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ABSTRACT. We prove that in presence of L? Gaussian estimates, so-called Davies-Gaffney
estimates, on-diagonal upper bounds imply precise off-diagonal Gaussian upper bounds for
the kernels of analytic families of operators on metric measure spaces.

CONTENTS
1. Introduction 1
2. Theorems of Phragmén-Lindelof type 4
3. Davies-Gaffney estimates 7
3.1.  Self-improving properties of Davies-Gaffney estimates 9
3.2.  Finite speed propagation for the wave equation and Davies-Gaffney estimates 11
4. From on-diagonal bounds to Gaussian bounds 13
4.1. Polynomial decay 14
4.2. The doubling case 17
4.3. Operators acting on vector bundles 22
4.4. Gaussian estimates for the gradient of the heat kernel 25
4.5. Families of operators without semigroup property 28
4.6. LP — L9 Gaussian estimates 29
4.7.  Other functional spaces 36
4.8. Possible further generalizations 37
4.9. Open question 37
References 38

1. INTRODUCTION

The study of properties of second-order self-adjoint differential operators often depends on
Gaussian upper bounds for the corresponding heat kernel, that is the kernel of the semigroup
generated by these operators. Gaussian heat kernel upper bounds play a crucial role in
the proofs of many results concerning boundedness of the Riesz transform, convergence of
Bochner-Riesz means or boundedness of spectral multipliers, as well as problems related to
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maximal regularity properties (see for example the articles [18, 20, 21, 43, 4, 37, 15, 1, 2,
14, 28, 19] and the monograph [46]). If p;(x,y) denotes the heat kernel corresponding to
a second-order differential elliptic or sub-elliptic operator, then the typical Gaussian heat
kernel upper bound is of the form

C d*(z,y)
(L) 0= i) < e (<)
for all ¢ > 0, x,y ranging in the space where the operator acts. For instance, if p, is the
kernel corresponding to the Laplace-Beltrami operator on a Riemannian manifold, then, at
least in some favorable cases, one expects V(x,r) to be equal to the volume of the geodesic
ball of radius r and centered at x and d denotes the Riemannian distance. In the standard
approach, proofs of Gaussian estimates are divided into two steps. First one obtains on-
diagonal estimates

C
pt(%@ < m

for all £, z. Then the theory says that one can automatically improve on-diagonal bounds by

d?(z,y)
Ct

are basically three known methods to derive Gaussian bounds from on-diagonal bounds (1.2):
Davies’s perturbation method (see [23], [26], [16]), the integrated maximum principle (see
[33], [34], [35]) and finite propagation speed for the wave equation (see [49, 51]).

The main aim of the present paper is to introduce a new method for deducing Gaussian
bounds from uniform bounds (1.2), which relies mainly on the Phragmén-Lindel6f theorem.
Our approach is closely related to the main idea behind complex interpolation, and it shows
that surprisingly the Gaussian bounds and the complex interpolation results are of similar
nature. This allows us to look at the off-diagonal Gaussian bounds from a new perspective.
The use of Phragmén-Lindelof theorems for heat kernel estimates was introduced to our
knowledge in [25], see in particular Lemma 9, see also [23, Theorem 3.4.8, p.103|. In [25],
Davies uses Gaussian bounds for real time and the Phragmén-Lindelof technique to obtain
complex time estimates for the heat kernel, that is estimates for p,(x,y) for all z € Cy,
where C, is the complex half-plane Rez > 0. Roughly speaking, in our approach, we reverse
the order of Davies’s idea and we use the Phragmén-Lindelof technique to obtain both real
and complex time Gaussian bounds. Our method yields more precise complex time Gaussian
bounds than in [25] and [23, Theorem 3.4.8, p.103].

We express the assumptions of our results in terms of so-called Davies-Gaffney estimates.
To our knowledge, these estimates were formulated for the first time in [24], but according to
Davies himself the idea stems from [31]. Davies-Gaffney estimates hold for essentially all self-
adjoint, elliptic or subelliptic second-order differential operators including Laplace-Beltrami
operators on complete Riemannian manifolds, Schrodinger operators with real-valued po-
tentials and electromagnetic fields, and Hodge-Laplace operators acting on differential forms
(see Theorem 3.3 and Section 4.3 below). A discrete time version of the Davies-Gaffney esti-
mate is discussed in [22]!. Davies-Gaffney estimates are also easy to obtain. For non-negative
self-adjoint operators, they are equivalent with the finite speed propagation property for the

(1.2)

adding the Gaussian factor exp <— ) and obtain this way Gaussian bounds (1.1). There

lHowever, it is not clear how to extend the methods of the present work to the discrete time case, in
order to replace the use of the rather technical discrete integrated maximum principle as in [22].
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corresponding wave equation (see [51] and Section 3.2 below). We discuss this equivalence
here as a simple but illuminating application of the Phragmén-Lindel6f technique.

Our approach allows us to obtain far reaching generalizations of the results obtained in
(23, 26, 16, 33, 34, 35, 49, 51]. In the present paper, we do not have to assume anything
about the nature of the infinitesimal generator of the semigroup under consideration; in
particular, the generating operator does not have to be a second-order differential operator,
and the semigroup does not have to be Markov. Our method works also for operators
acting on differential forms and more generally on vector bundles 2. Actually, instead of
considering the analytic semigroup {exp(—zL): z € C,} generated by some non-negative
self-adjoint operator L, we are able to study any uniformly bounded analytic family of
operators {¥(z): z € C;}. We do not have to assume that U has the semigroup property
nor that W(z) is a linear operator, as far as {U(z): z € C,} satisfies the Davies-Gaffney
estimates (see (3.2) below). For example we can study the estimates for the gradient of
the heat kernel in the same way as the estimates for the heat kernel itself. We are also
able to consider the family given by the formula ¥(z) = exp(—zL) — exp(—2zL°) where
L, L° are different generators of analytic semigroups. For example, one can consider the
situation where L is an operator with periodic coefficients in divergence form and LY is its
homogenization, to obtain Gaussian estimates for the difference of the corresponding heat
kernels |p;(z,y) — pY(z,y)|.

Next, our methods have various applications in the theory of L? to LY Gaussian estimates,
developed by Blunck and Kunstmann in [8, 9, 10, 11, 12], see also [42] and [5]. Blunck
and Kunstmann call such estimates generalized Gaussian estimates. They use generalized
Gaussian estimates to study LP spectral multipliers for operators without heat kernels. Our
approach provides a strong tool to verify the generalized Gaussian estimates for a large class
of operators. It is natural here to consider not only LP spaces but other functional spaces.
This leads to another generalization of Gaussian estimates (see Section 4.7 below).

Before we introduce all technical details needed to state our main results, we would like to
discuss Theorems 1.1 and 1.2 below, which are only specific consequences of these results, but
provide a good non-technical illustration of our approach. In [23, Theorem 3.4.8 p.103] (see
also [25, Lemma 9]) Davies shows that the Gaussian estimate for the heat kernel extends
to complex values of time. The surprisingly simple proof of Theorem 1.1 yields a more
precise version of [23, Theorem 3.4.8 p.103], and at the same time it provides an alternative
proof of real time off-diagonal Gaussian bounds obtained in [23, 26, 16]. Recall that the
heat semigroup exp(—tA) generated by the (non-negative) Laplace-Beltrami operator A
on a complete Riemannian manifold M is self-adjoint on L?*(M) with a smooth positive
kernel py(x,y), t > 0, x,y € M, called the heat kernel on M; it extends to a complex time
semigroup exp(—zA), z € C,, with a smooth kernel p,(z,y), z € C,, x,y € M. Denote by
d the geodesic distance on M.

Theorem 1.1. Let p,, z € C,, be the heat kernel on a complete Riemannian manifold M.
Suppose that

(1.3) pi(x,x) < Kt™P2 Yt >0,z M,

21t is worth noting at this point that there is a connection between estimates of the heat kernel on 1-forms
and the L? boundedness of the Riesz transform for p > 2 (see for example [21, 20, 51]).
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for some Kand D > 0. Then

d? D/2 22
(L4) p-(.9)| < eK (Rez) P (HRQ faw) x (_Re (;fy))
< z

forall ze Cy, x,y € M.

For z =t € R,, estimates (1.4) can still be improved. It is possible to prove that

7 (D-1)/2 »
(1.5) 0<p(z,y) <Ct7P2(1+ dle.y) exp | — (z,y)
4t 4t
(D-1)/2
(see [49]). Moreover, it is known that the additional term <1 + %) cannot be

removed in general from (1.5). See [45] for a counterexample. However, using the Phragmén-
Lindelof technique we obtain the following variation of Theorem 1.1.

Theorem 1.2. Let p,, z € C,, be the heat kernel on a complete Riemannian manifold M .
Suppose that

(1.6) p-(z,y)| < K|2|7"%, V2 € Cy, 2,y € M,
for some Kand D > 0. Then

P, y)] < ]z exp (—Re

d*(z,y)
4z
forall ze C,, x,y e M.

Theorems 1.1 and 1.2 are straightforward consequences of Theorems 4.1 and 4.2 below,
and the well-known fact that the Laplace-Beltrami operator on complete Riemannian mani-
folds satisfies Davies-Gaffney estimates, see the remark after Theorem 3.3 below or [24, 35].

D/2
Theorem 1.2 shows that one can remove the additional factor (1 + M) in (1.5) if

one is able to replace estimates (1.3) by the stronger ones (1.6). This is an example of a
result which we can obtain using Phragmén-Lindelof technique and which does not seem to
follow from the techniques developed in [23, 26, 16, 33, 34, 35, 49, 51].

2. THEOREMS OF PHRAGMEN-LINDELOF TYPE
Let us start with stating the Phragmén-Lindelof theorem for sectors.

Theorem 2.1. Let S be the open region in C bounded by two rays meeting at an angle
7/a, for some o > 1/2. Suppose that F is analytic on S, continuous on S, and satisfies
|F(2)] < Cexp(c|z|?) for some B € [0,a) and for all z € S. Then the condition |F(z)| < B
on the two bounding rays implies |F(z)| < B for all z € S.

For the proof see [44, Theorem 7.5, p.214, vol.Il] or [52, Lemma 4.2, p.108]. Proposi-
tions 2.2, 2.3 and 2.4 are simple consequences of Theorem 2.1.

Proposition 2.2. Suppose that F is an analytic function on C.. Assume that, for given
numbers A, B,y >0, a > 0,

(2.1) |F(2)]| < B, VzeCy, and

(2.2) |F(t)] < Ae®e™ 7, VteR,.
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Then
(2.3) |[F'(2)] < Bexp <—Reg> , VzeC,.

Proof. Consider the function

(2.4) u(¢) = F (g) ,

which is also defined on C;. By (2.1),
u(Q)et| < Bexp|¢|, V¢ e Cs.
Again by (2.1) we have, for any € > 0,

(2.5) sup |u(¢)e| < Be®.
Re¢=¢
By (2.2),
(2.6) sup |u(Q)eS| < Aev/s.
(€le,00)

Hence, by Phragmén-Lindel6f theorem with angle 7/2 and 3 = 1, applied to
St={2€C: Rez>¢ and Imz >0}

and
S ={2€C: Rez>¢ and Imz <0},

one obtains
sup |u(¢)et| < max{Ae/, Bef}, Ve > 0.

Re¢>e
Now by the Phragmén-Lindelof theorem with angle 7 and 3 = 0,
(2.7) sup |u(¢)e’| < Be®, Ve > 0.
Re¢>e

Letting ¢ — 0 we obtain

sup |u(¢)e| < B.
Re¢>0

This proves (2.3) by putting ¢ = 1. i

Note that the estimate (2.3) does not depend on constants A,a in (2.2). This simple

observation is the heart of the matter in the present paper.

The above proposition will be used to prove the equivalence between the finite speed
propagation property for the solution of the wave equation and Davies-Gaffney estimates
(see §3.2 below). However, in order to study the Gaussian bounds for heat kernels, we shall

need a more sophisticated version of Proposition 2.2.

Given v > 0, denote by C, the closed disk in C centered on the real axis, tangent to the

imaginary axis, with radius «/2, that is the region

Cvz{ze(C\{O}:Regzl}.
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Proposition 2.3. Let F' be an analytic function on C,.. Assume that, for given numbers

A, B,v,v >0,
(2.8) [F(z)| < A
forall z € Cy;
(2.9) [F(t)] < A7
for allt € Ry such that t < 7,
—v/2

Rez
2.10 F <B|—
210 re <5 ()
for all z € C,. Then

20% g

(2.11) IF(2)] < eB (Iz\) exp ( Rez>

forall z € C,.

Proof. Consider again the function v defined by (2.4). It satisfies condition (2.5) and (2.6)
with B = A, a =0 and € = 1. Hence by (2.7)

(2.12) sup |u()el| < eA.
Re¢>1

Consider now the function v defined on C, by the formula

v(¢) = (20)"u(Q)e".
Note that [v(¢)] < 27%|u(¢)e’| for Re¢ > 1 so by (2.12) v is bounded on the set Re¢ > 1 .
Now, by Phragmén-Lindelof theorem with angle 7 and § = 0,

sup [v(¢)| = sup [v(C)].
Rec¢>1 Re¢=1

Put ¢ =1+is. By (2.10),

sup Q) = sup 120 (1) 8

Re¢=1 Re¢=1
1 —v/2
< sup eB|2(]™ <Re—>
Re¢=1 4¢
, N 1 —v/2

< €B§l€l£ (14 s%) (1+32) =eB.
Hence
(2.13) sup |[v(¢)| <eB.

Re¢>1
Now we put ¢ = 1 in (2.13) and we obtain

=
z
This proves (2.11) for all z € C,. 1

|F(z)|exp (Re%) <eB.
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Finally let us discuss one more version of Proposition 2.3. We shall need this modified
version to prove Theorem 1.2. The main difference between Propositions 2.3 and 2.4 is that
we multiply the function F' by an analytic function e? satisfying a growth condition.

Proposition 2.4. Let g and F' be analytic functions on C. Assume that, for given numbers
Coe,y>0and0< (<1,

(2.14) lexp g(2)| < Cel™”

forall z € C,.
Next assume that F' satisfies conditions (2.8) and (2.9) and that

—v/2
Rez
(215) FOI<B(T)  ewl(re(z)
for some v >0 and all z € C,. Then
27\’ gl
< il _ — Re-
|F(2)] <eB (]2\) exp( Reg(2) Rez)

for all z € C,.

Proof. Define functions u; and v; on Cy by the formulae

01(€) = (20) w1 ()€ = (20)"u(C) exp (g (g)) € = (20)'F (g) exp (g (g)) .
By (2.12) and (2.14),

1 (Q)] < 27w (¢)ef| = 27" |u(¢)e|| exp (g (%)) | < 2 YeACe IeI°
if Re¢ > 1. Now by Phragmén-Lindelof theorem with angle 7

sup [vi1(¢)] = sup |vi(Q)]-
Re¢>1 Re¢=1

By (2.15),

1 —v/2
sup [or(Q)] < sup eBJ2(] (Re—) ,
Re¢=1 Re¢=1 4¢

and the rest of the proof is as in Proposition 2.3.

3. DAVIES-GAFFNEY ESTIMATES

Let (M, d, 1) be a metric measure space, that is u is a Borel measure with respect to the
topology defined by the metric d. Next let B(x,r) = {y € M, d(x,y) < r} be the open
ball with center x € M and radius » > 0. For 1 < p < +00, we denote the norm of a
function f € LP(M,dp) by | fll,, by (.,.) the scalar product in L*(M,du), and if T is a
bounded linear operator from LP(M,du) to LI(M,du), 1 < p,q < +o0, we write ||T||,—, for
the operator norm of 7.

Suppose that, for every z € C, ¥(z) is a bounded linear operator acting on L?*(M, du)
and that W(z) is an analytic function of z. Assume in addition that

(3.1) [U(2)[oms <1, VzeCy.
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For Uy,Uy, C M open subsets of M, let d(Uy,Us) = inf,ep, yev, d(z,y). We say that the
family {¥(z): z € C,} satisfies the Davies-Gaffney estimate if

(3.2 (0512 < exp (=1 ) Wil

forallt > 0,U; C M, f; € L*(U;,dp), i = 1,2 and r = d(Uy;,Us). Note that we only assume
that (3.2) holds for positive real t.

A slightly different form of Davies-Gaffney estimate is mostly considered in the literature
(see for instance [24] or [35]): in our notation, it reads

(3.3 (O )| < e (= ) VAT

where x;; denotes the characteristic function of the set U. Of course, (3.3) follows from (3.2)
by taking fi = xy, and f; = xp,. Conversely, assume (3.3) and let f; = > i cj-x i, Where

Aj- C U;. Then

d*(AL, A2
LRI DL I (Ae))l/ZeXp( %)

5 S et e p( %j”)

By (3.1), < ¥(2)f1, fo >< Hf1H2Hf2H2 Proposition 2.2 then yields (3.2) for such fi, fo, and
one concludes by density.

IA

One may wonder what is the justification of the constant 4 in (3.2); we shall see in Theorem
3.4 below that in the case where ¥(z) is a semigroup e *%, 4 is the good normalisation
between the operator L and the distance d, namely it translates the fact that the associated
wave equation has propagation speed 1.

The other constants in (3.1) and (3.2) have been normalized to one for simplicity, anyway
then can be absorbed by multiplying accordingly the family W(z).

3.0.1. Examples. Semigroups of operators generated by non-negative self-adjoint operators
always satisfy (3.1), and among them many examples of interest satisfy (3.2). Recall that,
if L is a non-negative self-adjoint operator on L?(M,du), one can construct the spectral
decomposition Ep(\) of the operator L. For any bounded Borel function m: [0,00) — C,
one then defines the operator m(L): L*(M,du) — L*(M,du) by the formula

m(L) = /Ooo m(\) dEL(\).

Now, for z € C; and m.(\) = exp(—zA), one sets m,(L) = exp(—zL), z € C;. By
spectral theory the family W (z) = {exp(—zL): z € C.}, also called semigroup of operators
generated by L, satisfies condition (3.1).

As we already said, condition (3.2) holds for all kinds of self-adjoint, elliptic, second
order like operators. Condition (3.2) is well-known to hold for Laplace-Beltrami operators
on all complete Riemannian manifolds. More precisely, Condition (3.3) is proved for such
operators in [24] and [35]. See also the remark after Theorem 3.3. In the more general
setting of Laplace type operators acting on vector bundles, condition (3.2) is proved in [51].
Another important class of semigroups satisfying condition (3.2) are semigroups generated
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by Schrédinger operators with real potential and magnetic field (see for example [50], as
well as Theorem 3.3 and Section 4.3 below).

Note that self-adjointness and non-negativity of L are a way to ensure that exp (—zL)
is defined for z € C,, and (3.1), but these conditions may hold for non-self-adjoint L, and
they are sufficient by themselves to run the rest of our theory.

Estimates (3.2) also hold in the setting of local Dirichlet forms (see for example [38, Theo-
rem 2.8|, and also [53], [54]). In this case the metric measure spaces under consideration are
possibly not equipped with any differential structure. However, the semigroups associated
with these Dirichlet forms do satisfy in general Davies-Gaffney estimates with respect to an
intrinsic distance.

In the sequel, if (M,d, p) is a metric measure space and L a non-negative self-adjoint
operator on L?(M,du), we shall say abusively that (M, d, u, L) satisfies the Davies-Gaffney
condition if (3.2) holds with ¥(t) = e~

3.1. Self-improving properties of Davies-Gaffney estimates. It is convenient to es-
tablish two simple lemmas concerning Davies-Gaffney estimates before discussing our main
results. First we observe that given (3.1) it is enough to test (3.2) on balls only. Then we
observe that any additional multiplicative constant or even additional exponential factor in
(3.2) can be replaced by the constant in (3.1).

Lemma 3.1. Suppose that (M, d, i) is a separable metric space and that the analytic family
{U(2): z € C,} of bounded operators on L*(M,du) satisfies condition (3.1), and condition
(3.2) restricted to all balls U; = B(x;,r;), i = 1,2, for all x1,29 € M, 71,79 > 0. Then it
satisfies condition (3.2) for all open subsets Uy, Us.

Proof. Let Uy and U, be arbitrary open subsets of M; set r = d(Uy, Us). Let f = Zle fi,
where for all 1 < i < k, f; € L*(B(wy,r;),du), B(z;,r) C Uy, and fi, (z)fi,(z) = 0 for
all x € M, 1 < iy < iy < k. Similarly let g = Zﬁ:l g; where g; € L*(B(y;,s;),du),
B(yj,sj) C Uy forall 1 <j </ and gj,(x)g;,(z) =0forall z € M, 1< j < j, </l Note
that d(B(z;,r:), B(y;, sj)) > r. Now if condition (3.2) holds for balls then

k l
(L = (O f D9

k ¢
= > D W) fig))l
i=1 j=1
k ¢ 2
< > Y e wIfillallgsl
i=1 j=1
7‘2 k g
< e w (ZHfin) (ZH%M)
i=1 j=1
<

k /2 , , 1/2
e—zm(zmn;) (anjH%)
i=1 Jj=1
= e TVE f2llgl.
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Now we assume that (3.1) holds so if we put F/(z) = (¥(2)f, g) then Proposition 2.2 shows
that the term Ckl in the above inequality can be replaced by 1. This means that (3.2)
holds for f and g. Now to finish the proof of the lemma, it is enough to note that, since
M is separable, the space of all possible finite linear combinations of functions f such
that supp f C B(z,r) C U is dense in L?(U,du). Moreover, if f = Zle fi and f; €
LQ(B(xz, ri),dp) for all 1 < i < k then there exist functions fi € L*(B(x;,74), dy) such that
f =321 fi and in addition, for all 1 <4y < iy <k, fi,(z)fi,(x) = 0 for all z € M. n

Lemma 3.2. Suppose that the family {V(z): z € C,} satisfies condition (3.1). Assume in
addition that, for some C' > 1 and some a > 0,

(3.4) [(U(t) fr, fo)| < Cee 5 | fillal| foll2,  VE >0,
whenever f; € L*(M,du), supp f; € B(x;,r;), ¢ = 1,2, and r = d(B(xy,71), B(x2,72)).

Then the family {V(z): z € C,} satisfies condition (3.2).
Proof. Lemma 3.2 is a straightforward consequence of Proposition 2.2 and Lemma 3.1. 1

Let us give an application of Lemma 3.2 by giving yet another example where Davies-
Gaffney estimates hold, namely Schrédinger semigroups with real potential. Suppose that
A is the non-negative Laplace-Beltrami operator on a Riemannian manifold M with Rie-
mannian measure y and geodesic distance d, and consider the operator A 4+ V acting on
C*(M), where V € LY (M, du). If we assume that A +V > 0 then we can define the
Friedrichs extension of A + V), which with some abuse of notation we also denote by A +V
(see for example [23, Theorem 1.2.8].

Theorem 3.3. Suppose that A is the Laplace-Beltrami operator on a Riemannian manifold
M, that V € L'\ . (M,du) and that A +V > 0 as a quadratic form. Then the semigroup
{U(2) = exp(—2(A+V)): z € C,} satisfies condition (3.2).

Proof. We start our proof with the additional assumption V > 0. For f € L*(M, dp),
t >0,z € M, weput fi(x) = f(t,z) = exp(—t(A + V))f(z). Let k > 0, and a function
¢ € C(M), both to be chosen later, such that |V¢| < k, where V is the Riemannian
gradient on M. Next, as in [25, 35, 51], we consider the integral

= [ 15t 0P duta).
M
Then

B _ g [ o) T duto) = ke [ (8 +V)f) Tk d
M M
_ _Re/M(vft.v(fte£)+|ft|2vef)d
N _Re/M (VAP + Vi £FVE+IFPY) e dp
< [ VAP + IVAIVELD ¢ da
M
W2E(t)
< 1 [ aEvePean <

(note that the non-negativity of V is used in the first inequality). Hence FE(t) < exp(x?t/2)E(0).
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Consider now two disjoints open sets U; and U, in M. Choose & = rd(.,U;). One has
V& < K, € =0on Uy, and, for any g € L2 (M, dpu),

loc

lg]?etdp > e [ |g|* dp,
U2 U2

where r = d(Uy, Us). Hence if supp f C U then, taking g = f;,

K2t K2t
2 dn < e B(t) < exp (— - ) E(0) = exp (— _ ) an
Us 2 2 Uy

Choosing finally x = r/t we obtain
2

,
P < e (<5 ) [ 172
U2 Ul

that is, for all f € L?(Uy,du),

2
p |9 = [ v < e (-3 ) 171
9eL2(Uz,dp), llgll2=1 Uz

which yields (3.2). Next, we consider a potential V € L' (M) such that A +V > 0. We
put V,(z) = max{V(z), —a} and L, = A +V,. When a goes to oo then L, converges to
L = A+ in the strong resolvent sense (see [40, Theorem VIII.3.3, p.454] or [48, Theorem
S.16 p.373]). Hence by [48, Theorem VIII.20, p.286] or by [40, Theorem VIIL.3.11, p.459
and Theorem IX.2.16, p.504 |, exp(—tL,)[f converges to exp(—tL)f = exp(—t(A+V))f for
any f € L*(M). Hence it is enough to prove (3.2) for a given a € R. Finally we note that
V., + a > 0, thus it follows from the first part of the proof that

exp(—t(A+V, +a)) = e Pexp(—t(A +V,))

satisfies condition (3.2). But this implies that the semigroup exp(—t(A + V,)) satisfies
condition (3.4) and Theorem 3.3 follows from Lemma 3.2. 1

Remark : Note that the case V = 0 is allowed in Theorem 3.3, in other words it yields a
proof of (3.2) for the Laplace-Beltrami operator on complete Riemannian manifolds.

3.2. Finite speed propagation for the wave equation and Davies-Gaffney esti-
mates.

As a next application of the Phragmén-Lindelof technique developed in Section 2, we
show that, for self-adjoint operators, Davies-Gaffney estimates are equivalent to finite speed
propagation property for the corresponding wave equation. This equivalence was proved,
along the same lines, in [51]. The underlying idea is so basic to the development of the
technique in the present paper that we shall repeat this proof. One can use this equivalence
to obtain a very simple proof of the finite speed propagation property for a broad class of self-
adjoint operators (see [51]). We start with recalling the notion of finite speed propagation
property for the wave equation.

In this section, (M,d, ) is again a metric measure space. We say that a non-negative
self-adjoint operator L satisfies the finite speed propagation property for solutions of the
corresponding wave equation if

(3.5) (cos(tV'L) f1, fo) = 0
for all 0 < t < r, open sets U; C M, f; € L*(Uy,dp), i = 1,2, where r = d(Uy, Us).
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If cos(tv/L) is an integral operator with kernel K;, then (3.5) simply means that supp K; C
Dy, that is Ki(xq,x2) = 0 for all (x1,z2) ¢ D;, where

Dt = {(1’1,.252) e M x M : d(l’l,xg) < t}

Theorem 3.4. Let L be a self-adjoint non-negative operator acting on L*(M,du). Then the
finite speed propagation property (3.5) and Davies-Gaffney estimates (3.2) are equivalent.

Proof. Assume the Davies-Gaffney estimates. Fix two open sets U;, Uy C M. Let f; €
L3(U;, dp) for i = 1,2. Define a function F': C, — C by
(3.6) F(z) = (exp(—zL) f1, f2)-
Since exp(—zL) is contractive on L?(M,du), F is a bounded analytic function on C, and
it satisfies (2.1) with

B = |[fill2ll f2]l2-
In virtue of (3.2), F satisfies (2.2) with

2

r
a=0, A:||f1||2||f2||27 VZZ and T:d(UhUz)a

thus, by Proposition 2.2,

1
37) P < Lilll fallexp (e ).
Then write, for s > 0, the well-known Hadamard transmutation formula
(3.8) < exp(—sL)fi, fo >= / < cos(tVL) fr, fo > € at.

0 VTS

By the change of variable ¢ — v/t in integral (3.8) and changing s to 1/(4s), we obtain
L oo
572 < exp <—4—) fi, fa >= / (wt) Y% < cos(VEVL) f1, fo > e~ dt,
S 0
and by analytic continuation

(3.9) V% < exp <—§) f1, fa >= /OO(M)_I/2 < cos(WVtVL)fr, fo > et dt
0

for ¢ € C,. Consider the function u(¢) = ¢"Y2F (ﬁ) On the one hand, by (3.7),

[w(Q) < [l fillall fall2l¢| 7% exp(=r*ReC).
On the other hand, by (3.9), u is the Fourier-Laplace transform of the function

o(t) = (7t) "% < cos(VEVL) f1, fo > .

A suitable version of the Paley-Wiener theorem (see [39, Theorem 7.4.3, p.193]) shows
that

supp v C [r?, 00).
Thus < cos(vVEVL)fi, fo >=0for all 0 <t < r? and (3.5) is proved.
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Conversely if (3.5) holds, then by (3.8)

| <exp(—3L)f1,f2>| < /oo‘< COS(t\/Z)flaf2 >‘ f/%dt
0

o o
= / ‘< cos(tV'L) f1, f2 >‘ ﬁdt

_£
e 4

< Al falls / ot

2
< e 5| fill2ll 2|2

4. FROM ON-DIAGONAL BOUNDS TO (GAUSSIAN BOUNDS

In this section, (M, d,u) is again a metric measure space. Let L be a non-negative
self-adjoint operator acting on L?(M, du); recall that the semigroup of operators ¥(z) =
exp(—zL), z € C,, is contractive on L?(M, du), in other words it satisfies condition (3.1).

Our basic observation is the following : if p, is the kernel associated with exp(—zL), the

estimate
pe(z, ) < K t7P2 Yi>0

can be reformulated as
| exp(—tL)||1—eo < Kt P2 ¥t >0

which yields
| exp(—2L)||1—oe < K(Rez) P2, V2 € Cy
that is, in terms of a bilinear estimate,
| < exp(_ZL)f17f2 > | < K(REZ>_D/2||f1||1||f2||17 Vze C+7f17f2 € Ll(Mv d:u)

On the other hand, Davies-Gaffney says that

2
fexp(~e)fu ] < exo (=1 ) DAl

for all t >0, fi, fo € L?*(M,du), supported respectively in Uy, Uy, with r = d(Uy, Uy). With
these ingredients and the global L? bound on the complex half-plane

| < exp(—zL)f1, fa > | < | fill2ll fall2, V2 € Co, fu, fo € L2(M, dp),
the suitable Phragmén-Lindelof type lemma yields
5 r2\ P72 r2
fexp(-+L)s, £ < e (ree) 2 (rep ) oxp (el ) Il

for z in the relevant region of the half-plane and all f, fo € L'(M, du), supported in Uy, Us,
with r = d(Uy,Us). Taking for Uy, Us balls that shrink around = and y, one obtains, for

dz(xvy) 3 ]
Re—* large enough, the desired estimate

p-(2,9)| < K (Rez)"P/2 (RGM>D/2 exp (_Redz(x,y)> |

4z 4z
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Let us see this in more detail, and then in more general situations.

4.1. Polynomial decay.
Assume
| exp(—tL)||1—oe < Kt~ P2 Vit > 0.

It follows that
(4.1) | exp(—2L) |10 < K(Rez) P72 ¥z e C,.
Indeed, for t > 0, s € R,

|exp(—(t +i5)L)|1m0c < | exp(—tL/2)| 12|l exp(—isL)||a—2|l exp(—tL/2)|l2—00
= |[exp(—tL/2)||7 |l exp(—isL)||a—2
= |exp(—tL)|[1—ooll exp(—isL)||2—2
< Kt P2

using the well-known equality || T*T |1 = || T||?_,-
In particular, by [29, Theorem 6, p.503], exp(—zL) is an integral operator for all z € C,..
This means there exists a measurable kernel, which we denote by p,(z,y), such that

(4.2) fexp(—2L) f] () = /M p(z,9) f(y) du(y), for ae. z € M.

Before we start discussing Gaussian bounds, let us state another straightforward consequence
of [29, Theorem 6, p.503|, which we are going to use frequently in the sequel. A linear
operator S is bounded from L'(M, du) to L>(M, dp) if and only if it is an integral operator
with kernel p(z,y) such that esssup,cys e [p(,y)] is finite, in which case

essSUP, e nryen |P(25 Y)| = 1510

More precisely, we have the following :

Claim 1. Let Uy, Uy be open subsets of M. If p(x,y) is the kernel of a linear operator
S: LY(M,du) — L>(M,du), then

esssuP,cy, yeu, [P(@, )| = sup {|(Sf1, )| | il rwnaw = I fell i wmany = 1} -

To complete the last step of the argument we sketched above, namely to pass from esti-
mates on arbitrarily small balls to pointwise estimates, we need to assume space continuity
of the kernel under consideration, which is the case in most concrete situations, but not in
general. We shall assume from now on that for every z € C, the kernel p, is a continuous
complez-valued function defined on M x M .3 As a consequence, we can replace the essential
suprema by suprema in the above expressions, and also record the following :

If p;(z,y) is the kernel of exp(—tL), a well-known argument using the semigroup property
and the fact that p,(y, z) = pi(z,y) (see the proof of (4.15) below) shows further that

(4.3) |lexp(—tL)||1—00c = sup |pi(z,y)| = sup pi(z, x).
z,yeM xeM
We can now state the general version of Theorem 1.1. An even more general version will
be given in Corollary 4.4 below, at the expense of a slightly more complicated proof.

3For an interesting discussion about continuity properties of a general heat kernel, see [36]. On the
other hand, Brian Davies told us about a folklore example of a decent Schrodinger operator on R whose
on-diagonal values of the kernel are null on a countable dense subset.
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Theorem 4.1. Assume that (M,d, u, L) satisfies the Davies-Gaffney condition (3.2). If,
for some K and D > 0,

(44) pe(z,x) < K t‘D/Q, Vt>0, x € M,
then
d? D/2 22
(4.5) p:(z,y)| < eK (Rez) P/ <1 n Re%) exp (_Re (4967 y)>
z z

forallze Cy, x,y € M.

Proof. Fix z,y € M, and for d(z,y) > 2s > 0 define a bounded analytic function F': C, —
C as in (3.6) by the formula

F(z) = (exp(=2L) fy, f2),
where f; € LY(B(z,s),du) N L*(B(z,s),du), fo € L' (B(y,s),du) N L*(B(y,s),du) and
I filli = || f2]li = 1. In virtue of Davies-Gaffney estimates (3.2) and (3.1), F satisfies (2.8)
and (2.9) with

v =71%/4, where r = d(x,y) — 25, and A= ||fi|2]lf2ll2 < co.
Assumption (4.4) yields, through (4.3) and (4.1),
|[F(2)] = [{exp(—2L) fi, fo)| < K(Rez) P, ¥z € C.,
so that F' satisfies (2.10) with v = D and B = Kr~P. By Proposition 2.3,

D
F(2)| = [(exp(=2L)fu, fa)| < eKr= (—) exp (—Ref)
2|z| 4z

r2 D/2 r2
— ¢K —Re—
‘ (4|z|2) eXp( e4z)

72\ P72 r2
= eK(Rez) P/ (RGE) exp (_RGE)

for all z € C,2)4.
Hence by Claim 1

Ip-(z,y)] < sup  sup |p.(2,y)]
2'€B(z,s) y'€B(y,s)

= sup {(exp(—ZL)flaf2>\3 | f1ll2(B@,s)daw) = 1f2ll21 (By.s).dn) = 1}

r2\ P/? r2
eK (Rez)™P/% [ Re— exp [ —Re—
4z 4z
for all z € C,2)4.

Letting s go to 0 we obtain (4.5) for Re% > 1. Finally for Re% < 1, (4.5) is

a straightforward consequence of (4.4). Indeed in that case the Gaussian correction term
satisfies exp (—Rem> > e~ !, and the estimate (4.5) follows from

IN

4z
p-(z,y)] < K(Rez) P2

which in turn follows from (4.1). &
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Now for the general version of Theorem 1.2. Again, an even more general version will be
given in Theorem 4.6 below.

Theorem 4.2. Assume that (M,d, i, L) satisfies the Davies-Gaffney condition (3.2). Next
suppose that

(4.6) Ip-(2,y)| < K|2|7"%, Vz € Cy, m,y € M,
for some K and D > 0. Then

d2
(4.7) Ip-(x,y)| < eK|z|7P/?exp (—Re (Z’y>>
z

forallze Cy, x,y € M.
Proof. One starts as in the proof of Theorem 4.1. Then condition (4.6) yields
F(2) := [{exp(—2L) fu, fo)| < K272,

Choosing ¢ so that |exp(g(2))| = |2|”/? and taking B = K,y = 7?/4, 3 = 0, v = 0 in
Proposition 2.4, one obtains

2
exp(—zL) fr, fo)] < K=" exp (—Re;:—z)

and the rest of the proof is as before.

Remarks : The fact that an on-diagonal estimate for the heat kernel implies an off-diagonal
estimate is of course not new. See for example [23, Theorem 3.2.7, p.89] for the real time
estimate and [23, Theorem 3.4.8, p.103] for the complex time estimate. Note however, that
the results obtained in [23] are less precise than (4.5) because they involve 4 + ¢ instead of
4 in the exponential factor. To our knowledge, the estimates (4.5) with 4 as an exponential
factor are new for complex time. On the other hand, for real time and diffusion semigroups,
estimates (4.5) were obtained in [26] (see also [16]).

For z =t € R,, the estimates (4.5) can still be improved. It is possible to prove that

2 (D-1)/2 o
o) < e (14 EEDY T o ()

4t 4t

(see [49]), and this is sharp due to [45]. It is an interesting question why our results here
(and results in [26] and [16]) give weaker estimates with D /2 instead of (D — 1)/2. It is so
because in our proof we do not use the fact that the family of operators under consideration
is a semigroup generated by a self-adjoint operator; for more on this, see the discussion in
the remark at the end of Section 4.5.

Suppose now that the self-adjoint contractive semigroup exp(—tL) on L*(M,dpu) is in
addition uniformly bounded on L*(M,du), which includes the case of the heat semigroup
on a complete Riemannian manifold, since it is submarkovian. Suppose also that estimates

(4.4) hold and that
(4.8) | exp (isL) |10 < Cls|7P/2, Vs € R\ {0}.
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Then the semigroup exp(—zL) satisfies condition (4.6), hence the corresponding heat kernel
satisfies estimates (4.7). Indeed, by (4.8) for all £ > 0, s € R,

lexp(—(t + i) L)[1-00 < [ eXP(=1L/2) looocll €xp(—isL) 100 < C |s] 7",
Together with (4.1) this yields
| exp(—(t 4 i5)L)||1—00 < Cmin{t P72 |s|7P/?} < C'|t + is| /2

for all £ > 0,s € R (as a matter of fact, (4.6) is equivalent to the conjunction of (4.4)
and (4.8)). This shows that Gaussian bounds without an additional polynomial correction
factor are a necessary condition for (4.8) to hold. Let us observe that estimates (4.8) play
an essential role in studying Strichartz type estimates (see for example [41]).

4.2. The doubling case. Let (M,d, 1) be a metric measure space as above, and let p,,
z € C, be a continuous heat kernel corresponding to a non-negative self-adjoint operator L
on L*(M,dpu).

One says that (M, d, ) satisfies the doubling property if there exists C' > 0 such that

(4.9) w(B(x,2r)) < Cu(B(x,r)), Vr>0,z¢€ M.
If this is the case, there exist C',0 > 0 such that

p(B(z, s))

(4.10) w(B(x.1))

b
§C<§> , Vs>r >0,z € M.
r

In such a situation, the most natural on-diagonal estimates for heat kernels are of the
type

) < ——————— Vit >0,z e M
N T TERY) !

(see for instance [35]).

We are going to consider estimates of a similar form, but where the quantity u(B(z, V1))
will be replaced by a function V' of x and t that is not necessarily connected with the volume
of balls.

We shall assume that V: M x Ry — R, is non-decreasing in the second variable, that
is V(z,s) < V(x,r) for all x € M and all 0 < s < r, and that it satisfies the doubling
condition

e e

for all s > r > 0 and all x € M, and some constants § > 0 and K’ > 1. Finally we shall
assume that V' (z,t) is a continuous function of x.
We shall then consider the on-diagonal estimate

(4.12) pe(z, )V (z,V/t) <1, Vo e M, t>0.

One should compare the following result with [51, Theorem 4], which yields a slightly more
precise estimate for real time.
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Theorem 4.3. Assume that (M,d, i, L) satisfies the Davies-Gaffney condition (3.2). Next
assume that the corresponding heat kernel p, is continuous and satisfies the on-diagonal
estimate (4.12) with V' satisfying the doubling condition (4.11). Then

/ 2 g 2
(413) [ps(a.y)| < oK (d ifz’ﬁ)) exp (—Rw)
\/V (9& d(ﬂ;ﬂ)) Vv ((% d(ﬂg@l))

forallz € C,, x,y € M such that ReL(2:4) (x Y > 1. Forallz € Cy, z,y € M, and in particular
if Red(@:¥) (x Y <1, one has

(4.14) p=(z,y)| <

1
=T R=)

Proof. For all z € C,, z,y € M, one has

(4.15) [p-(2,9)| < V/PRe: (%, ©)PRe: (4, ¥).-
Indeed,
|pz<x7 y)‘ = ‘/ pz/2(x7 u)pz/Z(uv y) d:u(u)

IN

(/ |- ja (2, w) [* dpa(u) ) (/ P2 (u, y) P dps(u )) ;

_ (/Mpz/2($,u)pz/2(1t,x)dlu( )) (/Mpz/z(y, oy du(u)y/z

< VPRe:(7, 2)PRe: (4, Y)-

In the second equality above, we have used the fact that, since L is self-adjoint, p,(z,y) =
p=(y, x). Together with (4.12), this yields (4.14).

For a function W: M — C, we denote by my, the operator of multiplication by W, that
is
(my f)(z) = W(x)f(z),
and if W: M x R, — C then for r € R, we set

(my (. f)(x) =W(z,7)f(2).

Let us now set W (x,r) = /V(x,r). Similarly as in the proof of Theorem 4.1, fix x,y € M
and for d(z,y) > 2s > 0 set r = d(x,y) — 2s. Then define a bounded analytic function
F: C, — C by the formula

(4.16) F(z) = <exp(—zL)mW(.7%)f1, mW(.’%)ﬁ),

where

fi€ LI(B<$7 3)7 d/L)ﬂL%B(:L’, 8)7 V( ) ,1”/2) dlu')v f2 € Ll(B(yv 5)7 d:u)ﬂL2<B<y7 5)7 V( ’ ,7”/2) du);
and || f1]|1 = [|f2]]1 = 1. In virtue of (3.2) and (3.1), F' satisfies (2.8) and (2.9) with

A= ”mW( >f1H2HmW<,%)f2H2 < oo and y = 7"2/4.

r
2
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Note that, for z € C,,

!
(4.17) v > (Re—) > Rez,
z

hence r/2 > v/Rez. Now by (4.12), (4.17) and (4.11),

POl = [ [ ] paiw (55) 500w (+.5) 2 dut)) dute'

< sp w (! 5) o)W (v 1)

o'y €M 2

T T 1) _
< o | VEDVEE) ( ) - k2t (B) "
'y eM V(il?,, VR ) (y/, vV ReZ) 2+4/Rez 72
so that I satisfies (2.10) with B = K’27% and v = §. By Proposition 2.3,

s 1 J r2
< K2 R~
)l <e <2| |) eXp( R%z)

for all z € C,2/4. Note that L'(B(z, s), du)NL*(B(x, s), V(- ,7/2) dp) is dense in L'(B(z, s), dpu),
so by Claim 1,

r r r r
VY (2 D) I ) V2 (3 5) < s sup VIR (@ 5) Iy )V (v 5)

z'€B(z,s) y'€B(y,s)

= sup {|F(2)|: 1fill:B@s)dn = |2l Ba.sydn = 1}

L7 ° r?
< eK'| — —Re—
= (4|z|> o ( e4z)
for all z € Cy24. Letting s — 0, we obtain the estimate (4.13) for z € Ca2(gy)/4- B

Note that taking
V(z,r)=K P, r>0z¢e M,
one sees that Theorem 4.1 is a particular case of Theorem 4.3.

The estimate in the following corollary is less precise than the one in Theorem 4.3, but
its algebraic form is convenient for calculations and it is enough for most applications; also,
it can be compared with the case m = 2 of the estimates in [14, Proposition 4.1]. The
improvement with respect to [14] is that the constant inside the exponential is optimal, at
the expense of a necessary polynomial correction factor. To state the result, we put 8 = arg z
for all z € C,, so that cosf = Re‘*".

Corollary 4.4. Under the assumptions of Theorem 4.3,

eK'’ (1 + Re—dQEé’y)>6 dQ(I y> 1
(118)  |pu(ey)| < exp (—Re ’ ) (

‘ 4z cos 0)°
4 (.CE, con|0> 4 (y’ con|0>

forall ze C,, x,y e M.
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Proof. Note that Rez™! = |z|7! cos ), hence

2
cosf = Red (z,y)

, 2 €C,.
42| TP

Moreover, if z € Cg2(y,4)/4,

d($2, y) > (Rez_l)_1/2 _ (|Z|/COS 9)1/2

(157 2 (i)
\/V (m d(m’y); v <y7 d(rm) (dzrz’|y)>6 exp (—RedQSij y))
5 5 <Rﬁ&%x*”)6ema(_R;ﬁcay>> )

¢V(L ww>v(% ww)

4z 4z (cos )0
and for z € Cgz(y.,y)/4, (4.18) follows from (4.13). Finally we note that by (4.11)

Vv (:IJ, |Z‘9> < K'V(x,+/|2| cos0)(cos#)° = K'V(z,VRez)(cos ) °

COSs

hence

Therefore

—_

so that, for 2 & Cp2(y4) /4, since exp (—Re%) > 7!, (4.18) is a straightforward conse-

quence of (4.14). &

It is certainly an interesting feature of Corollary 4.4 that it yields estimates valid for
time ranging in the whole right half-plane, and that it does not require V' to be tied to the
volume. Let us however observe the following particular case of our result, for real time and
estimates involving the volume growth function. It also follows from [33, Proposition 5.2],

but our proof is more direct, as it does not go through a Faber-Krahn type inequality.

Corollary 4.5. Let p;, t > 0, be the heat kernel on a complete Riemannian manifold M,
with Riemannian measure i and geodesic distance d. Let V(x,r) denote u(B(z,r)), for
r >0,z € M. Assume that M satisfies the doubling property, more precisely let K',§ > 0

be such that (4.11) is satisfied. Suppose that
K
4.19 r,r) < —, Vt >0, x € M,

for some K > 0. Then

x ex _—dQ(x, y)
MMSW@mwm@p<4t>

forallt >0, xz,y € M.
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Let us now consider the case where the heat kernel satisfies upper and lower estimates of
the type

N 1 o [ (P y) = .
(4.20) pe(z,y) ~ —)) p ( (—> ) , Vt>0,z,y € M.

1 (B(x, 11/ t

This may happen when (M, d, u, L) is a fractal space, endowed with a natural metric, mea-
sure and Laplacian, for all values of 3 between 2 and § + 1, where 9§ is the exponent in the
doubling condition (4.11); see for instance [6]. In such situations, usually, 3 > 2. Let us
now choose V (z,t) = pu (B(z,t*/?), which is obviously a doubling function. From (4.20), p;
satisfies (4.12), but it cannot satisfy

) < ("57) = e e ()

since this is not compatible with the lower bound in (4.20). In view of Corollary 4.4, the
only possible conclusion is that such a space (M, d, u, L) does not satisfy Davies-Gaffney es-
timates, nor, according to (3.4), the finite speed propagation property for the wave equation.
We owe this remark to Alexander Teplyaev. There is no contradiction with the fact that
local Dirichlet forms do give rise to Davies-Gaffney estimates with respect to an intrinsic
distance : in the case of fractals, this distance degenerates, see the discussion in [38, Section
3.2].

Finally let us discuss one more version of pointwise Gaussian estimates. Here we do not
need to consider any kind of doubling property. The following result has some similarity with
Corollary 5.5 of [35], in the sense that, in assumption (4.21) below, x,y do not range in the
whole space M, but only in two fixed regions Uy, Us. However, restricting our assumption
to two fixed points z,y as in [35] seems to raise technical difficulties that we are not going
to face here.

Theorem 4.6. Assume that (M,d, p, L) satisfies the Davies-Gaffney condition (3.2). Let
U, and Uy be open subsets of M. Suppose that

(4.21) Ip.(x,y)| < exp(—Reg(2)), VzeC,,zelU,uye U,

r2

where g is analytic on C, and satisfies the growth condition (2.14) with v = = and r =

d(Uy,Us). Then

2
Ip.(x,y)| < exp (1 — Reg(z) — Re@) , VzeCy,zelUy,yel.

Remarks:

- It may look surprising that the growth constraint on g depends on Uy, U,. This may be
understood as follows : suppose a factor exp (—Re%) is already present in estimate (4.21)
(which corresponds to # = 1, a situation hopefully forbidden by (2.14)) ; then one can
certainly not multiply again the estimate by this factor!

- Theorem 4.6 is a generalization of Theorem 4.2, as one can see by taking g(z) =
log K.

glogz—
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-In principle, one could use Theorem 4.6 to add a Gaussian factor to estimates of the

form
1

V(. y,2)|
where V' is analytic in z with a certain uniformity in z,y. We will not pursue this direction
because of the lack of relevant examples.

-Note that our result allows to some extent rapid growth at zero. In particular, it might
be interesting to investigate the connection with [7, Theorem 3.1].

|pz(x7y)|§ VzeeCy, z,ye M,

Proof. Once again we follow the idea of the proof of Theorem 4.1 and define a bounded
analytic function F': C, — C by the formula

F(2) = (exp(—zL) f1, f2),

where f; € L*(U;,du) N LY(U;,dp) and || fi]l1 = ||f]ls = 1. In virtue of (3.2) and (3.1), F
satisfies (2.8) and (2.9) with

r=dU,U:), v=r"/4 and A= |fillz]lfall2 < occ.
Next, by assumption (4.21),

[F'(2)] < [exp(=g () Fill crwn.am | foll 2 .ay = exp(=Reg(2)), V2 € Crapa,

that is, F' satisfies (2.15) with B = 1, v = 0. By Proposition 2.4,
2

|F'(2)] < exp (—Reg(z) +1-— Re%) , VzeCapy.

Finally by Claim 1

SUp SUp p-(z,y)| = sup {(exp(—=2L)f1, f2): I fillerwraw = | folloradm = 1}
xeUy xeUsa

2
< exp (—Reg(z) +1-— Re4—>
z

for all z € C,2/4. The estimate for z ¢ C,2/4 follows directly from (4.21). &

4.3. Operators acting on vector bundles.

Our approach works not only for operators acting on functions but can also be applied to
operators acting on vector bundles. To discuss the vector bundle version of our results we
need some additional notation.

Let (M,d, ;1) be a metric measure space and suppose that T'M is a continuous vector
bundle with base M, fibers T,M ~ C" and with continuous (with respect to z) scalar
product (-, -), on T, M. For f(z) € T,M we put |f(z)|? = (f(x), f(x)),. To simplify the
notation, we will write (-, -) and | - | instead of (-, -), and | - |,. Now for sections f and
g of T'M we put

||f||7£p(M,du;TM)—/le(fv)lpdu(l’) and (f,g>—/M(f($)7g(I))du($)~

Now let us describe the notion of wntegral operators for vector bundles. For any point
(x,y) € M? we consider the space T, ® T,. The space T; @ T}, is canonically isomorphic to
Hom (7, T}), the space of all linear homeomorphisms from 7, to T},. Denote again by | - |
the operator norm on 7, ® T}, with respect to the norms | - |, and | - |,.
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By (T* ® T)M? we denote the continuous bundle with base space equal to M? and with
fiber over the point (z,y) equal to T, ® T, If there is a section § of (T ® T')M? such that

|p] is a locally integrable function on (M2 u x u) and S f1 is a section of T'M such that
(Sfi, fo) = / (Sfi(x), fo(x)) dp(w) = /M(ﬁ(x, y) [1(y), fa(2)) dply) dp(z)

M

for all sections f; and fo in C.(T'M), then we say that S is an integral operator on sec-
tions of T'M with kernel p. As in the scalar case, S is a bounded linear operator from
LY(M,du; TM) to L>®(M,du; TM) if and only if S is an integral operator with kernel p’
such that esssup, .y |P(7, )] is finite, and

G‘SSSpr’yGM’ﬁ(-T, y)‘ = H‘S_:”1HOO

One also has the following vector-valued version of Claim 1 :

Claim 2. Let Uy,Us be open subsets of M. If plx,y) is the kernel of a linear operator
St LM M, du; TM) — L*°(M,du; TM), then

eSSSUP,er, yeus, [P(@, )| = sup {\<5f1, P W iller @ awran = 1 foll oy @s apran = 1}-

Let us describe an example of Hodge type operator which generates a semigroup satisfying
conditions (3.1) and (3.2) and acts on vector bundles of k-forms on Riemannian manifolds.
Suppose that M is a complete n-dimensional Riemannian manifold and p is an absolutely
continuous measure with a smooth density not equal to zero at any point of M. By A*T* M,
k = 0,...,n, we denote the bundle of k-forms on M. For fixed 3,3 € L*(A'T*M) and

v € LA(AFT* M), we define the operator L = Lg 4, acting on L*(A*T*M) by the formula
(4.22) (Lw,w) = / (Jdkw +w A B + |dni * w + 5w A B + | xw AY]?) dp,
M

where w is a smooth compactly supported k-form and * is the Hodge star operator. With
some abuse of notation we also denote by L its Friedrichs extension. Note that for example
the Hodge-Laplace operator and Schrodinger operators with real potentials and electromag-
netic fields can be defined by (4.22). The following theorem was proved in [51].

Theorem 4.7. The self-adjoint semigroup {exp(—zL): z € C.} generated by the operator
L defined by (4.22) acts on L>(A*T*M) and satisfies (3.1) and (3.2).

Theorems 4.1, 4.2, 4.3, 4.6 and Corollary 4.4 can be extended to the above setting of
operators acting on vector bundles. For example we can state Theorem 4.3 in this setting
in the following way. Again, compare with [51, Corollary 9], which yields a slightly better
estimate for real time and the Hodge-Laplace operator (and more generally operators defined
by (4.22)), but does not treat complex time. In what follows, Tr denotes the trace of an
endomorphism on a finite dimensional linear space.

Theorem 4.8. Let (M,d, i) be a metric measure space endowed with a vector bundle T M

as above. Let L be a non-negative self-adjoint operator acting on L*(M,du; TM). Assume
that p,(x,y) is a continuous function of v,y € M. Denote by p,, z € C,, the kernel of

exp(—zE). Let V: R, x M — Ry be a continuous function satisfying condition (4.11).
Assume that

(4.23) 1% <x \/E) Tr (e, ) <1, Yt>0,z€ M
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Then

/ 2 g 2
(@20) [y < i (F2) e (-neE)
2, z z ¥4
\/V (2 252 v (5, 252)

forall z € C,, x,y € M such that ReZ(2:) (xy) > 1.

Remark : Of course, one can transform the above estimate in a similar way as in
Corollary 4.4.

Proof. Note that the self-adjointness of exp(—tL) implies p;(y, z) = [p(z,y)]*. Denote by
|.| s the Hilbert-Schmidt norm of a linear operator. One can write

Tr piy(z,x) = Tr/pt/z(%y)Ptm(Z/,m) du(y)
= Tr/pt/g(x,y)[pt/z(xay)]*dﬂ(?J)

=‘/ﬂ@mmwmmuwW)wwx

thus
(4.25) T io,n) = [ Iale s du(v)
On the other hand,
)P < [ 1w 2P du) [ 170 due)
< [ a2 dute) [ stz s dutz),

since |.| < |.|ms; hence, using (4.25) and (4.23),

(4.20 e < e
that is
myy . o) eXP(—tE)mW(-,\/E)Hl—m <1
where W (z,r) = /V(z,r), x € M, r > 0. This estimate can be extended to complex times.

Indeed, one also has

1
/!ptxz|2du /|Pt$Z|Hsd/~L() V(z, 112)’

that is

(4.27) [y sy exp(—tL)||2moo = [ exp(—tL)my,( ypllioe <1, V> 0.
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Using the contractivity of exp(—isﬁ), s € R, on L?, one has

[y ; "

Iy ez €XP(—(2/2) L)l —ooll exp(—(2/2) L)myy, . ygan -
< g ymes ©p(— (Rez/2) D) s ool exp(—(Rez/2) D)y g 1
= [lexp(—(Rez/2) L)my, . yge 17—

Together with (4.27) and the identity ||[T*T||1—eo = ||T||?_.,, this yields

IN

(4.28) ||mW(_’\/E) exp(—zL)mW(.7\/E)||1_,Oo <1, VzeC,.

Similarly as in (4.16), fix ,y € M and for d(x,y) > 2s > 0 set r = d(z,y) — 2s. Consider
the function F' defined by the formula

F(z)z(exp(—zf/)mw( £yWa, My )wl)

with wy € LY(B(x,s),du; TM)YNL*(B(z,s),V(-,r/2)du; TM), wy € LY(B(y, s), du; TM) N
L*(B(y,s),V(-,r/2)du; TM), and [Jwy||; = ||ws]s = 1. In virtue of assumption (3.1) and
Davies-Gaffney estimates (3.2), F satisfies (2.8) and (2.9) with v = 7?/4 and

A= ||mW(.7g)w1||2||mw<.é)w2||2 = w2, v (- r2) dw llw2l| L2 o, v (- r/2) du)-

Now if z € C,2/4, then v/Rez < /2 by (4.17). Using the assumptions on wy,ws, W as well
as (4.28), we obtain

[F(z)] = [(m

- z,yeM W(l’, vV RGZ)

r2 5/2
< K’
- (4Rez)

for all z € C,2/4. Thus F satisfies (2.10) with B = K’279 and v = §. By Proposition 2.3,

ron e () ()

for all z € C,2/4. One finishes the proof as in Theorem 4.3, using Claim 2. i

4.4. Gaussian estimates for the gradient of the heat kernel. The technique which we
developed above can be applied to obtain Gaussian bounds for gradient of the heat kernels.
The following result is motivated by some considerations in [4], Section 1.4. In particular,
it is proved in [4] that under the assumptions below, for a = 1/2, the Riesz transform is
bounded on LP(M,du) for 2 < p < 4o00. In the langage of [4], we will show now that,
under (FK), conditions (1.7), (1.8) and (G) are all equivalent, which was left open there.
A similar result was obtained independently in [30], by a different method, relying directly
on the finite speed propagation property for the wave equation.
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Theorem 4.9. Let M be a complete Riemannian manifold such that the Riemannian mea-
sure p satisfies the doubling condition (4.9) and let A be the Laplace-Beltrami operator, p,
the corresponding heat kernel, V the Riemannian gradient on M. Suppose next that

C
(4.29) p(r, ) < —————— Vt >0,z € M,
u(B(z, V1))
and that
(4.30) sup |Vpi(x,y)|u(B(y, Vi) <cte
RIS
for some a >0 and allt € R,. Then

O e\ fe
(4.31) [Vpi(z,y)| < tap(B(y, \/g)) (1 ™ At ) exp <_ 41 )

forallt >0, xz,y € M.

In the proof of Theorem 4.9 we shall need the following consequence of Corollary 4.4 and
assumption.

Lemma 4.10. Assume (4.9), (4.29), and (4.30). Then
(4.32)

28 2\ 9/2
z T
IV exp(—zA)my(. )l = sup |[Vp.(z,y)|V(y,7) < O(Rez) ( . ) ( )

T, yeM @ @
for allr >0, z € Cr2y4, where § > 0 is the exponent in (4.10).

Proof. An immediate reformulation of (4.18) is

4
()
ek (1+ ReE2))

s \/V (a:, (Re%)*W) Vv <y, (Re%)*W) o (_RedQ(ZZ’ y)) (P’{i,lz)(;’

which yields, for 0 < ¢ < 1/4,

s \/V (x (Re§)1/2§ 1% <y7 (Re%)—w) o <_CRed2<j’y)) (PZ,')&

and, by doubling,

c' N ACOAVAERY
< _
p=(7,9)| < v <y (Rel)71/2> exp( ¢ Re z ) (ReZ)

Take now z =t +is € C,2/4, where ¢, s € R. Note that (t/2) +is € C,2. Write

sz(x,y) —/ th/2($au)p(t/2)+is(uay) dﬁb(u)a
M

hence, using (4.4), (4.30), and doubling,

St iy () Lo () 4
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Let us estimate

I=- /M mexp <—C'Red2(zj’y>> ().

Since (Re%)_l/2 > (Rez)Y/? = /t, one has
5/2
Rel)—1/2 4
I<K' (Re)” 7% ]]:<|i|) Il
v/ Rez Rez

Il = /M ” (u7 (Rle%)—lﬂ) exp (—c’ReM) dp(u)

is easily seen to be uniformly bounded in y € M, z € C, by doubling. Thus

Vpa(2,9)] < ¢ ('Z')%
O e

Now, for z € C,2, r > (Re%)_l/2 > (Rez)'/2, hence
(

V(y,r) < Vy,r) <K (r_2)5/2
V <y, (Re%)_l/Q) 4 (ya (Rez)l/z) o Rez ’

where

therefore

r? 5/ |2| 26
< —a [ ' LI
‘sz(l',y)”/(yar) = C(RGZ) (ReZ) (RGZ) ’

which is the claim. g

Proof of Theorem 4.9. As before fix x,y € M and, for 0 < 2s < d(x,y), put r = d(z,y) — 2s.
Next fix f € L*(B(x,s),du) N LY (B(x,s),du) and let X € TM be a smooth vector field on
M supported in B(y, s). This time we set, for z € C,,

F(2) = (V exp(—2A)my(pf, X),
where V' (z,r) = pu(B(x,r)). Now
F(z) = (exp(—zA)my (. ») f, V*X) = (exp(—2zA)my (. , f, div X),
Therefore, since WU(z) = e~*2 satisfies (3.1) and (3.2), F satisfies (2.8) and (2.9) with
A= |my(. fl2ldivX]> and v =r*/4.

Note that A is finite since div X is smooth and supported in B(y, s). Now assume in addition
that || f|l1 = ||| X]||l1 = 1 and let 2z € C,24. By Lemma 4.10,

[F(2)] < [[Vexp(=zA)my (. 5lli-oo

26 2\ 9/2 2 N\ (58/2)+a
< Orenyo (L) (1) 2 e (12 P
o Rez Rez Rez

for all z € C,2/4. Thus F' satisfies the assumptions of Proposition 2.4 with
B=Cr 2% 1y =554+2a, v=r%/4, exp(g(z))=2"%, andanyc(0,1).
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Therefore
50+2a
|F(2)| < eCr—2e1 i | 2| exp —Rer—2
- 2|z| 4z

for all z € C,2/4. An obvious modification of Claim 2 yields

IVp-(z.9)[V (y.r) < sup  sup [Vp.(a'.9) [V (¥,7)
z'€B(x,s) y’EB(y s)

= sup{|F Hf“Ll B(x,s),du) = HXHLl(B (y,8),dp) — 1}

) 2\ 30+2a
< COr =
- (4|z|) >

and letting s go to 0 we obtain

2 T 30+2a 2 T
(4.33)  |Vp.(z,9)IV (y,d(x,y)) < C(d*(z,y)) " (d i’;‘y)> eXp (_Red (42 y))

for all 2 € Caz(yy)a. I 0 <t < d?(z,y)/4 then V(y,vt) <V (y, d(z’y)>, so by (4.33)

Ve, )V, V) < O (M)é o (20

At 4t
for all 0 <t < d*(x,y)/4. For t > d*(x,y)/4, (4.31) is immediate from (4.30). 1

Remark : Note that (4.33) also yields complex time estimates for the gradient of the heat
kernel.

4.5. Families of operators without semigroup property. An important advantage
of the technique which we discuss here is that we do not have to assume that the family
{U(z): z € C,} under consideration has the semigroup property. Hence we are able to apply
our results to families operators which can be defined by: W(z) = g(z)exp(—zL), where
g: C; — C is an analytic function; ¥(z) = exp(—zL1)exp(—zLs); V(z) = exp(—zL,) —
exp(—zLg) or some more complex formulac. To be more precise, let us come back to
the general metric measure space setting, and consider an analytic family of operators
{¥(2): 2 € C,} acting on L?(M,du). Next assume that (see (4.1))

(4.34) [W(2)|l1moo < K (Rez) P2, VzeC,.

By [29, Theorem 6, p.503] we can define the kernel pY of the operator ¥(z) in the same way
as in (4.2) and again assume that p? is a continuous function on M?2. Now we can state the
following version of Theorem 4.1.

Theorem 4.11. Suppose that the family {V(z): z € C,} satisfies conditions (3.1), (3.2)
and (4.34). Then the kernel p¥, if continuous, satisfies estimates (4.5).

The proof of Theorem 4.11 is the same as the proof of Theorem 4.1.

For instance, let L be a self-adjoint uniform elliptic second order differential operator in
divergence form with periodic coefficients acting on L?(R"), and let L° be the corresponding
homogenized operator. Next let p, and p be the corresponding heat kernels. Then a
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straightforward modification of the argument from [57] shows the following so-called Berry-
Esseen type estimate

0 : & —n/2
(4.35) p=(2,y) — p2(z,y)| < K min {1’ Rex)72 (Rez)
for all z € C., z,y € R™. The following consequence of Theorem 4.11 can be used to obtain

Gaussian bounds for the expression |p,(z,y) — p2(z,y)|.

Example 4.12. Suppose that L and L° are two generators of analytic semigroups on L*(R™).
Next assume that L and L° satisfy conditions (3.1), (3.2) with the distances d and d°.

Finally suppose that the corresponding heat kernels satisfy estimate (4.35) and set d(x,y) =
min{d(z,y),d(z,y)}. Then

e min {1, L/} 2
(Rez)3 2 (1 + Re f7 y))
z

(Rez)”/2

n+3 ~
2 d2
4z

Proof. Tt easy to note that if for » € C, we put ¥(z) = exp(—2zL) — exp(—2zL°) then ¥
satisfies (3.1) and (3.2) with the distance d (and with constant 2). Hence Example 4.12
follows from Proposition 2.4, with exp(g(z)) = z and v = n + 3. Note that with this choice

of g, (2.14) is satisfied for any > 0, for some constants C' and ¢ depending on v and 3.

p.(z,y) — p(z,y)| <

forall z € Cy, z,y € R".

Remark : As we already said, the fact that the exponent in the polynomial correction
factor in front of the exponential in (4.5) cannot be improved to (D — 1)/2 as in [49] is
related to the fact that the proof of Theorem 4.1 does not use the fact that the family of
operators under consideration is a semigroup, in other words it is related to the possibility
of extending Theorem 4.1 to Theorem 4.11. Indeed, let L be the standard Laplace operator
acting on R", and apply Theorem 4.11 to the family of operators W(z) = 2™/2 exp(—zL),
z € C,. In this case D = 0 in (4.34), and the conclusion cannot hold with (D—1)/2 = —1/2
in the polynomial correction factor in front of the exponential, since in that case p,(z,y) is
exactly given by the Gauss function. By contrast, the argument from [49] cannot be applied
to this choice of W(z), because it only applies to semigroups.

A more elementary example is the following. Let M = {z,y} with counting measure and
let d(x,y) = 1. Consider the analytic family of operators {¥(z): z € C,} acting on L*(M)
given by the kernel p,(z,z) = p.(y,y) = 0 and p.(x,y) = p.(y,z) = exp (—t). It is easy
to check that the family {U(z): z € C,} satisfies conditions (3.1), (3.2) and (4.34) with
D = 0. Again, this shows that the exponent D/2 cannot be replaced by (D — 1)/2 in the
setting of Theorem 4.11.

4.6. L? — L7 Gaussian estimates. Claim 1 reduces the proof of Gaussian bounds for the
heat kernel to obtaining a Gaussian type estimate for expressions of the form

sup {|{exp(=zL) fi, f2) | I fillr@iaw = I fellr@oaw =1}

In such expressions, one can replace the L' norms of functions f; and f, by the LP norm
of fi and the L7 norm of f5, for 1 < p,q < +oo. This leads to natural generalizations
of pointwise Gaussian bounds and provides some form of Gaussian bounds for semigroups
without heat kernels. There are many interesting examples of operators which generate such
semigroups. More precisely, the corresponding semigroup exp(—tL) is not bounded from
L' to L™ even locally. The kernel of the operator exp(—tL) can always be defined as a
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distribution or in some other sense, but in such cases it is not a bounded function. Often
such operators generate bounded semigroups on LP spaces only for p ranging in some proper
subinterval of [1, c0]. We discuss a semigroup of this type in Example 4.15 below.

The so-called generalized Gaussian bounds that such semigroups may satisfy were studied
for instance by Davies in [25, Lemmas 23 and 24|, and they were extensively discussed by
Blunck and Kunstmann (see [8, 9, 10, 11, 12]). Estimates of a similar nature were also
considered in [42], see Propositions 2.6 and 2.8 in this paper. For interesting considerations
about LP — L7 Gaussian estimates, see also [5].

As in Section 4.5, we consider analytic families of operators {U(z): z € C;} on metric
measure spaces rather than semigroups generated by self-adjoint operators. Still the case
U(z) = exp(—zL) is the most natural example. In this section we are going to consider
families of operators satisfying the following condition

(4.36) Iy o vren Y E)my,  ren g < 1, Vz € Cy,

where 1 < p < ¢ < +o00, and the functions W; satisfy condition (4.11) with exponents J;/2
for i = 1,2. We discuss the rationale for condition (4.36) in remark (b) after Theorem 4.13.
Now let us notice only that if W(z) = exp(—zL), p = 1, ¢ = co and W} = Wy = V1/2,
then estimates (4.36) are equivalent to estimates (4.14), which follow as we have seen from
condition (4.12). Hence one can think of condition (4.36) as a generalization of the on-
diagonal estimates (4.12).

Theorem 4.13. Let (M,d,u) be a metric measure space. Suppose that the functions
Wi: Ry x M — Ry, i = 1,2, are continuous and satisfy condition (4.11) with constants
VK. > 1 and exponents §;/2. Next assume that the analytic family {¥(z): z € C.}
of operators on L*(M,dp) satisfies conditions (3.1), (3.2) as well as (4.36) for some p,q,
1<p<qg<+oc0. Then

r2 01452 r2
370 CRe—
(4.37) HPlrnWl(.’%)\If(z)mwz(.’%)PQHpﬂq <ey KK} (4’20 exp ( Re4z>

Jor all Uy, Uy open subsets of M and all z € Cp2yy, with r = d(Uy,Us). Here P; denotes
the operator of multiplication by the characteristic function of the sets U; C M, that is
P;=m,,  fori=1,2. Moreover

r2 01+02 r2
(4.38) ||P1mW1(-,\/i)\IJ<t>mW2(~,\/E)P2”p—>q < eV KK, (1 + 4_t> eXp <_4_t)
forallt e Ry.

Proof. Similarly as in (4.16) we consider the function F' defined by the formula
F(2) = (U(z)my, . - fomy, o fi)
but now assume that f; € L*(U;, W7(-,7r/2) dp) fori = 1,2 and || f1ll o 0, gy = I foll o w.any =
1, where 1/¢+1/¢ = 1.
In virtue of assumption (3.1) and Davies-Gaffney estimates (3.2), I satisfies (2.8) and
(2.9) with v = r?/4 and

A= Hmwl(.,g)f1H2”mW2(.é)f2H2 = Hf1HL2(U1,W12(-,r/2)du)”f2”L2(U2,W22(-,r/2)d,u)-
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Now if z € C,2/4, then v/Rez < 7/2 by (4.17). Using the assumptions on f1, fo, Wi, W, as
well as (4.36), we obtain

PG = [y, my o) fo fi)] < g

Wy (2,2) W (y, =
Sup ) Waly ) Iy, vRen Y (E)my, . vRes) o
eyeM Wi(x,v/Rez)Ws(y, v/Rez) 1 2

2 (61 52)/2 —((5 +4 )/2
Rez 102
< K/ l{/ ( r ) F(/ K’/2 (51+52) < >

4Rez r2

for all z € C,2/4. Thus F satisfies (2.10) with B = /K| K},2-1%%2) and v = §; + J5. By

Proposition 2.3,
5 s 7“2 01432 T2
|F(Z)| <e K{KQQ_( 1+02) (ﬂ) exp (—Rez)

The spaces L'(U;, du) N L2(U;, W2(-,7/2) dp), i = 1,2, being dense in L7 (U, du) (resp.
LP(Us, dp)), the above inequality, for all functions f; € L*(U;, W2(.,7/2)dp), i = 1,2, such
that [[fillg = [l /2]l, = 1, yields (4.37).

To prove (4.38) we notice that for ¢ < r?/4, it is a straightforward consequence of (4.37).
For t > r?/4, it follows from (4.36).

Remarks : (a) Note that if ¥(z) = exp(—zL), 1/p+ 1/p' =1, and W) = Wy = W, then
it is enough to assume that (4.36) holds for z = ¢ € R, . Indeed, by using, as in the proof of
Theorem 4.8, the identity | T*T||,—y = || T]|3_, and the contractivity of exp(—isL), s € R,
on L*(M,dpu), one obtains

wa (- ,g)qj(z)mWQ(.é)Hqu

Hmw( . VRez) exp(—zL)mW( - VRez) Hp%p’ = Hmw( - VRez) exp(— (Rez)L)mW( - VRez) Hpﬁp"

(b) In [8, 9, 10, 11, 12], Blunck and Kunstmann develop spectral multiplier theorems
for operators which generate semigroups without heat kernel acting on spaces satisfying
the doubling condition®. As their basic assumption they consider the following form of
generalized Gaussian estimates

(4.39)
11 d*(x,y
||mXB(w,ﬁ) eXp(_tL)mXB(y;\/f)Hp—)q S CV('I7 \/¥>q P eXp <_C (t ))a Vt > 07 z,y € M7

where 1 <p <2 < g <400 and V(z,r) = u(B(z,r)). The above estimates imply that
(4.40) | eXp(_tL>mv(1/2)f<l/p)( \/i)||p—>2 <C and ||mV(1/q)7(l/2)(_7\/g) eXp(—tL)“g_)q <C

(see [12, Proposition 2.1, (ii)]). It follows from the above considerations that the opposite
implication is valid if (M, d, i, L) satisfies conditions (3.1) and (3.2). Indeed, estimates (4.40)
imply (4.36) with W, = V/2=Wa (. \/t) and Wy = VA/P=0/2) (. \/t). Now, according to
Theorem 4.13, (4.40) implies the estimates (4.38), which in turn imply (4.39) by choosing
U, = B(z,V/t), Uy = B(y,v/t) and using doubling. Thus Theorem 4.13 can be used to
verify the main assumption of the results obtained in [8, 9, 10, 11, 12]. For example the
next statement follows from [9, Theorem 1.1] and Theorem 4.13 (see also [14, Theorem 4.3],

“Here we discuss only second-order operators. Blunck and Kunstmann consider also the mth-order version
of generalized Gaussian estimates.
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for a more primitive version, with an additional ¢ in the resulting exponent). We give
below a proof that follows directly from Theorem 4.13. The conclusion of the corollary
is instrumental in the theory of Riesz means (see [14, 9], and references therein); see also
condition (HG,), p.339 in [32] and its consequences.

Corollary 4.14. Suppose that (M, d, p, L) satisfies the doubling condition (4.9), as well as
conditions (3.1) and (3.2). Let p € [1,2], and assume that there exists C' > 0 such that

(4.41) || eXp(_tL)mv(l/p)—(l/Q)(,’\/E)Hp—)Q <C, VteRy,
where V(x,r) = p(B(x,r)). Then there exists C > 0 such that

|i-1|
z po2 ~
lep(-sLlpp < () ¥aeChie o)

where § is the exponent in condition (4.10).

Proof. Note that, for all p € [1, o0],

(4.42) Z (Z \clka1]> < (max {szlpz ’C”“|’Sl;lpz ]cM}) Z a7,

with the obvious meaning for p = oo, where ¢y, a; are sequences of real or complex numbers.

Indeed, for p = 1 and p = o0, (4.42) is easy to obtain. Then we obtain (4.42) for all
1 < p < oo by interpolation. Let 2 € C; and set 72 = 4(Rez™1)7!, that is, r = 2\/%. Let
x be a maximal sequence in M such that all the balls B(xzy,r/2) are disjoint. Note that
the balls B(xy, r) are such that Uy B(xy, ) = M, and that by doubling there exists N € N*
such that any « € M is contained in at most /N such balls. Let x, be the characteristic
function of the set By = B(xy,r) \ U=} B(x;,7), and set ry. = d(By, B;). Using Jensen and
doubling, we may write

lexp(=zL)f[l; < Z<Z||Xkexp(—ZL)(Xzf)||p>

k

p
11
< CZ(ZV(%T)P QmekGXP(—ZL)mxlHszHXszp> :
k l

hence by (4.42)
lexp(=2L) fII; < Cmax{L, IT}"|[f[},
where

_1
2 ||ka eXp(—ZL)le ||p—>27

S =

I = su Vizg,r
lp; (@k, 7)

1
2 Hka exp(_ZL)le ||P_’2‘

3=

II = su Vg, r
kpzl: (@, 7)

Thus || exp(—zL) f|lp—p < Cmax{I, I}, and our goal is to estimate from above I and I/

by C <% Ti’; the result for the other values of p follows by duality and interpolation.
We shall explain how one deals with I, the treatment of /1 being similar. Write

SUp DV (g, 1) g exp(—2L)my [l =TT+ 1V,
k
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with
111 = sup Z V(xk,r)%f%nmxk exp(—zL)m,y, ||,z
{krp<2r}
and

IV = sup Z > V(g r)7 2 |my, exp(—zL)my, |
=1 {k;2ir<ri;<2(i+1)r}

Observe first that there exists C' only depending on the doubling constant so that, for all
l, #{k‘;?“kl S ’l“} S C

Therefore L

IIT<C  sup  V(wg,7)r 2|m,, exp(—zL)my, |,z
{klrii<2r}

The conclusion of the corollary is trivial for p = 2, therefore we can assume 1 < p < 2.
Using the contractivity of exp(—isL) on L*(M, du), one sees that (4.41) implies (4.36), with
U(z) =exp(—zL), ¢=2, Wy =1 and W, = V1/P)=(/2),

Thus
[my, exp(—zL)my[[p—2 < [[exp(—zL)my,[|p—s
< | eXp(—ZL)mvu/p)—(l/z)(,,\/E) ||p—>2||mv(1/2>—<1/p>(,,\/@)mxl lp—p
< sup ViTh (x, VRez).

xEB;

Hence, if ry; < 2r,

I[IT < C sup  V(egr)r ?|lmy, exp(—2L)my, ||,
{k,rp <2r}
1 1
V(zg,r) \7* 2
< C sup sup(
(klrm<2r) zeB; \ V (2, V/Rez)
1 1
(x,4r + 1) \ 7 2
< C sup sup( )
(klirm<2ry zeB; \ V (2, v/Rez)
1_1
2
< C( (x,6r) >P
e
< C(r/vRez)\p 2

11

< C(|z]/Re2)’(G72),

2|

In the last inequality, we could use doubling since r = 2 TRes > V/Rez.

Now for IV. Again, there exists C' only depending on the doubling constant so that, for
all I, #{k;r < ir} < Ci°.
Therefore

IV < CsupZz sup Vii%(xk,r)mek exp(—zL)m,, ||p—2
i—1 {k;2ir<rg;<2(i+1)r}
Let us now estimate ||m,, exp(—zL)m,, ||,z for ry > 27 with the help of Theorem 4.13.
Note that 6; =0 and d, = ¢ (% —

%), where ¢ is the exponent in (4.10).
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With our choice of r, z € C,,il /4 as soon as 7y > 1. Therefore (4.37) yields
Jmy, exp(—zL)my, [[p—>

(_
< lmy, exp(—=2L)mya/m-a/2)( 20 My lp—2 My a2 -a/m 2 my llp—p
22\ (5
< O -t
< (i)

1_1
Iy a2-am (g s2My lp—p < sup V272 (2, r4/2)

D=
~—

T
exp _REE My /2)- /) gy /2 M -

Now

T€EDB

< (i 7y

< (inf V(z,74/2))?

< Ver2(wy, (ru/2) — 1)

< Via(a, (i — Dr)
Thus, if 2ir < riy < 2(i + 1)r,

2 o) N

|m,, exp(—zL)my,|[,—2 < <|izl‘) exp (—Re4—kzl) Ve (xy, (i — 1)r)

VAN
=
|
S =
~—~
ks
—
-~
—_
N—
B
N—
VR
—~
o~
+
—_
N—
no
<
[NV
(=2
—~
k<]
[ V]
N—
D
>
ko)
VR
~
Do
<
no
=
1)
| —
~_

Finally,

IV < Csupii‘S sup (V( V(Ik’r))r)) o <—(i T 1’)2T2)6(;_;) e

U 2ir<rg<2(i+1)r wp, (i —1

By doubling,

()= ()

is uniformly bounded. Therefore

o) . 2 9 5(%—%) Y 00 , -
w<cy e (M) et < C (Z =4 /<1+€>> (|2]/Rez)?G—2),
1=2

12 =

VI
NI

< (flepn)”

which finishes the proof.

We finish this section with the description of a simple and natural example of a family of
operators which generate semigroups without heat kernel. We consider the following family
of self-adjoint operators

LW = A — c]:z;\’Q
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acting on L*(R") for n > 3, where A = —3"" | 02 and 0, ¢ < (n—2)?/4. Hardy’s inequality
shows that
A > (n—2)% /4]

(see for example [55, (2.1), p.107]). Hence, for all ¢ € [0, (n — 2)2/4], L(©) is non-negative.
A detailed discussion of the definition of the operators L(°) can be found for example in [3].
Such operators are called Schrodinger operators with the inverse-square potential and they
are of substantial interest in analysis (see for example [13, 55] and references therein). Note
that L© is homogeneous of order 2, meaning that if U; is the dilation (U, f)(z) = f(tx),
t >0, x €R” then Ul/tL(C)Ut =12L© for all t > 0. As a consequence,

exp(—tL)lgp = 2 75) | exp(—=L@) 4y

Set
Cepa = |l exp(—L(C))Hqu.

It was proved in [55, Corollary 6.2] that C.,, = oo for all p < g and ¢ > pi = n/o, where
o= (n—2)/2—+/(n—2)2/4—c. It means in particular that for every ¢ > 0 the operator
exp(—tL)) cannot be extended to a bounded operator on LP(R") for p > p*., hence L
does not generate a semigroup on LP(R™) for such p. It also means that for every ¢ > 0 the
operator exp(—tL()) cannot be extended to a bounded operator from L!'(R") to L>(R"):
its kernel is not a bounded function on R?*"* but merely a distribution. Therefore standard
heat kernel theory can not be applied to study the semigroup generated by L(¢). However,
it was proved in [56], see also [42], that | exp(—L)||,_, is finite for all p in the interval
((p2)'s P)-

Our main interest here is some form of Gaussian type estimates which we can obtain for
L even though we know that that the pointwise Gaussian estimates cannot hold. Our
LP — L7 Gaussian estimates are described in the following example.

Example 4.15. Suppose that ¢ < (n — 2)?/4 and that p. < p < 2 < q < p., where
1/pe+1/p. =1, p. = njo. and 0. = (n —2)/2 — \/(n —2)2/4 —c . Then there ezists a
constant C' such that for any two open subsets of Uy, Us C R™ the following estimates hold

2\ ¥ 2
| Py exp(—2L ) Py[, g < C(Rez)™” (1 + Rei—) exp (—Rei—) , Vz e Cy,
z z

where r = d(Uy,Us), d is the Euclidean distance, P; = m,,, and v = % <Il) — %)

Proof. By Theorem 3.3, L(®) satisfies Davies-Gaffney condition (3.2), thus finite propagation
speed for the corresponding wave equation with the standard Euclidean distance. We need

(4.43) | exp(—tL|o, < Ct2G72) | vt e R,

for all p such that 2 < p < p,. This is proved in [27, Theorem 11 and Lemma 13], but for
the bounded potential 1/(1 + |x|?) instead of 1/|z|*>. To circumvent this, we proceed as in
the proof of Theorem 3.3, setting LY = —A + V,, where V, = max{—c|z|~2, —a}, and we

notice that, when a goes to oo, L, converges to L +V in the strong resolvent sense (see [40,
Theorem VIII.3.3, p.454] or [48, Theorem S.16 p.373]). This yields (4.43). Moreover,

lexp ((—t +i5) L) [ly—g < [l exp(—tL® /2)[|2qll exp(—tL /2) 2
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SO
(4.44) Jexp(—2L)lpq < C(Re2)E(7)

for all z € C, and all p, ¢ such that p/, <p < ¢q < p..
Hence for p, ¢ such that p). < ¢ < p < p,, L' satisfies all assumptions of Theorem 4.13

with Wi(z,t) = Ct3(370) and Wa(z,t) = C+3G3) | K| = K) =1, 6, = 2 (% - 5) and
0y = 5 (}—1) — %) Thus Theorem 4.13 yields
2

c _(ora)| T |00 r?
| Py exp(—zL( ))PngHq < Cp~(01td2) o exp <—Re§

2

2\ (81462)/2
= C(Rez)f((slﬂ;?)(Re%) o exp (—Re%)

for all z € C,2/4. The estimate for z € C,2/, follows directly from (4.44). &

4.7. Other functional spaces. Our approach allows us to state and prove an analog of off-
diagonal bounds for other functional spaces. Suppose that B is a Banach space of functions
on M and that L*(M,du) N B is dense in B with respect to its norm. Suppose next that U
is an open subset of M. We define the space B(U) as the closure of L?(U,du) N B in the
space B. Then we define B*(U) as the space B* with seminorm given by the formula

/]

B*(U) = Sup (f,9),
llgllzry<1

where (f, g) is the duality pairing.

Theorem 4.16. Let (M,d,pn) be a metric measure space, By and Bs Banach spaces as
above, and Uy, Uy open subsets of M. Set r = d(Uy,Us,). Let g: Cy — C be an analytic
function which satisfies condition (2.14) for v = %, and let {¥(z): z € C,} be a family of
bounded linear operators on L*(M,du) satisfying conditions (3.1), (3.2). Assume that
(4.45) W (2)|B,-B; < (Rez) P72 exp (—Reg(2)), Vz € C,.

Then, for all z € C,,

- r2 D/2 r2
12 (2) |5y ) B3 0) < (Rez) ™"/ (1 + Rez) exp (1 — Reg(z) — Reg) :

About the growth condition (2.14), the same remark is in order than after Theorem 4.6.

Proof. For f; € L*(U;,du) N By, i = 1,2, we again consider the function F defined by the
formula
F(z) = (¥(z) f2, J1)-

By assumption
[F(2)] < (Re2) ™" exp (—Reg(2)) || fill 3, )l foll B2 2 € Crp,

|F'(2)] < || f1lle2wyam | foll 2w an), 2 € Cy,

and
2

T
PO < 0 (=3 ) Willswan fllsans €0
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Therefore Proposition 2.4 yields

2

_ r2\ /2 r
PO (e (1ol ) exp (—Reol) = Rel ) 1l el

hence the claim. g

Example 4.17. Let A be the Laplace-Beltrami operator acting on a complete Riemannian
manifold M. Assume that, for some p € (1,00) and some o > 0,

(1.46) fespl==8)lmn =€ (1)

Then, for any pair Uy, Us of open subsets of M, one has

2] r\" r’
<U2|exp(—zA)f|pdu) <0( L+ Re— | exp | —Re ~ 112 @y

where r = d(Uy, Us), for all z € C, and f € LP(Uy,dp).

Proof. Note that in virtue of our assumptions the semigroup exp(—zA), z € C, satisfies
condition (4.45) with B, = LP(M), By, = [P (M), D = 2a and |e9®)| = |z|*. Hence
Example 4.17 follows from Theorem 4.16. g

For the relevance of assumption (4.46), see [14], [9], and Corollary 4.14 above.

We can also set g = exp(Az) in Theorem 4.16. For A > 0, this allows one to treat the
case where one only has small time on-diagonal upper bounds, for A > 0, this allows one, in
case there is a spectral gap in the on-diagonal bounds, to keep track of it in the off-diagonal
ones (see [47] for more in this direction). Such modification can be made in all our previous
statements leading from on-diagonal bounds to off-diagonal bounds. We leave the details
to the reader.

4.8. Possible further generalizations. The technique presented above is very flexible.
For instance, in the statement and the proof of Theorem 4.13 and many other results, we
do not have to assume that the operators W(z) are linear. We think that it should be pos-
sible to find non-linear examples where the Phragmén-Lindel6f technique yields interesting
results. Also, other pairs of dual norms than the (L? L?) norms could be considered in
(3.1) and (3.2). Of course, in such cases, one would loose the connection with finite speed
propagation.

4.9. Open question. Can one treat in a similar way the so-called sub-Gaussian estimates
(see for instance [6], [17]), which are typical of fractals, namely, can one imagine that, in

the above notation,
—tL r’ 1
il <o (<o () ) Al Al

where 7 is the distance between the supports of f; and f,, and

C

< _
pt<$,$) = V(I,tl’g)’
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imply

1
' (AP () \ 7T
pt(‘ray) < WGXP —C (T )

for 6 > 27
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