is to prove the upper bound for p;(z,y) with the exponential
tail provided the Dirichlet form (&, F) is regular, conservative, and local.

3.1. The tail of the heat semigroup. Here we do not assume the existence of the heat kernel
and work with the function P,1pc, where B = B (xo,7). We use aB as a shorthand for B (zg, ar)
as stated before. The reader may refer to the definition of P in Section 4.

Theorem 3.1. Assume that (£, F) is a reqular conservative Dirichlet form in L*(M) and let all
metric balls in M be precompact. Let p : [0,00) — [0,00) be any continuous strictly increasing
function with p(0) = 0, p(co) = oo, and let p satisfy the doubling property. Then the following
conditions are equivalent.

(1) For any e € (0,1) there exists K > 0 such that, for any t > 0 and any ball B = B(xq, )
with r > Kp (t),

1
(3.1) Plpc < ae. in ZB.

(#3) For any e € (0,1) there exists K > 0 such that, for any t > 0 and any ball B = B(zo,r)
with r > Kp (),

1
(3.2) PP1p>1-¢ ae. in 1B
(t3t) For any e € (0,1) there exists K > 0 such that, for any A > 0 and any ball B = B(xo,T)
with r > Kp (%),

1
(3.3) ARP1p>1—¢ ae. in B
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Remark 3.2. As one can see below, the doubling property of p is mildly used only in the
proof of the implication (i) = (¢i7). In fact, the doubling property can be dropped from the
hypotheses, but then conditions r > Kp(t) and r > Kp (%) should be replaced respectively by
r> Kp(ct) and r > Kp (%), for a positive constant ¢ > 0.

Remark 3.3. If the heat semigroup P; possesses the heat kernel p; (z,y) then condition (i) can
be equivalently stated as follows: for any e € (0, 1) there exists K > 0 such that, for all ¢ > 0,
r > Kp(t), and almost all z € M,

(3.4 [, pEvd e

Indeed, for any ball B (zg,r) and for almost all x € B (xo,7/4) (or even x € B (x0,7/2)), we
have

Blmmﬂ4@:i/ m@uwdu@>s/“ pe () dps (),
B(zo,r)° B(z,r/2)¢

so that (3.4) implies (3.1) (with K being replaced by 2K). Similarly, for almost all z €
B (.’l?(), T/Q)a
[ menanm < [ o) dew) = Plpr (),
B(z,r)° B(zo,r/2)°

so that (3.1) implies (3.4), for almost all x € B (zg,r/8). Covering M by a countable family of
balls of radius r/8, we obtain that (3.4) holds for almost all z € M.

Proof of Theorem 3.1. (i) = (ii). Applying estimate (4.29) of Lemma 4.18 to function f = 1%37
we obtain that

(3.5) PP1.4(x) > Pi11g(z) — sup essup Pslig,
’ ’ sef04] (8B)°  °

for t > 0 and a.e. x € M. For any z € %B, we have that B(z,r/4) C %B (see Fig. 5). Using
(3.1) and the identity P;1 = 1 a.e., we obtain, for any x € %lB,
Py =1-Pl(yge > 1- Pilpg, -
Applying hypothesis (i) for the ball B (z,7/4), we obtain that
Pilp, 4 <€ ae. in B(z,7/16),
provided

(3.6) = > Kp(t)
with sufficiently large K. It follows that, for any x € iB,
Pliy>1—ca.e. in B(z,r/16),
2
whence

.1
(3.7) Pt1%B >1—ca.e. in ZB'

On the other hand, for any y € (%F)C, we have %B C B (y,r/4) (see Fig. 5), whence
PS]‘%B S PSlB(y,T/4)C'

Applying hypothesis (i) for the ball B(y,r/4) at time s, we obtain that if (3.6) holds for
sufficiently large K then, for all 0 < s < ¢,

Plp(yr/ac <€ ae.in B(y,r/16).
It follows that, for any y € (%F)C,
P11z <cea.e. in B(y,r/16),
2
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""B(-?.('.]/‘.‘r o

FIGURE 5. Illustration to the proof of (i) = (i)

whence

3_\°¢
(3.8) Plip <caee. in <4—1B) .

2
Combining (3.5), (3.7) and (3.8), we obtain that, under condition (3.6),
1
(3.9) PP1p > PP1.15>1—2¢ ae. in 15
2

which is equivalent to (3.2).
(i) = (iii). By (ii), we have (3.2) provided t < p~! (t/K), whence

o0 p_l L) — [s
ARE1p = )\/ e M PP1gdt > )\/ e M pB1gdt > (1 - ¢) (1 —e 1(?)) ,
0 0
which holds almost everywhere in %‘B. If
T 1
3.10 M (=) >log =
(3.10) p(5) 2 log -

then we obtain
1
ARE1p > (1—¢)? ae. in ZB,

which is equivalent to (3.3). Condition (3.10) is equivalent to

log 1
(3.11) rzKp<O§E),

which, by the doubling property of p, is a consequence of r > Kip (%) for sufficiently large Kj.
(791) = (7). Let us first show that, for all ¢, A > 0,

(3.12) PP1p>1-¢eM(1-ARF1p).
Indeed, using the facts that Pf 15 <1p and

Pg_tlB = PtB (PSBlB) < PtBlB7



UPPER ESTIMATES 15

we obtain that

ARE1p = A/ e M PP1pds
0

t e8]
= )\/ e MPB1gds+ )\/ e MPB1gds
0 t

< (1 - eiAt> + )\/ e*A(SH)PgtlB ds
0

S 1— e*/\t 4 e*)\tPtBle

thus giving (3.12).
Givene € (0,1),¢t > 0 and r > Kp(t) (where K is defined by hypothesis (iii)), choose A from
condition 7 = Kp (5). Then it follows from (3.3) and (3.12) that

1
Plpg > PtBlg >1—ceMae. in ZB'

Using the identity P;1 = 1 and observing that
A< Ap~L (%) —1,
we obtain
Plge=1—- Pl < ceM < ge a.e. in }lB’
which is equivalent to (3.1). O
The following statement is an extension of Theorem 3.1 in the case of a local Dirichlet form.

Theorem 3.4. Assume that all the hypotheses of Theorem 3.1 hold, and in addition that the
Dirichlet form (€, F) is local. Then each of conditions (i), (i1), (iii) of Theorem 3.1 is equivalent
to the following:

(iv) There are ¢,C > 0 such that, for any t > 0 and any ball B = B(xg,T),
(3.13) essup Pi1ge < Cexp <—t<I> (c%)) ,
iB
where

s
(3.14) ® (s) :=sup {— - )\} .
x>0 Lp(1/A)
Remark 3.5. Obviously, estimate (3.13) with function ® defined by (3.14) is equivalent to the
following: for all A > 0,

cr
3.15 essup Pi1pc < C'exp ()\t — ) .
319 paak Y

Remark 3.6. If the heat semigroup P, possesses the heat kernel p; (x,y) then condition (iv)
can be equivalently stated as follows: for all ¢,7 > 0 and for almost all z € M,

(3.16) [ mendew) <Cen(-ta(ch)).

B(z,r)¢
which is proved by the argument of Remark 3.3. Estimate (3.15) can be reformulated similarly.
Example 3.7. If p (t) = t*/# for some 3 > 1 then

® (s) = sup {s)\l/ﬂ - )\} = Cgs%
A>0

NG
essup Pi1ge < Cexp | —c (—) .
5 t

so that (3.13) becomes
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Proof of Theorem 3.4. Observe first that the function ® is non-negative on [0, +o0) (just let
A — 0 in (3.14)), monotone increasing, and satisfies the following inequality: for all s > 0 and
A>1,

(3.17) B (As) > A (s),

which is proved as follows:
As
d(As) = sup{——)\}
W) = 3 am
s
> Asup { — )\}
x>0 Lo (1/A)

= A®(s).

Let us prove that (iv) = (i). Assuming that r > 2c"1Kp (t) (where K > 1 is to be specified
below) and using (3.17), (3.14), we obtain

2(ch) = @ <2Kpit)> > Ko (2%”)
- Ksup{ 20 (1) K
A>0

“ab> =
tp(1/A) } -
(
1
Plp. <Cexp(—K) a.e. in 5

Choosing K big enough, we obtain (3.1).

Now we prove the main implication (i7¢) = (év). This proof is rather long and will be split
into five steps.

Step 1. We claim that, for any € > 0, there exists K > 0 such that if a function w €
F N L>® (M) is such that 0 < w < 1 in a ball B = B (x,r) and w satisfies weakly in B the
equation

—Aw + Aw =0,

rzKpG),

1
w < € a.e. in ZB'

where A > 0 and r are related by

then

Indeed, since the Dirichlet form is local and the ball is precompact, we have by Corollary 4.15
(see Appendix) that
w<1-ARB1pae. in B.
By (iii), we have
1
)\REIB >1—ca.e. in ZB’

provided r > Kp (%), where K is now defined by condition (iii). Combining the above two
lines, we finish the proof of the claim.

Step 2. Let us show that there exists ¢ > 0 such that, for any ball B = B (xg,r) and any
A >0,

cr
3.18 essup (ARy1pc) < exp <— + 1) ,
(319 g (Aitse) o (/%)

where 6 = § (A) > 0. Choose some R > 4r and consider the functions

¢ = 1B(20,R)\B(xo,r)
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and
(3.19) u = ARxo.
It suffices to prove that
cr
(3.20) essup u < exp (—— + 1) ,
B(z0,0) p(1/N)

and then let R — oco. Since 0 < ¢ < 1 and ¢ € L? (M), wehave 0 <u <1on M, u € dom(A) C
F, and u satisfies in M the equation

(3.21) —Au+ Au = A¢.
It suffices to assume that

1
(3.22) cr > p (X) ,

(where ¢ > 0 is to be specified later) because otherwise (3.20) is trivially satisfied due to u < 1.
Let n > 2 be an integer to be determined later on. For any 1 < i < n, set r; = %,

b; = essup u,

B(zo,ri)
and, for 1 <i <n,
wi(z) = M
bit1

Clearly, w; € F N L* (M). Since ¢ =0 in B (zo,r), it follows from (3.21) that
—Aw; + Aw; = 0in B (zg,r) .

By definition of b;1+1, we have 0 < w; < 1 in B (xg,r;+1). In particular, the same inequality
holds in any ball B (x,r1) for any = € B (g, r;) (see Fig. 6). Therefore, by Step 1 with ¢ = e™*

)

I
1
|
1
|
|
1
\

\

\

\
\
\

FIGURE 6. Balls B (z,7;) and B (xo,7+1)

we have that .
w; < e lae. in B (m, Zrl) ,

provided

(3.23) ri > Kp <l) ;
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for an appropriate constant K. It follows that

essup w; < e_l,
B(IO>Ti)

that is,
(3.24) bi < e iy

Before we proceed further, let us make sure that condition (3.23) is satisfied. Since r = r/n, it

is equivalent to
r

Ep(3)

n <

so that we can choose

= mm)

Choosing in (3.22) ¢ = 5}, we obtain that n > 2. Note also that

2
n>i—1.

= 71
p(3)
Now, iterating (3.24) and using the fact that b, < 1, we obtain

cr

b < e_("_l)bn < e /2 < exp <— ~ + 1> .
p(3)

Clearly, this implies (3.20), where § can be anything < ry = ; for example, set 6 = Kp (%) .
Let us note that the iteration argument in this part of the proof is motivated by that in [14]
for the setting of infinite graphs.
Step 3. Let us show that there is K > 1 such that for any ball B = B (x,r) with

1
(3.25) r>Kp <X) ,
we have

3.26 inf (AR\1ge) >
(3.26) e(g%l)ac( Alge) >

N

Indeed, for any x € (2B)°, we have B(z,r) C B¢, whence by condition (#ii),
1 1
AR)\1pc > AR}\]‘B(IE,T) > B a.e.in B ((L’, ZT) .
provided (3.25) is satisfied with an appropriate K. Hence, (3.26) follows.

Step 4. Let us show that, for any non-negative function f € L (M), the function u = AR) f
satisfies the inequality

(3.27) Pu < eMu in M.

for arbitrary ¢, A > 0. Indeed, we have
Pu = )\/ e_)‘SPtJrsf ds
0
=\ / e AP fds
t

o0
= eM)\/ e P, fds < eMu.
t
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Step 5. Finally, let us prove (3.13). Let ¢ be the same as in (3.18) (Step 2), so that for any
A > 0 and for u = AR)1p5e,

cr

(3.28) essup u < exp (—— + 1) .

B(0,0) p(1/X)
Let A > 0 be such that (3.25) is satisfied. Then it follows from (3.26) that

1
u Z 51(23)0 in M.
Applying P; to the both sides of this inequality and using (3.27), we obtain
1

(3.29) 5Py < Pu < eMu,

which together with (3.28) yields

cr
3.30 essup Pilippe < Cexp ()\t — ) ,
(330 ponp ftlen) PIGERY

where C' = 2e.
If \ is such that (3.25) fails, that is, r < Kp (1/)A) then (3.30) holds trivially with C' = e°X
Hence, (3.30) holds for all A > 0, which is equivalent to (3.15). O

In applications it is frequently convenient to replace function ® in (3.13) by a more explicit
function as in the following statement.

Lemma 3.8. Define a function ¥(X) on [0,+00) by
1

(3.31) T (N = {O,U) ii%

and assume that ¥ (\) is a continuous, monotone increasing bijection from [0,400) onto [0, +00),

so that the inverse function U= is defined on [0,00). Then

(3.32) P (25) > UL (s) > ®(s) forall s > 0.

Proof. Set A = U~ (s) so that

s=Ap(1/A).
It follows from (3.14) that
2s
®(2s) > — A=,
)= o am
which proves the left inequality in (3.32).
Since A (1/3)
p (1
D (s :sup{——z/},
) =20 o)
the right inequality in (3.32) is equivalent to the inequality
1
M—Vﬁk, for all v > 0,
p(1/v)
which after division by v becomes
U () A
(3.33) T St

Indeed, if ¥ > A then by the monotonicity of ¥, ¥ (A) < ¥ (v), which obviously implies (3.33).
If v < A then p(1/v) > p(1/)) and

which implies (3.33) as well. O
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Corollary 3.9. Theorem 3.4 remains true if the function ® in condition (iv) is replaced by
U1 provided ¥~ exists.

3.2. Pointwise estimates of the heat kernel. Now we can state the main result about the
relation between (DUFE) and (UE) in the case of a local Dirichlet form. Let us first state and
label all the required conditions in terms of the functions V' and p:

e The upper bounds for the volume of balls: for all x € M and r > 0
(V) u(B(z,r)) < CV(r).

e The version of condition (T"): for any € > 0 there is K > 0 such that whenever r > Kp (t)
then, for almost all x € M,

(Tweak) / pt(il?, Z) d/L(Z) <e.
B(z,r)c

Obviously, (Tyeqr) is equivalent to the fact that (7) holds with some function h such that
h(s) = 0ass— oo.

e The on-diagonal upper bound: for all ¢ > 0 and almost all z,y € M,

(DUE) pi(z,y) < ma

e The upper bound with the exponential tail: for all £ > 0 and almost all x,y € M,
c d(z,y)

(UEexp) pt($7y) S % t)) €xXp <_t(I) (CT ’

where @ is defined by (3.14).

Theorem 3.10. Let (€,F) be a regular, conservative, local Dirichlet form in L? (M) and let
pe(z,y) be its heat kernel. Assume that all metric balls in M are precompact and satisfy (V),
and let functions p and V' be doubling. Then

(DUE) + (Tweak) A (UE@XP)'

Proof. Let us prove the implication
(DUE) + (Tweak) = (UEexp)-

Observe first that condition (Tieqk) is equivalent to the condition (7) of Theorem 3.1 (cf. Remark
3.3). Hence, by Theorem 3.4, we obtain

(3.34) /B(x " pe(z, 2)dp (2) < Cexp (—tq) <c;>) ,

for all t,7 > 0 and almost all z € M (cf. Remark 3.6). Using the semigroup property, (DUE),
and (3.34), we obtain, for almost all z,y € M and setting r = %d (z,y), that

pae(z,y) = /M pe(z, 2)pe(y, 2)dp (2)

IN

/ pe(, 2)pe(y, 2) du(z) + / pe(, 2)pe(y, 2) du(2)
B(z,r)° B(y,r)°

< wwpp(e) [ e du) Feswnt,) [ s due)
MxM B(z,r)° MxM B(y,r)°

% (/?(t)) exp (~+® (7))

Renaming 2t by ¢ and applying (3.17) and the doubling property of V' and p, we obtain (U Eexp)-
Note that in this part of the proof we have not used (V).
Let us now prove the converse, that is,

(UEexp) = (DUE) + (Tweak)-
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The on-diagonal bound (DUE) follows from (U Eeyp) trivially. To prove (Tyeqr), observe that,

by (U Eexp),
/B(x’r)cpt(a:,z) du(z) < V(;J(t)) /B(x,r)c exp( t® (@)) du(z).

Hence, we are left to prove that, for any € > 0 there is K = K (¢) such that

(3.35) m /B(%T)C exp (—t@ (M)) du(z) <e,
provided
(3.36) r>Kp(t).

For any non-negative integer k, set

Qk
(3.37) £, =t (c—r>
and observe that, by (3.17),

(3.38) &, > 2k,

Next, consider the following part of the integral (3.35):

1 / cd(a:,z)))
Iy, = —/——= exp <—t‘1> ( du(z
g V(p(t)) JB(a,26+1r)\ B(a,257) t (2)

v (2kt1r) c2kr
< C——%exp <—tCI>( ))
V(p(t)) t
2k+1,,,)
< exp (—¢
< p(t) =4
r
(3.39) < C ( Y ) &t exp (=€) ,
where we have used (V'), (2.1) (which is a consequence of the doubling property of V'), (3.37),
and (3.38). Observe that by (3.37) and (3.14)

o= () =x tm ~ 2 50

which follows by setting A = 1/¢. Assuming that r and ¢ are related by (3.36) and K is so large
that

(3.40) cK > 2,
we obtain

c
3.41 -t
(3.41) &> 5o

Substituting into (3.39), we obtain

(3.42) I, < C& exp (=€) -
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On the other hand, using £, /&;,_; > 2, which is true by (3.17), we obtain

e &k
/ s Lexp (—s) ds = Z/ s Lexp (—s) ds
o e—1 Y &k—1
> 3
> ZGXP(—fk)/ sM 7 ds
k=1 Ep_1

where ¢ = o% (1 —2791). Tt follows that

Zék exp ( = £ exp (&) +Z£k exp (

IA

€0t exp (—&p) +C’/ “-Lexp (—s) ds

C’exp( §0>

Therefore, we obtain from (3.42), (3.41), (3.36)

(3.43) Zlk < Cexp (-%) C exp <—§$) < Cexp (-%) :

k=0

IN

Since the left hand side of (3.35) is equal to >, I and K can be chosen arbitrarily large, we
obtain that (3.35) can be satisfied with any € > 0, which finishes the proof. O

Using Lemma 3.8, we obtain immediately the following consequence.

Corollary 3.11. Theorem 3.10 remains true if the function ® in (UEexp) is replaced by 1,
provided ¥~ exists.
It follows from (3.43) that, for all ¢, > 0 and almost all x € M,
cr
3.44 / pe(x, z) du(z) < Cexp (———) .
( ) B(z,r)° ( ) ( ) 4 p (t)

Indeed, (3.43) was proved above under the assumption that r/p (t) > 2/c (cf. (3.36) and (3.40)).
If 7/p (t) < 2/c then (3.44) is trivially satisfied with C' = e!/2. Hence, under the hypotheses of
Theorem 3.10, we obtain (7") with the function

(3.45) h(s) =exp(—cs).

Let us introduce a stronger version of condition (7"), with an additional requirement on h: for
all t,r > 0 and almost all x € M,

/ o P ) < O (M) 7

1

and lim — A o =0.
t=0t \ p(t)

For example, function (3.45) satisfies the second condition in (Tstrong) if, for some ¢,n > 0,

(3.46) p(t) <ct" 0<t<l.

The above observation means that, under the hypotheses of Theorem 3.10 and assuming in
addition (3.46), the following is true:

(UEexp) (DUE) ( strong)

(Tstrong)
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The converse implication
(DUE) ( strong) (UEexp)

is true as well, just because (Tstrong) implies (Tiyeqr). Hence, the hypothesis (Teqr) in the
statement of Theorem 3.10 can be replaced by (Ttrong), provided one assumes in addition (3.46).
Besides, the condition (Tstrong) allows to drop the hypothesis of the locality of the Dirichlet form
in Theorem 3.10 as it is clear from the following statement.

Lemma 3.12. Let (£,F) be a conservative Dirichlet form with the heat kernel p; (x,y). If
(Tstrong) holds then the Dirichlet form (€, F) is local.

Proof. We need to prove that if f and g are two functions from F whose supports are disjoint
compact sets then &€ (f,g) = 0. Since (€, F) is conservative, we have

£(f.9)=Imé& (,0),
where & is defined by (1.8). Hence, it suffices to show that
(3.47) & (f,9) > 0ast— 0.
Let A =supp f and C = suppg. Since A and C are disjoint, it follows from (1.8) that

:——//f y) pr (2, ) dpe () dps ()

whence by the Cauchy-Schwarz inequality

sl < (3] f2(w)pt@,y)du(ymﬂ(m))m
< // y)pe(2,y) dp(y )du(a:)>1/2

< 1511l (esp [ ety (y))w

) 1/2
X (essup = / pt (z,y) du (:c)> .
yeC t A

Let r = dist (4, C) Choose a finite covering {B;}Y | of A by metric balls B; = B (x;,7/2) (z; €
A). Then C C (2B;)* for any 4, and we obtain by (Tstrong)

A

1 1
tesw [ p@y)duy) < jsweswp [ (o) dut)
t c ¢ (2By)°

€A i x€B;
1 2
—-h (—T) —0ast— 0.
t \p(t)

Similarly, we have that

1
—essup/ p (z,y)du(z) > 0ast — 0,
t yeC JA

whence (3.47) follows. O

Combining Lemma 3.12 with the previous remarks, we obtain the following result.

Corollary 3.13. Under the hypotheses of Theorem 3.10, drop the assumption of the locality of
(E,F) and add condition (3.46). Then the following is true:

(DUE) ( strong) (UEGXP)'
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4. APPENDIX: MARKOVIAN PROPERTIES

We prove here a number of the consequences of the Markov property of the Dirichlet forms,
such as the maximum and comparison principles, the properties of the resolvents and the heat
semigroups in subsets, etc., which are necessary for Section 3 (Corollary 4.15 and Lemma 4.18
are explicitly used in the proofs of Theorem 3.4 and 3.1, respectively). These results are “well-
known”, but it is hardly possible to give accurate references. Besides, the existing proofs would
normally use the Hunt process associated with the Dirichlet form. We give self-contained,
analytic proofs of all these results, some of which are new.

Let us state some frequently used basic facts about Dirichlet forms:

e (Extension of the Markov property). If ¢ : R — R is a Lipschitz function with the
Lipschitz constant < 1 and ¢ (0) = 0 then, for any v € F, the function ¢ (u) is also in
F and & (¢ (u)) < & (u). For the function ¢ (s) = max(min (s, 1),0) this property holds
by the definition of the Markov property. The proof for a general ¢ can be found in [10,
Theorem 1.4.1, p.23].

o If u,v € FNL>® (M) then uv € F (see [10, Theorem 1.4.2(ii)]).

Definition 4.1. For any open subset €2 of M, let Fy (2) be the set of functions from F whose
support is compact and is contained in Q. Then define F (2) as the closure of Fy (£2) in F with
respect to the & -norm.

In particular, it follows that any function from F (2) vanishes in Q¢ and, hence, can be
identified as an element of L2 (Q). If F () is dense in L? (Q2) then (&, F ()) is a Dirichlet form
in L2 (Q). In this case, denote by Aq and P§? respectively the generator and the semigroup of
(E,F (). If f € L? (M) then set P{lf := P (f|a).

In general F (2) need not be dense in L? (Q2). However, if the Dirichlet form (€, F) is regular
then o () is obviously dense in L? (Q). In this case, F () admits the following two equivalent
definitions (see [10, Corollary 2.3.1, p.95 and Theorem 4.4.2, p.154)):

(1) F () is the closure of F N Cy () in F.
(2) F(Q) = {f €F:f=0qe on QC} where f is a quasi-continuous modification of f and
“g.e.” stands for “quasi everywhere”.
Let us state the following useful properties of regular Dirichlet forms:

o If (£, F) is a regular Dirichlet form then (£, F (£2)) is also a regular Dirichlet form.

e For any open set 2 C M and any set S € (2, there is a function ¢ € F N Cp () such
that 0 < ¢ < 1 and ¢ = 1 in an open neighborhood of S (see [10, p.27]). Such a function
¢ is called a cut-off function of the pair (5, ).

4.1. Maximum principle for weak solutions. In this subsection, (£, F) is a Dirichlet form
in L? (M), not necessarily regular, unless otherwise stated.

Lemma 4.2. ([1]) Let u,v be two functions from F such that 0 <u <1 and v > 0. If
u =1 on the set {v >0}
then € (u,v) > 0.
Proof. It follows from the hypotheses that, for any A > 0,
min (u + v, 1) = w.
By the Markov property and the bilinearity of the Dirichlet form, we obtain
E(u) < E(u+ M) = E(u) + 20 (u, v) + N2E(v),

whence
2AE (u,v) + A2E(v) > 0.
Dividing by A and then letting A — 0, we obtain & (u,v) > 0, which was to be proved. O
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Lemma 4.3. Let ¢ (s) be an increasing function on R such that ¢ (0) = 0 and |¢ (s1) — ¢ (s2)| <
|s1 — sa| for all s1,s2 € R. Then, for any u € F, also ¢ (u) € F and

(4.1) & (u, 0 (u) = € (e (u).
In particular, (4.1) implies
(4.2) & (u, ¢ (u)) > 0.

For example, applying this with the function ¢ (s) = s; := max (s, 0), we obtain that
(4.3) E(u,uq) > 0.

Proof. That ¢ (u) belongs to F is true by the Markov property. Fix some A € (0, 1) and consider
the function

(4.4) Y(s)=As+(1—=X)p(s).

Obviously, 1 is Lipschitz and ¢ (0) = 0, whence it follows that ¢ (u) € F. Using 0 < ¢’ <
1 (where all relations involving the derivatives of Lipschitz functions are understood almost
everywhere), we obtain from (4.4)

(4.5) ¢ > max (X, ¢).

In particular, ' > X, which implies that the function 9 has the inverse ¢! on R, which is also
a Lipschitz function. Using the identity

(pov™) (s) =

and ¢’ > ¢ (cf. (4.5)), we obtain
0< (poy™) <1,
which implies by the Markov property that
(4.6) E(p W) =E((pov™) (¥ (w)) < E (W (u).
On the other hand, by (4.4),
E (W (u) = M€ (u) + (1= A E (¢ (u) + 2 (1 = V) € (u, ¢ (w)).
Expanding in A and comparing with (4.6), we obtain
22 (€ (u, i (w) — € (0 (w))) + N (€ (w) — 2& (u, ¢ (u)) + E(p,u)) > 0.
Dividing by A and then letting A — 0, we obtain (4.1). O

The maximum principles that will be stated below in Propositions 4.6 and 4.11, use the
boundary condition

(4.7) u < 0on QF°,

that is to be understood in a weak sense. The precise meaning of (4.7) is that uy € F (). The
next statement provides a convenient equivalent way of stating this condition.

Lemma 4.4. Let (£,F) be a regular Dirichlet form. Let u € F and §2 be an open subset of M.
Then the following are equivalent:

(1) up € F(Q).

(it) u <wv in M for some function v € F ().
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Proof. The implication (i) = (i%) is trivial since we can take v = uy. Let us prove (ii) = (7).
Set f =u—wvsothat f € F and f <0in M. The question amounts to proving that

(4.8) (v+ f) e F(Q),

for any non-positive f € F and any v € F (£2) . Assume first that f € FNL>® (M) and v € Fy (Q).
Let ¢ be a cut-off function of suppv in Q. Since ¢ € F N L>® (M) and suppp C £, it follows
that ¢ f € F (2). Observe that

(4.9) (U+f)+:(v+@f)+'

Indeed, on supp v we have ¢ = 1 so that the identity (4.9) is trivially satisfied, while on the set
{v =0} the both sides of (4.9) vanish because f < 0 (see Fig. 7). Since v + ¢f € F(Q), we

-
/A

FIGURE 7. Function v + ¢f

?

v+ Qf

conclude that (v +¢f), € F (©2) whence (4.8) follows.
For an arbitrary non-positive function f € F, consider the sequence f; = max (f, —k) so that

fo € FOL® (M), fr <0, and f =5 f (see [10, Theorem 1.4.2(ii), p.26]). Also, if v € F (Q)

then there is a sequence of functions {v; }r-; C F N Cp () such that vy L. By the previous
argument, we have

(4.10) (v + fr); € F(Q).
Since

v+ f ot f,
it follows by [10, Theorem 1.4.2(v), p.26] that

(or+ )y 2 0+ ), =us,

where the convergence is weak with respect to £1-norm. However, F (2) being a closed subspace
of the Hilbert space F, is also weakly closed. Together with (4.10), this implies uy € F (2),
which was to be proved. O

In the two propositions below, the regularity of (£, F) is not assumed.

Definition 4.5. Let 2 be an open subset of M, f € L? (Q) and A € R. We say that a function
u € F satisfies weakly the inequality

—Au+ Au < fin Q,
if, for any non-negative function ¢ € F(£2),
(4.11) Eu, ) + A(u,¥) < (f, ).

Similarly one defines in the weak sense the inequality —Awu+ Au > f and the identity —Au +
Au = f.
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Proposition 4.6 (Elliptic maximum principle). Let u € F be a function such that, for some
open set  C M and X > 0,

{ —Au + Au < 0 weakly in 2,

uy € F(Q).

Then u <0 a.e. in Q.

Proof. Since uy € F(2), we can take ¢ = uy in (4.11) and obtain that
E(u,uy) + A(u,uq) <0.

Since A > 0 and by (4.3) £(u,uy) > 0, it follows that

[l 2 () = (wus) <0,
whence uq = 0 in . O

Remark 4.7. By Lemma 4.4, in the case when the Dirichlet form is regular, condition u, €
F () can be replaced by u < v for some v € F (Q2).

Remark 4.8. For the case A\ = 0 some additional assumptions on the domain {2 are necessary
for the validity of the maximum principle. Under different assumptions on 2 and for a local
form &, the following version of the elliptic maximum principle was proved in [5, p.140] and
[17, Corollary 1.1]: if w € F, —Au < 0 weakly in Q and u is a quasi-continuous version of u
then w < C qg.e.in M \ © implies that u < C q.e. in 2, where C > 0 is an arbitrary constant.
Note that the condition @ < 0 q.e. in M \ 2 is equivalent to uy € F () (cf. the remark after
Definition 4.1).

Definition 4.9. Let I be an open interval in R, £ be an open subset of M, and f € L?(Q).
We say that a function u : I — F satisfies weakly the inequality

(4.12) %—Auﬁfin[xﬂ,

if the Fréchet derivative % of u exists in L?(12) for any ¢ € I and, for any non-negative function
¢ e F (),

ou
Similarly one defines in the weak sense the inequality % —Awu > f and the identity % —Au=7f.

If % — Au = 0 weakly in I x € then the function u is called a weak solution to the heat

equation in I x Q. The weak inequality % — Au < 0 (> 0) defines a weak subsolution (resp.,
supersolution) to the heat equation.

Example 4.10. For example, for any f € L? (M), the function u = P;f is a weak solution to
the heat equation in (0,+00) x M, that is, for any ¢ € F (M),

Indeed, it follows from the spectral theory that the following equation is satisfied strongly
0
—Pf=A(P,
ot tf ( tf)a

that is, A is understood here as an operator in L? (M). By the definition of the generator A,
we have

(A(Ptf)7w) = _S(Ptf7¢)7
whence (4.14) follows.
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Proposition 4.11 (parabolic maximum principle). Fiz T € (0, +oc] and an open subset Q@ C M,
and assume that a function u : (0,T) — F satisfies the following conditions:

%—lt‘ — Au < 0 weakly in (0,T) x Q,
uy(t, ) € F(Q) for any t € (0,T)
L*(Q)
uy (6,-) — 0ast—0.
Then u < 0 a.e. on (0,T) x €.
Proof. Fix a function ¢ € C*°(R) such that ¢ =0 on (—00,0], ¢ > 0 on (0,00), and 0 < ¢’ <1
on R. Choosing in (4.13) the function

b= p(ult, ) = p(u(t,-)) € F(Q),

we obtain

(Go@) + € wetw) <o
By (4.2), we have & (u, p(u)) > 0, whence

(4.15) (%,@(u)) <0.

Now define the function ® by
s 1/2
o6 = ([ w@d) . sem

By choosing a suitable ¢ in a right neighborhood of 0, for example, letting ¢(s) = % exp ( —5_2),
we can make ® (s) and all its derivatives ®¥)(s) tend to 0 as s — 0, so that ® € C®(R). Note
that ® = 0 on (—00,0], ® > 0 on (0,00), and 0 < & <1 on R. All these properties are obvious
except that ® <1 on (0,00). The latter is proved as follows: since

d [? 1d
i (&) dg = p(s) = ¢'(s)p(s) = 5 7-¢"(s),
we have , .
3o = [ pl@)de > 30, 50
whence

@(s) = 2O V22) V2
20(s) 29(s) 2
It follows that ® (u) € F. It is easy to show that the function t — ® (u(t,-)) is Fréchet
differentiable in L? (Q2) and, by the chain rule,

0 o, 0u
&(I)(u) = ®'(u) TR

By the product rule for the Fréchet derivative , we obtain from (4.15) that

d

;.\ Ou
- (P(u), ®(u)) =2 (‘I) (U)E’q’(“))

~ (G 2vwew) = (Gew) <o

Hence, the function ||®(u(t,-))| is non-increasing in t. As ®(s) < sy, it follows that, for any
te (0,7),

P N < 1 ) N < 1 )l =

9t NI < Jim [@(u(s, )] < Jim (s, )] =0,
which implies that u < 0 a.e. on (0,7 x Q. O
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4.2. Comparison lemmas for the resolvent. In this subsection, (£, F) is a regular Dirichlet
form in L? (M). For any open subset  C M and any A > 0, define the resolvent operator
RSY: L2 (Q) — L?(Q) by

(4.16) Rf=(—Aa+N)'f= /OOO e MPf dt,

for any f € L? (). It follows that R} is a bounded operator in L? () and, for any f € L? (),
RSYf € dom (Aq) C F(Q).
It is clear from (4.16) that f > 0 implies R?f >0 and f <1 implies )\R?f <1
If f € L? (M) then set R$f := R (f|q).
Lemma 4.12. Let  C M be an open set, A > 0, and let a non-negative function u € F satisfy
weakly in Q the inequality
(4.17) —Au+Au > f,
where 0 < f € L?(Q). Then
u> RSf.
Proof. Tt follows from the definition (4.16) of the resolvent that the function v = RS!f satisfies
in 2 the equation
(4.18) —Aqu+ v = f.
Multiplying (4.18) by ¢ € F (2) and integrating over 2, we obtain
€, ¥) +A(v,9) = (f,9),
that is, v satisfies weakly the equation
—Av+ v = fin Q.
It follows from (4.17) that the function w = v—wu belongs to F and satisfies weakly the inequality
—Aw+ A w < 0in Q.

Since w < v and v € F (), we conclude by Lemma 4.4 that wy € F (2). Then by Proposition
4.6, we obtain w < 0 in 2, that is, © > v, which was to be proved. ([l

It follows from Lemma 4.12 that the function v = Rg\) f is the minimal non-negative solution
from the class F to the equation
—Au+ Au = fin Q,
which is understood in the weak sense.

Lemma 4.13. If {Q;}:°, is an increasing sequence of open subsets of M and Q = |J;2, ; then,
for any A >0 and any 0 < f € L? (),

RYif *% ROf.

Proof. Set u; = R f and observe that, by Lemma 4.12, the sequence {u;} is increasing and
0 <u; < R

Therefore, u; converges almost everywhere to a measurable function v on € such that
0<u< Rl

This implies that u € L? () and, by the dominated convergence theorem, u; — u in L% ().
We need to prove that u = R? f-

Let us first show that u € F (). The function u; belongs F (€2;) and, hence, u; € F (2). Let
us show that the sequence {u;} is Cauchy in F () with respect to the norm &;. Each function
u; satisfies the equation
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for any ¢ € F (€;). Choosing here ¢ = u;, we obtain
E (us,u) + o (uiy ug) = (f,us)
Fix k > i and observe that the function ¢ = uy — 2u; belongs to F (2%). Therefore, by the
analogous equation for uy, we obtain
& (ukvuk - 2“1) +a (ukvuk - 2“1) = (f7 Ug — 2“1) .
Adding up the above two lines yields
€ (ur) + € (ui) — 26 (up, w;) + o ([Jugl® + il = 2 (wp, wi)) = (f,ur — wi)
whence
€ (ur, — ui) + alluy, — wil|* = (f,up —ws) < | fllfluw — will-

Since ||ug—u;|| — 0 as k,i — oo, we conclude that also € (u, — u;) — 0 and, hence, & (ur — u;) —
0. Therefore, the sequence {u;} is Cauchy in F (€2) and, hence, converges in F (2). Since its
limit in L? () is u, we conclude that the limit of {u;} in F () is also u. In particular, u € F (Q).

Now we can show that u = R f. Fix a function ¢ € F (£2) and observe that the support
of ¢ is contained in €; when i is large enough. Therefore, (4.19) holds for this ¢ for all large
enough i. Passing to the limit as ¢ — oo, we obtain that the same equation holds for u instead
of u;, that is,
(4.20) € (u,0) + a(u, ) = (f,90) -

Since Fy (Q) is dense in F (), this identity holds for all ¢ € F (Q). Since the function RS f
belongs to F (2) and also satisfies (4.20), we obtain that the function v = u — R, f belongs to
F (92) and satisfies the identity

E(v,9) +a(v,p) =0,
for all ¢ € F (). Setting ¢ = v, we obtain v = 0, which finishes the proof. O

The following statement is a modification of Lemma 4.12 in the case of a local form, where
the hypotheses u > 0 in M can be relaxed to u > 0 in €.

Lemma 4.14. Let the Dirichlet form (€, F) be local. Let Q@ C M be an open set, A > 0, and let
a function uw € F N L (M) be non-negative in Q0 and satisfy weakly in 2 the inequality

(4.21) —Au+u> f,

where 0 < f € L?(Q). Then

u > RSf.
Proof. It suffices to prove that

u> RYf,
for any open set U € 2 and then take an exhaustion of {2 by such sets U and pass to the limit
by Lemma 4.13. Let ¢ be a cut-off function of the pair (U,{2). Then pu € F and, since pu is
supported in €2, it follows that pu € F (2). Observe that pu > 0. Let us apply Lemma 4.12 to

the function yu instead of u and in the space (2 instead of M. For that, we need to verify that
the following inequality holds weakly in U:

—A(pu) + A(pu) = f.
Indeed, for any 0 < 1 € F (U), we have
E(pu, ) + A(pu, ) = E((p = Du,¥p) + € (u, ¥) + A(u, ) > (f, ),
where we have used

which is true by the locality of the form (&, F), and

€ (u, ) + A(u, ) = (f,4),
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which is true by (4.21). By Lemma 4.12, we conclude that in U
u=u>RYf,
which was to be proved. O

Corollary 4.15. Assume that the Dirichlet form (€, F) is local. Let Q C M be a precompact

open set and X\ > 0. If a function w € F N L* (M) is such that 0 < w <1 in Q and w satisfies
weakly in Q the inequality

(4.22) —Aw+ Aw <0,
then
(4.23) w < 1— AR in Q.

Proof. Let ¢ be a cut-off function of the pair (2, M) and consider the function u = ¢ —w (see
Fig. 8). Clearly, u € FNL>® (M) and u > 0 in Q. Let us show that u satisfies weakly in €2 the

-

F1GURE 8. Functions w, ¢, R?lg

inequality
—Au+Au > A
Indeed, for any 0 < ¢ € F (2), we have
E(w,¥) + A(u,¥) = E(p,¥) + A, ¥) = (€ (w,¥) + A(w,9)) 2 A(1, ),
where we have used that € (¢,1) > 0 by Lemma 4.2, (¢,v) = (1,v), and
€ (w,9) + A(w,9) <0
by (4.22). By Lemma 4.14, we conclude that
u > ARS1gq,
whence it follows that in (2
w=¢-u=1-u<1-AR{1g,
proving (4.23). O

4.3. Comparisons lemmas for the heat semigroup. In this subsection, (£, F) is a regular
Dirichlet form in L? (M).

Lemma 4.16. Let U be an open subset of M, and 0 < f € L?>(U). If u: Ry — F is a weak
non-negative supersolution to the heat equation in Ry x U and

2
(4.24) u(t,-) gy fast—0
then, for allt > 0,

(4.25) u(t,") > PYf.



32 GRIGOR’YAN AND HU

Proof. Function PV f is a weak solution to the heat equation in R, x U (cf. Example 4.10), and
satisfies the initial condition (4.24). Hence, for the difference w = PV f — u, we have

9w _ Aw < 0 weakly in Ry x U,
wy (t,-) € F(U) for any t > 0,

2
w(t,-) RO ast — 0,

where the middle condition follows from w (,-) < PV f € F (U) and Lemma 4.4. By Proposition
4.11, we conclude that w < 0, whence (4.25) follows. O

In particular, if {2 is an open set containing U then applying Lemma 4.16 to u = PtQ f we
obtain P'f > PVf.

Lemma 4.17. If {Q;}:°, is an increasing sequence of open subsets of M and Q = J:2, Q; then,
for anyt >0 and any 0 < f € L? (),

(4.26) P 2% P s i — oo,

Proof. Assume first that f € L? (Q1). The sequence of functions {Pth f}2, is increasing and is

bounded by Pf’f. Hence, for any ¢ > 0, the sequence {PtQi f} converges almost everywhere to a
measurable function u; on €2 such that

0 <u < Pf.

We need to show that u; = PtQ f. Since u; € L? (), the dominated convergence theorem implies
that
L L*(Q
PtQZf —(>) Ut.
} />0 18 strongly continuous, the function ¢ — P f is continuous as a

path in L? (Q), for all ¢ > 0. Let us prove that the path t + u; is continuous in L? (). For all
s> 0and t > 0, we have

|Phes = 25| = || P (P2s = 5)|| < 1P2s — 1.
Since PSQl f< PL?" f< PL? f, it follows that
[Pf = POf| < PR s = £+ PR - £
Letting ¢ — co, we obtain

luers —uel] < [|PPf — f|| +||P2F — f|| = 0as s =0,

Since the semigroup { Py

which means that u; is right continuous. If ¢t > s > 0 then we have
Q Qi |l _ || p Q Q;
‘Pt—sf_Pt fH_HPt—s(f_Ps f)HSHPs f_fH

Arguing as above, we obtain that wu; is also left continuous.
Fix a non-negative function ¢ € F N Cp () and observe that ¢ € F (€;) for large enough 1.
It follows from (4.16) and the monotone convergence theorem that, for any « > 0,

(R f,0) = /0 e (PR f, p)dt — /0 o (ug, ) db

as ¢ — 0o0. On the other hand, by Lemma 4.13,

(R% [, ) — (%, ) = /O ot (PR f, ) dt,

whence it follows that

/ e (ug, ) dt = / e~ ot (Ptﬂf, <p) dt.
0

0
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Since (ug, @) < (P f,¢) and the functions (us, ), (P f,¢) are continuous in ¢, this identity is
only possible when

(4.27) (ut, ) = (Pth, ) for all t > 0.

It follows that u; = PtQ f, which was claimed.
Finally, consider an arbitrary non-negative function f € L? (2). Fix k € N and set f; = flq,.
By the previous part of the proof, we have

) L2(Q
Ptﬁsz —(>) Ptﬂfk as i — oo.
For any ¢ > k, we have

| pes - PRy

|

IA

HPth - PthkH + HPthk - PtQika + HPtQif,c — Py

201f = full + | P2 — P £

|

IN

whence it follows that

timsup || Pf = PR f|| < 201f = il
1—00
Letting k — oo, we obtain lim;_, HPth — Py ‘ = 0, whence (4.26) follows. O

Lemma 4.18. For any two open subsets U C 2 of M, for any compact set K C U, for any
0< feL*(M) and all t > 0,

(4.28) essup (Ptﬂf - Pth) < sup essup Pf.
Q sel0,] Q\K

In particular, applying (4.28) for Q = M, we obtain, for any f € L? (M), t > 0 and almost
allz € M,

(4.29) Pif(xz) — PV f(z) < sup essup P,f.
se(0,t] K¢

Proof. Let {Q;};2, be an increasing sequence of precompact open sets that exhausts Q and
{U;};2, be a similar sequence to exhaust U and such that K C U; C ; for all i. By (4.26) and

PtUi f < PV, it suffices to prove that

essup (Ptﬂi - PtUi f) < sup essup PSQZ' f
Q; s€[0,t] U\K
Hence, renaming €2; to {2 and U; to U, we can assume in the sequel that U and €2 are precompact.
Fix some T' > 0 and set
m = sup essup PL? f
s€[0,T] Q\K

If m = oo then (4.28) is trivially satisfied for ¢ = T'. Assuming in the sequel that m < co, choose
a cut-off function ¢ of the couple (£, M), and consider the function

(4.30) ut = P f — PV f — mep.

It suffices to prove that uz < 0 in . In fact, we shall prove that u; <0 in  for all ¢ € [0,T7].
For any t € [0,T], we have uy € F and u; < 0in M \ K, the latter being true by the definition

of m. It follows that (u;), = 0 in M \ K and, hence, (u;) . € F(U). By Proposition 4.11, in

order to prove that u; < 0 in U, it suffices to verify that u; is a weak subsolution to the heat
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equation in (0,7) x U and that (u;), — 0 in L? (U) as t — 0. Indeed, for any 0 < ¢ € F(U),
we have

Ouy _QQ_QU
(Gev) = (5P0s - 50t 0)

= —£(PPf-PIf, ¥)
= —& (ug, V) — mE(p, ) < =& (ug, ),

where we have used the identity (4.14) and the fact that £(¢,%) > 0 by Lemma 4.2. Hence, u;

is

a weak subsolution to the heat equation in (0,7") x U.
Since P{’f and PY f tend to f in the norm of L? (U) as t — 0 and ¢ = 1 in U, it follows from

(4.30) that u; - —m in L? (U) as t — 0. Hence, (u¢), — 0 in L? (U) as t — 0, which finishes
the proof. O
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