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Abstract We introduce generalized Bessel and Riesz potentials on metric measure
spaces and the corresponding potential spaces. Estimates of the Bessel and Riesz
kernels are given which reflect the intrinsic structure of the spaces. Finally, we state
the relationship between Bessel (or Riesz) operators and subordinate semigroups.
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1 Introduction

There is a rich literature on the study of Bessel and Riesz potentials on the Euclidean
space R”, see for example the books [1, 16, 20, 23] and the references therein.
However, little is known on how to extend the Bessel and Riesz potentials to metric
measure spaces in a reasonable way. This issue is interesting in that it is closely related
with the study of various current topics, such as the definition of Sobolev-type spaces,
the study of Markov processes and of PDE’s on metric measure spaces. Some classes
of fractal sets, in particular, self-similar sets, are nice geometric models of metric
measure spaces. In this respect, the reader may refer to the books [2, 8, 17, 24] and
the references therein.
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316 J. Hu, M. Zihle

In [28, 29] Riesz potentials of certain fractal subsets of R” are introduced as
traces of the corresponding Euclidean variants. A related approach for more general
quasimetric spaces (X, d, u) by means of local Euclidean charts can be found in
[25, 26]. In particular, the Riesz potentials of order o on so-called «-sets or spaces
are given by

- B u(y)
Iu(x) = /X a7 du(y).

In the present paper we will define generalized Bessel potentials and generalized
Riesz potentials on metric measure spaces admitting a contractive strongly contin-
uous semigroup of transformations 7; = e”?, ¢ > 0, on the space LP(u), p > 1. In
particular, we have in mind A = A for a fractal p-Laplacian A. Then we use arbitrary
completely monotone functions f in order to introduce associated generalized Bessel
and Riesz potential operators (see Definition 2.1 below). They may be interpreted
as the operators f(I — A) and f(—A), respectively. Our notions coincide with the
classical Bessel and Riesz potentials if the metric space is R”?, f(s) = s~°/2, and the
semigroup is the Gauss-Weierstrass semigroup. For fractal sets as mentioned above
the corresponding Riesz potential is now given by

Iu(x) = /X u(y) RS ,(x, ) du(y),

where RY ;(x, y) ~ d(x, y)~“~?#/? and g denotes the so-called walk dimension (see
Example 4.5). This means that our potentials reflect the intrinsic structure of the
metric measure spaces.

One of the essential applications of Bessel operators is to define potential spaces.
These spaces can be viewed as extensions of their Euclidean variants to metric
measure spaces. If p = 2 we obtain the corresponding Besov type spaces. (For other
approaches see [12, 14, 25] and the references therein.)

The issue of the invertibility of generalized Bessel and Riesz operator is non-
trivial. We show that they are invertible on the Hilbert space L*(u) for any non-
zero completely monotone function f if the semigroup 7 is u-symmetric (see
Theorem 3.1 which is classical), but invertible on the Banach space L?(n) (1 <
p < 00) under a certain integrability condition (see Theorems 3.2) and for the case
f =1/g where g is a Bernstein function such that g(0) =0 and limy_, , g(s)/s =0
(Theorem 5.4).

The generalized Bessel and Riesz kernels are important. We prove that if the heat
kernel of the semigroup exists and satisfies two-sided bounds, then the generalized
Bessel and Riesz kernels also exist and satisfy upper and lower estimates, see
Theorem 4.3 and Propositions 4.6 and 4.7.

Finally, we show that in the case f = 1/g as above the generalized Bessel (or
Riesz) operator is the Bochner integral of a certain subordinate semigroup corre-
sponding to g (Theorem 5.2), and its inverse is minus the infinitesimal generator of
the subordinate semigroup (Theorem 5.4).
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Generalized Bessel and Riesz potentials on metric measure spaces 317

2 Generalized Bessel and Riesz Potentials

Let (X, d, n) be a metric measure space, that is, the (X, d) is a locally compact
separable metric space, and u is a Radon measure supported on X. For 1 < p < oo,
let L? () be the space of all real-valued p-integrable functions on X with norm

1/p
lull, = (f IM(X)I"dM(X)) ,
X

and let L>°(u) be the space of essentially bounded functions on X.
Let {T}};>0 be a strongly continuous semigroup on L”(u), that is, each 7, is a
bounded linear operator from L?” () to itself, and

e Ty = I (the identity operator).
o T, s=T,oTsforanyt,s>0.
o limy o4 |Tiu—ul, =0foranyu € LP ().

Let A be the infinitesimal generator of {T,},¢, that is,

. —1 _ _ _
tlirg1+||t (Thu —u) — Aull, =0

for any u € D(A), the space of all functions # € L? (1) such that the above limit exists.
It is known that D(A) is dense in L?(u) as {T}};>¢ is strongly continuous. We may
formally write

T[ZEtA, t>0.

If {T}};=0 on L*(w) is u-symmetric, that is,
(T, v) = /X Tau(x)v(x) dp(x) = /X T (x)u(x) du(x)

for u, v e L*(u), then the generator A is self-adjoint. Any self-adjoint A on L?(u)
admits a spectral family { E£;}>_, that is,

—00?

[e¢]
A:—/ AE;.

o0

The semigroup {7;};>¢ can be written as

T, =é¢4 = f eMdE;, (t>0).

o0

If A is further non-positive definite, that is,
—(Au,u) >0 foranyu € D(A),

then E; = 0 for any A < 0, and so

0
A:—/ LdE,,
0

T, = / e M dE;. (2.1)
0
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A semigroup {7;};>0 on LP () (1 < p < 00) is said to be contractive if
I Twull, < llull, foranyt>0andue LP(n). (2.2)
A semigroup {7;};>0 on L*°(u) is conservative if
T,1 =1 foranyt> 0. (2.3)

A measurable function 4 : (0, 00) x X x X — [0, 00) is called the heat kernel of
{Ti}i0 if

Tou(x) = /X ht, x. yyu(y) du(y) (2.4)

for all t > 0 and p-almost all x € X. If {7}, is conservative, then

/X B, x, y) di(y) = 1 (25)

forallt > 0and a.a. x € X.
A function f:(0,00) — R is completely monotone, if f has derivatives of all
orders and satisfies

(-Dkf®(x) >0 foranyx>O0andfork=0,1,... .

This class of functions was introduced by Hausdorff in 1921 in [13], where such
functions were termed “fotally monotone”. By the Bernstein theorem [5], a function
f is completely monotone if and only if

fx) = / e dv(s), x>0, (2.6)
0
for a (non-negative) measure v on [0, oo) for which the above integral converges for

any x > 0, see also [27, p.161] or the more recent book [16, Theorem 3.8.13, p.164].
By Eq. 2.6, we see that

1
/ dv(s) <ef(l) < oo. (2.7)
0

A famous example of completely monotone functionsis f(x) = x~° for any o > 0.
Note that

B 1 © el —s
x“=—r( ) s e ds
o) Jo

/OO e dv(s) (x> 0)

0

2.8)

for any o > 0, where

dv(s) = s~ Lds. (2.9)

['(o)

A function g : (0, o0) — R is a Bernstein function, if g has derivatives of all orders
and satisfies that g > 0, and

(—l)kg(k)(x) <0 foranyx>Oandfork=1,2,....
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By definition, we see that a function f > 0 on (0, co) is completely monotone if 1/f
is a Bernstein function. A function g is a Bernstein function if and only if

gx)=a+bx —}-/ (1—e™)dm@, x>0, (2.10)
0
for constants a, b > 0 and a (non-negative) measure m on [0, co) with
/ (A1) dm(t) < oo, (2.11)
0

see for example [16, Theorem 3.9.4, p.174]. It follows from Eq. 2.10 that

a=1limgx) and b = lim @
x—0 x—o00 X
Comparing Eq. 2.7 with Eq. 2.11, we see that the measure m associated with a
Bernstein function may have a stronger singularity at 0 than the measure v associated
with a completely monotone function, see for example v as in Eq. 2.9 and m as in
Eq. 2.13 below.
A typical Bernstein function is g(x) = x° for 0 < o < 1. Observe that

x° = L/ T (l—e™) dr
ra—-o)Jy

/ (1—e™) dm@) (x>0) (2.12)

0

forany 0 < o < 1, where

_ o —1—0o
dm(t) = Ti—o) a)t dt. (2.13)

Recall that a family {u,},>0 of Borel measures on R” is called a convolution
semigroup on R" if

u; (R™) < 1 forall t > 0, and g is the Dirac measure at 0.
Wk s = e Tor all s, ¢t > 0, where * means the convolution of measures.
e 1, — poweaklyast — 0.

A function g on (0, 00) is a Bernstein function if and only if there is a convolution
semigroup {u,}0 on [0, co) such that

/ e du(s) =e ¥, x>0andt>0, (2.14)
0
see for example [16, Theorem 3.9.7, p.177].
A function g : (0, co) — Rissaid to be a complete Bernstein function if there exists
a Bernstein function g; such that
gx) = x2/ e*gi(s)ds, x>0. (2.15)
0

Assume that g; is given by

gi(x)=a+bx+ /OO (1 —e™™) dm().
0
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By a straightforward calculation, it follows from Eq. 2.15 that

gx) =b +ax +/ (1—e™)n@ dt
0
where
n(n) = / s*e* dm(s), >0, (2.16)
(0,00)

see for example [16, p.192-193].
Recall that for o > 0, the classical Bessel potential J, and Riesz potential I, on
R" are respectively determined by

1 ., o
Jou = 70/ 27 e Tudt = / e ' Tadv (),
(%) Jo 0
1 ® 4 o
Iyu= 70/ 2 Tudt = / T dv(t), (2.17)
(%) Jo 0
where v is given by dv(¢) = F(l%) 127 dt, and Tu(x) = [, G(t, x, y)u(y)dy is the
Gauss-Weierstrass semigroup with the Gauss-Weierstrass heat kernel
1 |x — y|2>
Gt,x,y)=———exp| — , 2.18
T e e (.19)

see for example [14, 23]. The infinitesimal generator A corresponding to the Gauss-
Weierstrass heat kernel G defined as in Eq. 2.18 is the usual Laplacian

n 82
i=1 L

Formally we may write J, = (I — A)’% and I, = (—A)’%.

A natural question arises how to generalize the classical Bessel and Riesz poten-
tials on R” to the metric measure space in a reasonable way.

Note that there are two notable features in defining the classical Bessel potential
and Riesz potential.

e The strongly continuous semigroup {T,},>o that corresponds to the Brownian
motion in R".

e The measure v that corresponds to the famous completely monotone function
x~3 foro > 0.

Based on this observation, we give the generalized Bessel and generalized Riesz
potentials on (X, d, n) as follows.

Definition 2.1 Let f be a completely monotone function on (0, co) with associated
measure v as in Eq. 2.6. Let T := {T,};>0 be a contractive strongly continuous
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Generalized Bessel and Riesz potentials on metric measure spaces 321

semigroup on L”(u). The corresponding generalized Bessel (potential) operator J, ,{’T
and generalized Riesz (potential) operator I,f’T are respectively defined by

J,f’Tu = / e Tudv(t), uelLP(n), (2.19)
0

1M = / T dv(?). (2.20)
0
Here the space L? (1) might be replaced by any Banach space.

For convenience, we shall suppress the superscript T, and denote by
f._ JIiT [ [T
Ji=Jy and [ =1

when no confusion arises. By Eq. 2.19, the Bessel operator JL{ is well-defined, and it
is linear and bounded on L”(u). In fact, we see from Egs. 2.19 and 2.6 that

ful, = [T, dvo
0

< Jlull, /O edv(t) = F(D)lull. (221)

However, in general, we do not know whether the Riesz operator I,{ is well-defined
on L”(u), as we do not know the decay rate of || 7;||, as t — ooc. In other words, the

domain of I,'f may consist of zero only.

Remark 2.2 The generalized Bessel operator JZ;"T can be viewed as a kind of the
generalized Riesz operator in one of the following two ways:

° J/:’T = IZ’T, where j?(x) = f(1 + x). In fact, by Eq. 2.6, we see that
fd+x) = / e U+ dy(s) = / e %e™5 dv(s)
0 0

=/ e dv(s), x>0,
0

where dV(s) = e~*dv(s). Therefore, it follows from Eq. 2.20 that

1M = / Tudv(f)
0
= / e Tadv(t) =T "u
0

for any u € L?(u), showing that J,J,f’T = IJ’T. In this case, we keep the semigroup
unchanged but vary the completely monotone functions, and obtain the Bessel
operator from the Riesz.

o ] /:’T = IJ‘T, where T = {e7"T;}1>0. This is easily seen by definition. In this case,
we keep the completely monotone function unchanged but vary the semigroups,
and can also obtain the Bessel operator from the Riesz operator.
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Example 2.3 Let X = R" and u be the Lebesgue measure. Let {7;} be the Gauss-
Weierstrass semigroup defined by Eq. 2.18, and let f(x) = x~% for o > 0. Then the
generalized Bessel and Riesz operators J, /f and Ilf defined as above agree with the
classical ones respectively.

Note that for a completely monotone function f defined as in Eq. 2.6,

fd+x) = /oo e 09 ().

0

Thus, we may formally write

f— Au = /00 e =Dy dv(r)

0

:/ e~ e udv(r)

0

=/ e’ dev(t):]iu.
0

Therefore, we formally have that
I[ = f— A, (2.22)
where A is the generator of {7}},>¢. In a similar way, we formally have that
Il = f(—A).
For X = R” with the Gauss-Weierstrass semigroup {7;} and 0 < ¢ < n the author
[29] studied such Bessel-type potentials for completely monotone functions of the
form f = (1+ g)~“ for any Bernstein function g, and the Riesz-type potentials for

f = g7? under some additional conditions on g.

As in the classical case we now introduce the potential space associated with ],{
provided that this operator is injective:

Definition 2.4 (Bessel potential space)

H[f:(u) :={u e LP(u) : there exists some ¢ € L”(u) such that u = J/:go} . (2.23)

The norm of u = J,{(p € H,{(M) is defined by

(Since J/f is injective, the norm defined here makes sense.)

Clearly, the space H ,],C (n) defined as above is a Banach subspace of L (). We call
Hg(,u) an f-Bessel potential space on (X, d, ) with respect to ({7}, L?(n)).
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Remark 2.5 If f=1/g for a Bernstein function g such that g(0) =0 and

-1
lims—, o, g(s)/s = 0 we obtain the interpretation (J,f) =g — A) and the norm
equivalence

el 1y = I8 — Aullp ~ llullp + lg(=Aullp, 1< p < oo, (225)

(see Corollary 5.5 below) which is well-known in the classical case.

We now turn to conditions under which the above potential operators are
invertible.

3 Invertibility

In this section we investigate the invertibility of the generalized Bessel and Riesz
operators. We first show that for ;-symmetric semigroups J, ,{ and /, J are invertible on
L?*() for any completely monotone function f. We then prove an inversion formula
for J,’: and I,f on the Banach space L”(u) for 1 < p < oo under some assumptions
on f. Finally, we consider the special case f(s) =s~“ for ¢ > 0 under this point of
view. If the generator A of the underlying semigroup {7;} is a Laplace-type operator
then the inverses of the Riesz potentials for such f may be interpreted as fractional
derivatives. In general, for 0 < o < 1 this case also fits into the inversion scheme in
L?(w) givenin Section 5 for f = 1/g with an arbitrary Bernstein functions g as above.

Theorem 3.1 Let {T;} be a strongly continuous semigroup on L>(u) that is -
symmetric and contractive, and let f > 0 be a completely monotone function defined

as in Eq. 2.6. Then the generalized Bessel and Riesz operators J,f and I,{ defined as in
Egs. 2.19 and 2.20 are invertible on L*(1), and

(Jj)" u= / fA+1""dE;u,
- (3.1)
(Il-f)f1 u= / f)'dEu,
0
where { E, },> is the spectral family of the generator A of {T,}.

Proof This is classical and we sketch the arguments: Since {7} is u-symmetric and
contractive, its generator A is non-positive definite (see [9]). It follows from Eqgs. 2.19
and 2.1 that, using Fubini’s theorem,

Jlfu = f e Tsudv(s) :f e (/ e‘“dE,w) dv(s)
0 0 0
:/ (/ e-“““du(s)> dEAu:/ f(l+ 1) dEu.
0 0 0
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Define the operator D,’: by
D/u =/ fa+1)""dEu,
0

D (D)) = {u e L*(n) : /OOO fA+0"2d(Ewu, u) < oo}. (32)

By the functional calculus, we see that J,'f (D/:u> =u for any u e D (D;’:), and
Df: (J,fu) = u for any u € L*(u). Thus D,{ is the inverse of J,{. In a similar fashion,

the Riesz operator 1, ,f is invertible. O

We further investigate the invertibility of the generalized Bessel and Riesz oper-
ators on the Banach space L?(u) for 1 < p < co. The situation is more involved. To
do this, we assume that the completely monotone function f is of the form

fx) = /oo e p(s)ds, x>0 (3.3)
0

for some p : (0, c0) — [0, 00), and that
fo = / P —e ™ dm@), x>0 (3.4)
0

for a measure m on [0, co) with f0°° (s A1) dm(s) < oo, and for a polynomial P > 0
on [0, co) given by

P(x)=ap+ax+ -+ ax" (3.5)

where n > 1 is an integer, and constants ay > 0 and a; € R (1 < i < n). Clearly, for
any o € (O 2), the function f(x) = x~/? satisﬁes conditions (3.3) and (3.4), where

p(s) = F(g/z) §0/2-1 ,and P(x) = x and dm(t) = 21_(0/2) _o __40/2-1 g4

For any ¢ > 0, define a function g, on (0, co) by

qe(s) —SZZak( 1)’( )/ooﬁ(as— jHdm(), s>0, (3.6)

k=0 j=0

where p(x) = 0if x <0, and p(x) = p(x) if x > 0.

Theorem 3.2 Let {T,} be a contractive strongly continuous semigroup on LP(u) for
1 < p < oo. Assume that f satisfies Eqs. 3.3 and 3.4, and that

lg:(s)| < q(s) forany &,5>0 (3.7)

for some function q > 0 with f0°° q(s)ds < oo. Then the generalized Bessel operator
J,{ defined as in Eq. 2.19 is invertible on LP ().
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Proof By the monotone convergence theorem and Fubini’s theorem, it follows from
Eqgs. 3.3 and 3.4 that for any ¢, x > 0,

1= f(x) - fx) ' = lin(l)/oo e p(s) </oo Pl —e™) dm(t)) ds
E—> 0 e

= lim /oo (/oo e p(s)P(1 —e™™) ds) dm(t). (3.8)
0

e—>0 Jg

Using the expansion (3.5) of P, we have that
00 n ] X
/ e p(s)P(l —e ™) ds = Zak / e p(s) (1 —e™)" ds. (3.9)
0 = Yo

We compute that

o] k o0
/ e p(s) (1 _ e—tx)k ds = Z(_l)]<k> / e*(s+jt)xp(s) ds
0 =0 17 Jo
k 0
=Y 1 <k> / eB(s — ji) ds.
=0 1/ Jo

Combining this with Eq. 3.9, we see

/ooe_”p(s)P(l e ds = ZZak( 1)’( )/ “p(s — jo ds.
0

k=0 j=0

Therefore, using Fubini’s theorem again and then changing variables s by s, we
obtain from Eq. 3.8 that

n k
glm g (k - ]E ag o e ps J S m

= lir%/ e **q:(s)ds for any x > 0. (3.10)
e=0 Jo
For ¢ > 0, define the operator D/ by

Dgu:/mp(l—e—‘T,)udm(t)
n k oo
> a(- 1)/( )/ e " Tjudm(r). (3.11)

k=0 j=0

For each ¢ > 0, the operator Dgf is linear, and its domain is L” (i) since

[ e M Tyull, dm(t) < IIMIIP/ dm(r) < o0
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for any u € L?(u), by using that facts that || 7ul|, < ||lu|l, and that
o0
[ dm(t) < oo.
&
Let DZ: be the strong limit of D! thatis,
lim | Dfu — Dju]] =0 (3.12)

forueD ( D/ ) the space of all u € L”(w) such that the above limit exists.

We will show that for any u € L?(u), the element qu eD ( M), and
lim | D/ (Ju) —u| , =0. (3.13)
In fact, by definition,
Jl]:u = / e *Tsu p(s) ds,
0

and so

[o¢]

e T, (Jlfu) = e UITup(s)ds

[o¢]

e*Tsup(s — jt)ds.

S— S

Therefore, we see from Eq. 3.11 that

Dl (Jju) = ZZ“"( I)I(ID/OOefﬁTﬂ(J;fH) dm(o)

k=0 j=0
k (o]
> ar(- 1)’( )/ pls — joydm() | ds

:/ e*Tsu
k=0 j=0

= /OO Tesu (e7°q.(s)) ds
0

n

From this we infer using Eqs. 3.7 and 3.10 for x = 1 and the dominated convergence
theorem,

| D (7iu) —u], < /0 I Teste — ull, (€7 g (s)) ds+(1— /0 e‘%(s)ds) lleel

< / I Teste — ull, q(s) ds + (l —/ € g (s) dS> Il p
0 0

— 0 ase— 0.
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Hence, it follows that J,{u eD (D,{), and
D/ (JJu)=u forue LP(u). (3.14)

Similarly, we can show that || J/(Dju) — u ,— 0ase — Oforanyu e D(D},). Thus,

the Bessel operator J ,f is invertible. O

Remark 3.3 Condition (3.7) can be dropped if f = 1/g for a Bernstein function g on

(0, o0) such that g(0) = 0 and lim,_, o, g(s)/s = 0. In this case the Bessel operator ];{
is invertible, and its inverse is minus the generator of a subordinate semigroup, see
Theorem 5.4 below.

One can investigate the invertibility of the generalized Riesz operator 7, ,{ on the
Banach space L?(u) by assuming a similar condition on f. We omit the details.

Remark 3.4 The inversion procedure in the above proof is the analogue of the
difference representation for the fractional derivatives arising as inverses of the
classical Euclidean Bessel and Riesz potentials (cf. [19, 20]).

In general, the famous completely monotone function mentioned above fits into
the approach of Theorem 3.2:

Example 3.5 For o > 0,let f(x) = x~°. Then

fot=w = [T e ey ar

where / = [o0] + 1! and

x(o, 1) = f o (1 - e”)l dr.
0
All the hypotheses on f in Theorem 3.2 hold (condition (3.7) is clear as the function

q: defined as in Eq. 3.6 is independent of ¢!), see the detail in [19] or [15]. In
particular, if 0 < o < 1, then

x° = L/ ! (1 —e ™) dr,
rd-o) J
and hence (J/:)flu = (I — A)?u for suitable u € LP(u), where
o o0
I-A°u:=——— 7 (u— e ' Tu) dr. 3.15
( )Y u F(l—a)/o (u—e"Tu) (3.15)

For 0 < o < 1, we similarly have that (I,{)_lu = (—A)°u for suitable u € LP(u),
where

_ [ g OO —o—1 _
(—A)u = Ti—o) _0)/0 t (u— Tw) dt. (3.16)

IThe symbol [o] means the integer part of a real number o.
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Finally, we present an interesting case of how to compute the function p in Eq. 3.3
when f = é for a Bernstein function g on (0, co). In fact, let {i,} be the convolution
semigroup associated with g as in Eq. 2.14. Assume that y, has a density with respect
to the Lebesgue measure, that is, there is function 7, : (0, c0) — (0, o) such that
du(s) = n.(s)ds for any ¢ > 0. Integrating Eq. 2.14 in ¢ € (0, c0), we see that

fo =gt = [Cema

0

= /-oo (/ooe’”n,(s) ds) dt
0 0

= /oo e ™ (/‘00 n:(8) dt) ds.
0 0

Therefore, we conclude that

p(s) = foo n(s)dt, s>0, (3.17)
0

see also Eq. 5.5 in Section 5 below.

4 Bessel and Riesz Kernels

In this section, we are concerned with whether the generalized Bessel operator or
the generalized Riesz operator admits a kernel. It turns our that if the heat kernel
of {T,} satisfies two-sided bounds, then the Bessel kernel and the Riesz kernel exist,
and both of them decay at a polynomial rate. We present some interesting examples
on both R” and fractals.

Assume that {7} is contractive strongly continuous semigroup on L”(u) for p > 1
that possesses a heat kernel 4. By Eq. 2.19 and Fubini’s theorem, we have that

Jlu() = fo T et o dole) = /X u(y) B (x, y) dpu(y) (4.1)
for any non-negative u € L”(u), where
Bl (x,y) := /000 e h(t, x, y) dv(p). (4.2)
The function B/ on X x X is called the Bessel kernel. Similarly,
I‘{u(x) = /Xu(y)Rf(x, y)du(y) foru=>0, (4.3)
where the Riesz kernel RY is defined by
R/ (x,y) = /0 e, x, y)dv(p) (4.4)

if the integral is finite.
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Before we proceed, we introduce some notation. Denote by B(x,r) ={y e X :
d(y,x) <r} the ball in X with center x and radius r. Set ry := diam(X) € (0, oo],
the diameter of X, and V(x,r) = u (B(x, r)), the volume of the ball. If there is an
increasing continuous function V : (0, co) — [0, co) such that

Vix,r)~ V()
forall x € X and 0 < r < ry, the set X is called a V-set. If there is an « > 0 such that
Vx,r) ~r®

for all x € X and 0 < r < ry, we call X an a-set. The space R" is an n-set for any
integer n > 1. The Sierpinski gasket or the Sierpinski carpet in R” is an a-set for
some « > 0, see for example [§].

In the sequel, the letters ¢, ¢/, ¢ and C denote positive constants whose values may
change at each occurrence.

The heat kernel £ is said to satisfy condition (Hg), if

1 dx, y)
h(t, x,y) ~ VR @ ( 7 ) 4.5)

forall 0 <t < rg and x, y € X, where 8 > 0 and @ : [0, 00) — (0, 00) is continuous
and decreasing, and V : (0, co) — (0, 00) is continuous and increasing; and moreover,

sup h(t, x, y) < ce” forallt>rl (4.6)
XxX

when ry < oo, where ¢ > 0 and § € [0, 1).
Note that if V(r) ~ r* for « > 0, then Eq. 4.5 implies that X is an a-set, see [10].
We give some examples that the heat kernel # satisfies condition (Hg).

Example 4.1 The Gauss-Weierstrass heat kernel satisfies Eq. 4.5 where o = n,
B =2,and

®(s) = exp (—s?/2) (s =0).

The Cauchy-Poisson heat kernel defined by

n+l
Cn |)C - )’|2 S
ht, x,y) = r (1 + 2

where C, = I (%) /7 "+D/2 also satisfies Eq. 4.5 witha = n, B = 1, and

n+l

D)= (1+s%) * .

2The symbol f ~ g means that there exist constants ¢, C > 0 such that cf < g < Cf.
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Example 4.2 Let X be the bounded or unbounded Sierpinski gasket in R”, and let
u be the o :=log(n + 1)/log2-dimensional Haudorff measure on X. In [4], it was
shown that there is a heat kernel /4 satisfying

» lx — y| B/(B=1)
ht,x,y) ~t /8 exp (—C < [l/ﬁy ) ) (4.7)

for all 0 <t < rg and all x,y € X, where B =log(n+ 3)/log2, termed the walk
dimension of the Brownian motion on X.

A similar estimate to Eq. 4.7 also holds on the Sierpinski carpets on R” (cf. [3]),
and on other fractals (cf. [2, 11] and the references therein).

Theorem 4.3 Let f be a completely monotone function given as in Eq. 3.3. Assume
that {T,} has a heat kernel h satisfying (Hg). If wi(r) :=V(r)/p (rﬂ) ~ 1% for some
01 > B, and if

/ s P D (s) ds < oo, (4.8)
0

then

B (x,y) ~ d(x, y)"@P (4.9)

forallx,y € X with0 < d(x,y) < ro.

Proof We only consider ry < 0o; the case rp = oo is similarly treated. It is enough to
estimate the integral in Eq. 4.2 for x # y € X. By Egs. 4.2 and 3.3, we see that

Bl (x,y) = / e 'h(t, x, y) dv(t)
0

o0

r
= / e 'h(t, x, y)p(t) dt +/ e 'h(t, x, y) dv(r). (4.10)
0

B
o

We estimate the last two integrals. By Eq. 4.6, we see that

/ﬂ e'h(t, x, y)dv(t) < c/ﬂ e - dv(r)
o o

< c/w e~ 1D dy ()
0
=c f((1=8) < cd(x, )~ P (4.11)
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for all x, y € X with 0 < d(x, y) < ro, where ¢’ > 0, since 6; > 8. On the other hand,
it follows from Eqgs. 4.5 and 4.8 that

5 6
o o p(D) d(x, y)
/(; e 'h(t, x, y)p(f)dt’v/(; V(tl/ﬁ)q)< /B )dt
6
1 d(x, y)
_/0 o (tl/ﬁ)cD( G )dt
f 0
o [T (A" (dx, y)
~d(x,y) 9[) ( /B ) QD( /B )d[

~ d(x, y)~ P / P10 (s) ds
d(x.yyry!

~dx. ) 0P

for all x, y € X with 0 < d(x, y) < ro. This combines with Eqs. 4.10 and 4.11 to yield
the desired. O

Theorem 4.4 Let ry = co. Assume that all the hypotheses in Theorem 4.3 hold. Then
Riesz kernel R exists, and satisfies

R (x, y) ~ d(x, y)~ ="
forallx #y e X.

Proof We need to estimate the integral

foo h(t, x, y)dv(t).
0

This can be done exactly the same as that in the proof of Theorem 4.3. We omit the
details. ]

Example 4.5 Let V(r) ~r* for « > 0, and let f(x) = X7 for ¢ > 0. Then, we see
from Eq. 2.9 that

and so
wi(r) = V©)/p (rP) ~ re=Peb,
Therefore, if the heat kernel 4 of {T}} satisfies Egs. 4.5 and 4.8, then
Bf(x, y) ~ d(x, y)—(ot—aﬂ/Q),
R (x, y) ~d(x, y)~ P2,

3In this case, note that Eq. 4.8 implies that fo < 2a.
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In particular, if X = R” and {7} is the Gauss-Weierstrass semigroup, then
Bl (x, y) ~ x =y 7",
Ri(x,y) ~|x—y|"", (0 <o <n),

where « = nand g = 2.
We further estimate the Riesz kernel in terms of f.

Proposition 4.6 Let ry = oo, and let f be given as in Eq. 3.3 with p satisfying

pt)>ct™ f(t7') forallt>0 (4.12)
for some ¢ > 0. Assume that {T,} has a heat kernel h satisfying
d
ht, x,y) = ¢ D ( (:f/’ﬁy )> (4.13)

forallt > 0and x,y € X, where ¢, a, B > 0 and ® is continuous decreasing on [0, co)
with ®(1) < oo. Then the Riesz kernel has the lower estimate

R (x, y) = d(x, y)™ f (d(x, y)F) (4.14)

forallx #y € X, for some ¢’ > 0.

Proof Letr :=d(x, y) > 0. It follows from Eqs. 4.4, 4.12 and 4.13 that

Ri(x,y) = /OO h(t, x, y)p(t) dt > /oc h(t, x, y)p(t) dt
0 P

> c/rﬂOO ) @ (#) dt
>cd() f(rF) /r:c Bt gy
=corf(r?),
where we have used the monotonicity of ® and f. O

We next derive an upper bound of the Riesz kernel. To do this, we need upper
estimates of f, p and A.

Proposition 4.7 Let ry = 0o, and let f be given as in Eq. 3.3 such that

f(x) <Af(rx) forallx > 0and ) > 1, (4.15)
p(t) <ct™' f (") forallt >0, (4.16)
where ¢ > 0. Assume that {T,;} has a heat kernel h satisfying
d
ht,x,y) <ctFo ( (;f/’ﬁy)> (4.17)
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forallt > 0and x, y € X, wherec > 0and o > B > 0, and ® is continuous decreasing
on [0, oo) with ®(0) < oo and

foos"‘"d)(s) ds < o00. (4.18)
1

Then the Riesz kernel R satisfies

R/ (x,y) < "d(x, y)™ f (d(x, y)*) (4.19)

forallx #y € X, for some ¢” > 0.

Proof Letr :=d(x,y) > 0. It follows from Eqs. 4.17 and 4.16 that

f _ (" T b p (o (-

.

= C{/O P (e @ (t]%) dt

_i_v/r'oofa/ﬁ—lf(fl)q) (ﬂ%) dt}. (4.20)

B

We compute that, using the monotonicity of f,

5 o ) , B P —a/f r
/0 Cr o (L) des g ﬁ)/o e () di
_ ﬂr_af(r_ﬂ) /oo s“_ld)(s) ds
1
<o s ) @21

by virtue of Eq. 4.18. On the other hand, if t > #, we let A, = tr~# > 1in Eq. 4.15, and
obtain that

f(t’l) < tr’ﬂf(r’ﬁ) fort,r > 0.

Therefore, using the monotonicity of @,

* b e (L B (b Ry
/rﬂ t It )‘D(tl/ﬂ)dtfr f(r )CD(O)/M P dr

= LCD(O)F“ f(r?) (4.22)

B—«
since & > fB. Combining Eqgs. 4.20, 4.21 and 4.22, we obtain the desired. O
Note that all the heat kernels in Examples 4.1 and 4.2 satisfy the conditions in
Propositions 4.6 and 4.7.

We now give some classes of completely monotone functions f for which the
assumptions in Propositions 4.6 and 4.7 are also fulfilled.
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Example 4.8 Let g be any positive Bernstein function on (0, c0). Then f=1/g is
completely monotone, and satisfies Eq. 4.15. In fact, since g > 0 and its derivative g’
is decreasing, we see that

g(rx) < Ag(x) forallA >1andx > 0.

It follows that

1 A
fx) = 20 < 00 = AF(AX).

Example 4.9 Let f be given as in Eq. 3.3. Then the following is true.

e If p is monotone, then

py<(1—e ) (e (4.23)

for all t > 0. See the proof [29], or [6, Chap.I1I, Sect.1, Prop. 1].

e If pis decreasing on (0, c0) and f(Ax) < cA™? f(x) for all A > I and x > 0 where
¢,8 > 0, or if p is increasing on (0, c0) and f(2x) > ¢ f(x) for all x > O where
¢ > 0, then

p() =t f () (4.24)
for all t > 0. See [29].

5 Subordination

In this section we will establish relationships between the generalized Bessel or Riesz
operators and subordinate semigroups.

Let {7T;},;>0 be a contractive strongly continuous semigroup on L”(u) with infini-
tesimal generator (A, D(A)). Let g be a Bernstein function on (0, co) with associated
convolution semigroup {u,} on [0, co0) as in Eq. 2.14. Define

Téu = foo Taudu(s) (t=>0) (5.1)
0

for u € LP(u). Then {T¥}; is also a contractive strongly continuous semigroup on
LP?(w). This new semigroup {T¥};s¢ is termed a subordinate semigroup, which was
first introduced by Bochner [7] in 1949.

Remark 5.1 For p =2, if the semigroup {7;} is Markovian, then the subordinate
semigroup {7%},~0 is also Markovian. Let X, and X? be the Markov processes on
(X, d, ) associated with {T;} and {T¥ }i=0, Tespectively. A well-known probabilistic
interpretation of X? via time changes is given by

X =Xg, t>0.

Here S¢ denotes the subordinator corresponding to the Bernstein function g, that
is, the non-negative increasing Markov process on [0, co) with generating Markov
semigroup {u,}. Moreover, S? is independent of the process X;. (See for example [9].)
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If we replace the semigroup {7;} in Eq. 5.1 by the semigroup {e~'7}}, and let
[e.¢]
Piu = f e Taudu,(s), t>0, (5.2)
0
then { P¥},-o is also a subordinate semigroup on L’ ().
Theorem 5.2 Let {T,} be a contractive strongly continuous semigroup on LP(u) for
1 < p < oo. Let g be a strictly positive Bernstein function on (0, 00), and let f(x) =

g(x)~! for x > 0.* Then
[e¢]
Jju:/ Pludt, (5.3)
0
[e.¢]
= f Téudt (5.4)
0
for suitable u € LP(w), where {T®} and { P{} are as in Eqs. 5.1 and 5.2 respectively.
Proof Let g > 0 be a Bernstein function on (0, co) with the convolution semigroup

{i;} on [0, 00) as in Eq. 2.14, and let v be the measure associated with f = é as in
Eq. 2.6. Note that for any Borel B C [0, c0),

»(B) = / (B dt, (5.5)
0
see for example [6, p.74]. It follows from Egs. 2.19, 5.5, and 5.2 that

],fu:/ e *Toudv(s)
0

= /OO (/Ooe’s Tsu d/,L[(S)> dt
0 0

o0
= Plu dt,
0

proving Eq. 5.3. The equality (5.4) can be proved in a similar way. O

Remark 5.3 1f the Bernstein function g(x) = x, then u, is the Dirac measure concen-
trated at point ¢, for any ¢ > 0, and so P§ =e¢~'T, and T¥ = T,. Formula (5.3) and
(5.4) coincide with the definition (2.19) and (2.20) respectively, with dv(f) = dt.

Let (A8, D(A®)) be the generator of {T%},-0. It was shown by Phillips [18] that
D(A) c D(A8), and

—ASu=au+b Au+ f (u — Tw) dm(t) (5.6)
0

4Recall that f = é is a completely monotone function if g is a Bernstein function.
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if u € D(A), where the triple (a, b, m) is uniquely determined by g as in Eq. 2.10.
Schilling [21] proved that D(A8) = D(A) if and only if either A is bounded or if
b > 0. Afterwards, he gave a characterization of D(A¢$) by using the approximation
procedure for complete Bernstein function g, see [22]. See also [15] for g(x) = x° for
fractal domains X by using the heat kernel.

In the remainder of this section, we assume that g is a Bernstein function with

a=0and b = lim,_ % =0, that is,

gx) = / N (1—e™™) dm(). (5.7)
0

Note that by Phillips’s result, the generator B¢ of the subordinate semigroup {P¢}
defined as in Eq. 5.2 is given by

—BSu = /OO (u—e " Tu) dm(t) (5.8)
0
foru € D(A).

Theorem 5.4 Let {T;} be a contractive strongly continuous semigroup on LP(u) for
1 < p < oo. Let g be a strictly positive Bernstein function on (0, co) given by Eq. 5.7,
and let f = é. Then

(7/)" = -B", (5.9)

D (B) = J (LP(w) = H} (). (5.10)
where BS is defined as in Eq. 5.8.

Proof We first show that BS is injective. Assume that there were a function ug # 0
in D(B?¥) such that B8(uy) = 0. Then we could choose a continuous linear functional
A on LP(u) with A(ug) = 1. Letting

o) := A (Pfug), 1=0,

we obtain
d
d—‘f(z) = A (PfB8ug) =0,

and ¢(0) = 1. Thus, ¢ (t) = 1 for any ¢ > 0. But this is a contradiction, since

601 = C| P, < Cllual, [ e diets)
0
= Cllugll, e " — 0 ast— oo,

where C = ||A|l. Hence, the operator BS is injective.
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We now show that
B8 (Jju) = —u forany u e LP(u). (5.11)

In fact, it follows from Eq. 5.3 that

Bt (7]u) :lilrg)s_l (P§—I)/O Piudr

o0 o0
= lims™' (/ P udt —f P‘fudt)
s—0 0 0

s
=—lims™' | Pludt=—u,
0

s—0

where the limits are taken in the LP(u)-norm.

Finally, it follows from Eq. 5.11 that H},C(/L) = J,{(Lp(u)) C D (B?%). On the other
hand, for u € D (B9%), let ¢ := BSu € LP(u). We see that Bg(J,{qb) = —¢ = —Béu,
showing that u = —J,{qb as B$ is injective. Hence, we have that u € H;(/,L), and so
D(B?) = H',f(u) and — B8 = (JZ:)“. This finishes the proof. m]

One can obtain a parallel conclusion like Theorem 5.4 for the Riesz operator. We

omit the details.
By construction, we get the interpretations

—BS=g(I—A) and — A8=g(—A).
Corollary 5.5 Under the conditions of Theorem 5.4 we have the norm equivalence
el 17y = N8 = Aullp ~ lluell p + g (= Auell

in the space of f-Bessel potentials.
Proof From the representation formulas for the operators A% and B$ we infer
o0
ASu — Béu = / (T — e Tyue) dm(t)
0
and hence, using the contractivity of the semigroup,

|LASull, — 1| Béull,| < ||u||p/ (1—e™) dm(@) = g()ull,
0

Furthermore, since —BS = (J/:)fl and ||J,fu”p < g(1)7'lull,, we obtain
lullp = | BEul, = (D" I1Bfull,
which leads to
| BSullp ~ llullp + | ASull, .

This finishes the proof. O
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Basing on the above formulas we may estimate |(J ,f')flu(x)| for x € X by using

the heat kernel 4. To do this, note that by Egs. 5.9 and 5.8,
-1 ©
(J/f) u= / (u—e ' Tu) dm(t)
0
[o¢] o0
=u / (1—e") dm@) +/ e !(u— Tu) dm()
0 0
= cou + Qu,
where ¢o = f()™' = [;7 (1 —e™") dm(1) < oo, and
Ou :=/ e ' (u— T dm@).
0
If {T}} is conservative and has a heat kernel /, we see that
() = T = [ @) = w5, ) i),
and so
Q| = [ lut) ~ T dmo
0
= [ ) — w1y ) diey),
X
where

ky(x,y) = / e 'h(t, x, y) dm().
0

(5.12)

(5.13)

(5.14)

(5.15)

Proposition 5.6 Assume that {T,} is conservative and has a heat kernel h satis-
fying Eq. 4.5, and that dm(t) = n(t)dt for some n: (0, 00) — [0,00). If wy(r) :=

V() /n (rP) ~ " for some 0, > B, and if
f s> P 1D (s) ds < oo,
0

then we have that
kyx, y) ~ d(x, y)~@P
forany x # 'y € X. Consequently,

|lu(x) — u(y)l

[Qiu(x)| < . dlx )P

du(y) (xe€ X).

Proof The proof is the same as that in Theorem 4.3. We omit the detail.
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Remark 5.7 If f(x) =x= for o € (0,1) and V(r) ~r* for « >0, then n() =

o —1—
i oyt 7 and

wa(r) = V() /n (r7) ~ rrt P,
Therefore, we have that k ¢(x, y) ~ d(x, y)~©@*#9) and

|u(x) —u(y)]

Q= | i

wu(y).

This makes the inversion formula from the proof of Theorem 3.2 in our special
situation more explicit.

In particular, if X = R” and p is the Lebesgue measure, we see that for o € (0, 1),

lu(x) — u(y)|
i |x = y|rtee

s

101u()] 5/

where « = n and B = 2 which corresponds with the representation of the inverses of
the Bessel potentials by means of hypersingular integrals (see [20, (27.37)]).
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