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WEIGHTED NORM INEQUALITIES FOR FRACTIONAL
OPERATORS

PASCAL AUSCHER AND JOSE MARIA MARTELL

ABSTRACT. We prove weighted norm inequalities for fractional powers of elliptic op-
erators together with their commutators with BMO functions, encompassing what
is known for the classical Riesz potentials and elliptic operators with Gaussian dom-
ination by the classical heat operator. The method relies upon a good-A method
that does not use any size or smoothness estimates for the kernels.

1. INTRODUCTION

In [MW] Muckenhoupt and Wheeden resolve the one-weight problem for the clas-
sical fractional integrals I, = (—A)~®/2 and fractional maximal operators M, in R"
defined by

M, f(z) = supr(B)° ][ W) dy,

where the supremum is taken over all balls B of R™ that contain x.

Theorem 1.1 ([MW]). Let w be a weight. Let 0 < a <n, 1 <p< 2 andq= "L

that is, 1/p—1/q=a/n. If p > 1, M, is bounded from LP(wP) to Li(w?) if and onzl)y
ifwe Ay, Ifp=1, M, is bounded from L*(w) to L& (w?) if and only if w € Ay ,.
Furthermore, the same estimates for the Riesz potential 1, are characterized by the
classes A, ,.

The class A, ,, whose definition is recalled below, can be equivalently written as
A4y N RH, where A, and RH, are the standard Muckenhoupt and reverse Holder
classes. These two operators have intimate relations and the estimates for I, follow
from the ones for M,,. First there is a pointwise domination M, f < I,,(]f]) and second,
although the pointwise converse does not hold, by means of a good-\ inequality, one
has for all 0 < p < oo and w € A.:

/ |Iaf|pwdq:§/ (Mo f)P wdx (1.1)

Date: March 19, 2007. Rewvised: February 4, 2008.

2000 Mathematics Subject Classification. 42B25, 35J15.

Key words and phrases. Muckenhoupt weights, elliptic operators in divergence form, fractional
operators, commutators with bounded mean oscillation functions, good-A inequalities.

This work was partially supported by the European Union (IHP Network “Harmonic Analysis
and Related Problems” 2002-2006, Contract HPRN-CT-2001-00273-HARP). Part of this work was
carried out while the first author was visiting the Universidad Auténoma de Madrid as a participant
of the Centre de Recerca Matematica research thematic term “Fourier analysis, geometric measure
theory and applications”. The second author was also supported by MEC “Programa Ramén y
Cajal, 2005”, by MEC Grant MTM2007-60952, and by UAM-CM Grant CCGO7-UAM/ESP-1664.
We warmly thank the anonymous referee for the suggestions that enhanced the presentation of this
article.

1



2 PASCAL AUSCHER AND JOSE MARIA MARTELL

and also its corresponding L''*° — L1 version.

Different authors have studied the commutators of the fractional integrals with
BMO functions. Unweighted estimates were considered in [(Cha] and the weighted
estimates were established in [S5T] by means of extrapolation. Another proof based
on the sharp maximal function was given in [C'I].

Here, we consider operators with the same scaling properties as fractional integrals
but which may not be representable by kernels with good estimates and that we call
fractional operators. We wish to generalize the part of the theorem concerning I,
but a direct comparison to M, will not work because we will have a limited range of
a. Hence, we are looking for some other technique which could also provide another
proof of the sufficiency part of Muckenhoupt-Wheeden theorem for I,.

Our main example is the fractional power of an elliptic operator L on R", given

formally by
Lfa/Z _ 1 / Z501/2 eftL @’
I(/2) Jo t

with a > 0 and Lf = — div(A V), where A is an elliptic n X n matrix of complex and
L*>®-valued coefficients (see Section 3.1 for the precise definition). The operator —L
generates a C-semigroup {e 'L}, of contractions on L?(dx) = L*(R",dz). There
exist p_ = p_(L) and p; = py(L), 1 < p_ <2 < py < oo such that the semigroup
{e7*L}4~¢ is uniformly bounded on LP(dz) for every p_ < p < p, (see Proposition 3.1
below). The unweighted estimate states as follows.

Theorem 1.2 ([Aus]). Let p- < p < q < py and a/n = 1/p — 1/q. Then L=%/? is
bounded from LP(dz) to Li(dx).

Let us observe that the range of a’s in Theorem 1.2 is 0 < o < n/p_ —n/p,. By
(e) in Proposition 3.1 below, for n = 1 or n = 2 or when L has real coefficients, we
have pointwise Gaussian domination of the semigroup, hence 0 < a < n. In general,
by (f) in Proposition 3.1 the range of a’s always contains the interval (0, 2].

Our first main result in this paper gives sufficient conditions for the weighted norm
inequalities of L=%/2.

Theorem 1.3. Let p_ < p < q < py and a/n = 1/p — 1/q. Then L=*/? is bounded
from LP(wP) to Li(w?) forw € Ajy 1 1 NRH s,

Notice that if p_ =1 and p; = oo (for instance, when L = —A or under Gaussian
domination), then the condition on w becomes w € Aj1q/y N RH,, that is, w € Ay,
(see Proposition 2.1), and our result agrees with that by Muckenhoupt and Wheeden
(see Theorem 1.1).

We also obtain estimates for commutators with bounded mean oscillation functions:
Let b € BMO, that is, ||b|lsmo = supp f3 |b(z) — bp| dz < co, where the supremum is
taken over all balls and bp stands for the average of b on B. Given f € L°(dx), set
(L=/2)9f = L=*/2f and for k > 1, the k-th order commutator

(L™)5 f (@) = L72((b(x) = b)" f) ().

These commutators can be also defined by recurrence: (L™%/2)F = [b, (L™%/2)571]
where [b, T|(z) = b{ex) Tf () — T(b f)(x).
We obtain the following weighted estimates:
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Theorem 1.4. Let p_ <p < qg<ps and a/n=1/p—1/q. Given k € N, b € BMO
and w € Ay, + 1 N RH, v+, we have

L) Fllaqun) < C 10l 11| 2o ur)-

In the particular case k = 1 and under Gaussian kernel bounds (as in (e) of Proposi-

tion 3.1 below) the unweighted estimates were studied in [DY] using the sharp maximal
function introduced in [Mar]. A simpler proof, that also yields the weighted estimates,
was obtained in [ |: a discretization method inspired by [Pe2] allows the authors to

extend (1.1) to (L~*/2)k f which is controlled by M, log Laf (see the definition below)
and then use the weighted estimates for the latter which are studied in [C'I].

Theorems 1.3 and 1.4 will be proved in Section 3. They depend on a general
statement (Theorem 2.2), interesting on its own, based itself upon a good-A method
in | ] developed for operators with the same scaling properties as singular integral
operators. This was used in | | for the same class of elliptic operators and also for
the Riesz transforms on Riemannian manifolds in | |, and we shall see that the
very same tools apply as well for fractional operators.

In Section 4 we present a variant of Theorem 2.2 extending earlier results from
[ ] and [She] to the context of fractional operators.

While the good-A method in | | is valid in all spaces of homogeneous type, the
application to fractional operators can be adapted only to those spaces with polyno-
mial growth from below. We comment on this in Section 5.

2. WEIGHTED ESTIMATES FOR GENERAL OPERATORS

We introduce some notation and recall known facts on weights. We work in R".

Given a ball B, we write
1
hdr = — / h(x)dzx.
f e = g7 J o

2.1. Muckenhoupt Weights. Let w be a weight (that is, a non negative locally
integrable function) on R™. We say that w € A,, 1 < p < oo, if there exists a constant
C such that for every ball B C R,

/ p—1
<f wdx) <][ wl™P dx) <.
B B
For p = 1, we say that w € A if there is a constant C' such that for every ball B C R,
][wdngw(y), for a.e. y € B.
B

Finally, Aoo = UpzlAp‘
The reverse Holder classes are defined in the following way: w € RH,, 1 < ¢ < 00,
if there is a constant C' such that for any ball B,

(éw%lx)é SC]iwdx.

The endpoint ¢ = oo is given by the condition w € RH,, whenever there is a constant
C such that for any ball B,

w(y) < C ][ wdz, for a.e. y € B.
B
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We introduce the classes A, , that characterize the weighted estimates for the frac-
tional operators (see Theorem 1.1). Given 1 < p < ¢ < oo we say that w € A, , if
there exists a constant C' such that every ball B C R",

<][wqu>; (fw"%lx)pl/ <,
B B

1

(][ w? daz)q < Cw(x), for a.e. x € B,
B

when 1 < p < oo, and

when p = 1.
We summarize some properties about weights (see [GRR], [Gra] and [JN]).

Proposition 2.1.
(1) Ay C A, C A, for1 <p<g<oo.

(i1) RHy C RH, C RH, for 1 <p <gq < c0.

(133) If w € Ay, 1 < p < o0, then there exists 1 < q < p such that w € A,.

(iv) If we RH,, 1 < q < oo, then there exists ¢ < p < oo such that w € RH,,.
) A

= |J 4= |J RH,

1<p<oco 1<g<oc0

(v

(vi) If 1 < p < 0o, w € A, if and only if w'™ € Ay.
(vit) If1 <p < ooandl < q < oo, thenw € A,NRH, if and only if w? € Agp-1)11.
(vitd) If 1 < p < g < oo, then w € Ay, if and only if w? € Ayyq)y if and only if
w € A1+1/p/ N RHq
(iz) If1<p<qg<ooanda/n=1/p—1/q thenw € A, 4 if and only if w? € Ay
where 15 =n/(n — a).

2.2. The general statement. Our main statement is based on unweighted estimates
relating the fractional operators and their commutators with the corresponding frac-
tional maximal functions.

We introduce some notation in order to state our general result in a way that is
valid also for sublinear operators. Given a sublinear operator 7" and b € BMO, for
any k € N we define the k-th order commutator as

Tif(x) = T(ba) = b f)@),  feL (), zeR™
Note that 7 = T. We claim that if 7" is bounded from LP(dz) to L*(dz) for some
1 < py < 89 < oo then Ty f is well defined in LI for any 0 < ¢ < s and for

any f € L(dz): take a cube @) containing the support of f and observe that by
sublinearity, for a.e. x € R",

k
T3 (@) <D Conpb(w) = o™ [T((b = bo)™ ) (x)]-
John-Nirenberg’s inequality implies

/Q!b(y) = bo|"™ ™ |f )P dy < C|[fllz== [Ibllpaio |Qf < +o0.
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Hence, T'((b—bg)™ f) € L*(dz) and the claim follows by using again John-Nirenberg’s
inequality.

Theorem 2.2. Let 0 < o <n, 1 < py < 59 < qo < 00 such that 1/pg — 1/sg = a/n.
Suppose that T is a sublinear operator bounded from L (dx) to L*°(dx) and that
{A, }r=0 is a family of operators acting from L (dz) into LP°(dx). Assume that

1

(f 10— Aw)sian)” < > s By £ lra)™, 2
and

(f miosvae)® <o (f | wsa)®, 22

forall f € LY and all balls B, where r(B) denotes the radius of B. Letpy < p < q < qo
be such that 1/p —1/q=a/n andw € A;, 1+ 1 N RH («w) .
PO p q

(a) If 3 ;51 aj < 0o then T is bounded from LP(wP) to LI(w?).

(b) Given k € N and b € BMO, if Zj>1jk a; < oo then for every f € L°(dx) we
have -

15 fllzaqny < C lIblsmo I llzeqr)- (2.3)

The case gp = oo is understood in the sense that the L%-average in (2.2) is indeed
an essential supremum. Thus, the condition for w turns out tobe w € A, 1+ _1NRH,
P P

for p > po. Similarly, if (2.2) is satisfied for all ¢y < oo then the conclusions hold for
allpp<p<oocandwe A, 1+ _1NRH,.

po P

Remark 2.3. In case (a) the hypotheses can be slightly relaxed. Namely, instead of
(2.1) and (2.2), it suffices that

(]i [T~ A [ d2) " < OMyp (/P de) (@)%, VaeB,  (24)

(]i T A5 f |q°)% <CM(Tf*)(x), VYaebB. (2.5)

It is clear that these estimates follow from (2.1) and (2.2) provided }_;a; < oo.
We prove (a) below (which corresponds to (b) with & = 0) by using these weaker
conditions. The proof also shows that the right hand side of (2.5) can be weakened

to CM(|Tf]SO)(x)% + C’]\/[apo(|f\7’°)(3:)?10 where T € B is also arbitrary.

Remark 2.4. Equivalent ways to write the condition w € A;; 1+ 1 N RH, (w) are
P q

r
w? e AH(q//po)/ NRH g, /qy 0r W € Ag/(poys VRH (gy/qy Where (po)} = npo/(n—app), or
p/Po

WP € Ap/poa/po ad w? € RH 44y (see (vidi) and (iz) in Proposition 2.1). Note that
when py = 1 and gy = oo, then this reduces to w € A4,y N RH, which is equivalent
tow € Ay, by (viit) in Proposition 2.1.

Remark 2.5. In the limiting case o = 0, this result corresponds to a special case of
[ , Theorems 3.7 and 3.16]. In such a case, we have p = ¢ and the weight w? turns
out to be in Ay, N RH 4, /py. This condition arises naturally when proving weighted
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norm inequalities for operators with the same scaling properties as singular integral
operators —such as those appearing in the functional calculus associated with L, see
[ ]— whose range of unweighted L? boundedness is (po, qo). Also, these classes of
weights admit a variant of the Rubio de Francia extrapolation theorem that is valid
for the limited range of exponents (py, qo), see | ].

2.3. The technical result. The proof of Theorem 2.2 is a consequence of the fol-
lowing result which appears in a more general form in | ] and is based on a
two-parameter good-\ inequality.

Theorem 2.6 (| ). Firl <r <oo,a>1andw € RHy, 1 < s < oo. Let
1 <p <L Assume that F € L'(dz), G, Hy and Hy are non-negative measurable
functions on R™ such that for any cube Q) there exist non-negative functions Gg and

Hg with F(z) < Gg(z )+HQ( ) for a.e. x € Q and
][HQ dr)’ <a(MF()+ MH\(2) + B(®).  VeieQ  (20)

and
][ Godr < G(x), VzeQ. (2.7)
Q
Then, there exists a constant C = C(p,r,n,a,w,s) such that
IMF| o) < C (Gl wow) + |MHill o) + | Hlloqw))- (2.8)

Note that the assumption F' € L'(dx) is not used quantitatively. The case r = oo
is the standard one: the L"-average appearing in the hypothesis is understood as an
essential supremum and the LP(w) estimate holds for any 1 < p < 0o, no matter the
value of s, that is, for any w € A,

2.4. Proof of Theorem 2.2, Part (a). As mentioned in Remark 2.3, we can relax
the hypotheses by assuming (2.4) and (2.5), which we do. We consider the case

qo < 00, the other one is left to the reader. Let f € L°(dz), so F' = |Tf|** € L'(dx).
We fix a cube @ (we switch to cubes for the proof). As T is sublinear, we have

F<Gq+Hqg=2"""T(I — Ayg) 1™ + 227 [T Ay 1

Then (2.4) and (2.5) yield respectively (2.7) and (2.6) with r = qo/so, H1 = Hy =0,
a=290"1C% and G = 2071 0% M, (|f)™/". By Remark 2.4, w? € RH g, ,q and
one can pick 1 < s < qo/q so that w? € RHy. Thus, Theorem 2.6 with ¢/sq in place
of p (notice that 1 < q/sy < r/s) yields

S0

= O [ Mg (1£17) [

9
Lso (w4 LPo0 ((wP0)3/P0)

1T Fl T wry < IMF]

<c|a|

i
L%0 (we

< CHIf\”II” CIF Ny

L7P0 ((w PO)P/PO)

In the last estimate we have used that M, ,, maps Lo ((wP0)P/P)) into L%((wpo)q/po))
by Theorem 1.1 from w” € Ap/p, o/ (see Remark 2.4) and the easily checked condi-

tions 0 < apg <m, 1 <p/po < n/(apy) and 1/(p/po) — 1/(q/po) = apo/n.
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2.5. Proof of Theorem 2.2, Part (b). Before starting the proof, let us introduce
some notation (see [B5] for more details). Let ¢ be a Young function: ¢ : [0,00) —
[0,00) is continuous, convex, increasing and satisfies ¢(0+) = 0, ¢(c0) = co. Given a
cube ) we define the localized Luxemburg norm

Iflsq = {r>0: £ o () <1}

and then the maximal operator

My f(z) = sup || flls,0-
Q>

In the definition of || - ||4.q, if the probability measure dx/|Q)| is replaced by dz and @
by R”, then one has the Luxemburg norm || - ||, which allows one to define the Orlicz
space L.

Some specific examples needed here are ¢(t) ~ e’ for t > 1 which gives the classical
space expL” and ¢(t) =t (1 + log* ¢)® with a > 0 that gives the space L (log L)*. In
the particular case « = k — 1 with k£ > 1, it is well known that M og )1 f ~ Mk f
where M* is the k-iteration of M.

We also need fractional maximal operators associated with an Orlicz space: given
0 < o < n we define

Myof(z) = Zggf(@“ | fllo.q-

John-Nirenberg’s inequality implies that for any function b € BMO and any cube
Q) we have ||b — bgllexpr.0 S ||bllBmo. This yields the following estimates: First, for
each cube Q and = € )

]{2 ’b - bQ’kSO ’f|80 < ||b - bQ”f}fSL,Q H‘f|30”L (log LYk 0,Q

S 1Bll30 M qog ye<o (IF17) () < IIbllaio M2 (1) (), (2.9)

where [s] is the integer part of s (if k sy € N, one can take M #I+1) Second, for each
7 > 1 and each @,

j—1

10 = b2gllexpr.2i @ < 110 = bas gllexprzr @ + b2 — b2l S Ibllemo + D 1ba1 g — bargl
=1

j—1
S Pllowo + YL b= bavrol S 7 Pllso (2.10)
=1 21+1Q
The following auxiliary result allows us to assume further that b € L*°(dx). The

proof is postponed until the end of this section.

Lemma 2.7. Let 1 < pg< sy <00, pp<p<q<oo, k€N andw? € A,. Let T be
a sublinear operator bounded from LF°(dx) to L*(dx).

(i) If b € BMO N L*®(dz) and f € L®(dz), then TF f € L*(dx).
(17) Assume that for any b € BMO N L*>(dx) and for any f € L¥(dx) we have that
175 fll oy < Co 1bllEnio | FIlzequr (2.11)
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where Cy does not depend on b and f. Then for all b € BMO, (2.11) holds with
constant 2% Cy instead of C.

Part (i7) in this result ensures that it suffices to consider the case b € L*(dx)
(provided the constants obtained do not depend on b). So from now on we assume
that b € L*>(dz) and obtain (2.11) with Cj independent of b and f. Note that by
homogeneity we can also assume that ||b||gyo = 1.

We proceed by induction. Note that the case k = 0 corresponds to (a). We write
the case k = 1 in full detail and indicate how to pass from k — 1 to k as the argument

is essentially the same. Let us fix pg < p < g and w? € A, +(q//po) N RH g, /qy (see
p
Remark 2.4). We assume that gy < 0o, for ¢y = oo the main ideas are the same and

details are left to the interested reader.

Case k = 1: We use the ideas in | | (see also [Pel]). Let f € L°(dx) and set

= |T} f|**. Note that F' € L*(dz) by (i) in Lemma 2.7 (this is the only place in this
step where we use that b € L>(dx)). Given a cube @, we set fo, = (bag — b) f and
decompose T} as follows:

Ty f(@)] = [T((b(x) = b) f) (2)] < [b(x) = bag|Tf ()] + T ((bsq — b) f) (z)]
< [b(@) = bag 1T ()| + |T(I = Ar@)) fou(@)] + [T Ar) fou(@)]-

With the notation of Theorem 2.6, we observe that F' < Gg + Hg where
Go =47 Gou + Goa) =471 (|b—bag[® [Tf" + |T(I — Arq)) foul™)

and HQ = 2%0—1 ’TAT(Q)fQ,blso.
We first estimate the average of Gg on Q. Fix any z € ). By (2.9) with k =1,

][ Gon _][ b= bagl™ ITfI* < IIbllgao M= (ITf1) (x).

Using (2.1), (2.9) and (2.10),

<][GQ2 ][|T[ Ar @) fasl® )50 <Za (2 Q) (][

2i+1 Q

1
faul®)”

1
< Z j |[b = bigllexpr.2i+1 @ ML (tog Lyro,ape (| F170) 70 (2)
j=1

< 1bllmni0 M (og 2390 o (|72 (@) 70 Z%J

a1
5 My, (log L)P0,a po (|f|p0)p0 ($)7

since Zj a; j < oo. Hence, for any z € Q)

]éGQ < O (MEF2(IT£10) () + M tog 1y o (L) () 0) = Gl2),
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We next estimate the average of Hy, on Q with r = qo/so. Using (2.2) and proceed-
ing as before

(fe) =2om(f racara) < S, msor)?

7j=1
o0 1 1
<> O‘J’(f ‘Tb1f|so> © 4+ ZO‘J‘(][, b — b4Q\s°|Tf|S°> °
= 2i+1Q - 2i+1Q
L 1
< (MF)% (x +Zw] 16— byglexpr2i1 @ M2 (T fI0) % (z)

j=1
< (MF)% () + MU (T f[) 5 ( Z%J
< (MF) () + M2 ([T f]) (2),
for any z, 7 € @), where we have used that > ;0 g < oo. Thus we have obtained
(éﬂ@igo@wﬂ@+ﬂwﬁ%wﬂm@»EO@wm@+Hx@)
As mentioned before F' € L. Since w? € RH 4,/qy, Wwe can choose 1 < s < qo/q so that

w? € RHy. Thus, Theorem 2.6 with ¢/so in place of p (notice that 1 < q/so < 1/s)
yields

HbeHLq(wq < HG‘ % )+“HQ’L%( "
S HMLaogL)m apo(!f!”O)SO 8y T IET2ATA) s

ST+1I

We estimate each term in turn. For I, we claim that M, (og £y70,ap, Maps L¥o (wP) into
L%(wq). This implies that

£l

0
I = ||ML(logL)Po apo<|f|pO)H < ||f||Lp (wP)*

Let us show our claim. We observe that 1 + (;f//p O) =1= q( — 2). Then, by (i)

in Proposition 2.1, there exists 1 < s < p/py so that wq € Aq( 1

sPpo

_ay. Let us observe

that the choice of s guarantees that ¢ (% —2)>1

We set @ = spoa, p = p/(pos) and ¢ = q/(pos). Let us observe that 0 < & < n,
l<p<n/aand 1/p—1/¢ = &/n. Besides by (iz) of Proposition 2.1 we have that
w = wP* € Azz. Therefore, by Theorem 1.1 it follows that Mz maps LP(w?) into
L(w9).

Notice that as s > 1 we have that ¢ (1 + log* ¢)P0 < ¢* for every ¢ > 1. Thus,

My, (log L)P0,arpg g(x) = ZUP g(Q)apo HQHL(logL)PO,Q N SQUP K(Q)apo ||9| Ls,Q
Sz Sz

= Maps(l91)(2)

1 1
s s

= Ma(lg1*)(2)*,
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and therefore we conclude the desired estimate

s\ % 1
||ML (log L)Po, apog||Lp0 < HM&(|Q| ) = ||Ma(|9|s) Eq(uﬁ)
- ||g||m o
For II as before we observe that 1 + (5//55), = L. Besides, 1/p—1/qg = a/n =

1/po — 1/s implies that 1/sy — 1/¢ = 1/py — 1/p > 0 and therefore ¢/sy > 1.
Consequently, M (hence, M? M?,...) is bounded on L%(wq) which gives

I = | M2 (T )| o STl ey S 11 )

Ls0 (w?)

where in the last inequality we have used (a) (which is the case k = 0).
Collecting the obtained estimates for I and I1 we conclude as desired

15 1 Zawy S N1y

Case k: We now sketch the induction argument. Assume that we have already proved
the cases m = 0,...,k—1. Let f € L®(dz). Given a cube Q, write fo, = (bag—0b)* f
and decompose TF as follows:

T3 ( ( ) @)l

Crmlb(x) = bao| ™| Ty f ()| + T ((bsg — b)" f) ()]

A IN
TS
!

b(2) = bal" | T (2)] + IT( = Av@)fou()| + [T Awg fou()]-

3
=}

Following the notation of Theorem 2.6, we set F' = |T}¥ f|** € L'(dz) by (i) in Lemma
2.7. Observe that F' < Gg + Hg where

Gg =170 S bagl" "I f1) " + 1T = Av) faul™)
m=0

and Hg =271 T A, ) fo|™. Proceeding as before we obtain for any z € Q

k—1
. Ga < 0 (30 MO T A w) + My gy (7)) = ),
m=0

and for r = qy/s¢

(]é H(g)i <C(MF()+ kij MU= 2 (170 ) (7)) = C (MF(2) + Hy(2)).

Therefore, as F' € L', Theorem 2.6 gives us as before

||Tb f”Lq(wq + ”H2|

k—

i S M)

m=0

LSO( )

< HML (log L)k o, ap0(|f‘p0 po

LSO (w?)



WEIGHTED NORM INEQUALITIES FOR FRACTIONAL OPERATORS 11

< ||f||Lp(wp + Z ||Tb f”Lq (w2) ~ < ||fHLp(wp

where have proceeded as in the estimates of I and I in the case k = 1 and we have
used the induction hypothesis on 7;", m = 0,...,k — 1. Let us point out again that
none of the constants involved in the proof depend on b and f.

Proof of Lemma 2.7. We use an argument similar to that in [ | (see also [Pel]).
Fix f € L°(dz). Note that (i) follows easily observing that

k k
T3 (@) S @) T F@)] < Y IBIEHT O™ f)(@)] € L (dx),
m=0 m=0
since b € L*>®(dx), f € L (dz) imply that b™ f € L(dx) C LP°(dx) and, by assump-
tion, T'(b™ f) € L*(dx).

To obtain (i7), we fix b € BMO and f € L¥(dx). Let @y be a cube such that
supp f C Q. We may assume that bg, = 0 since otherwise we can work with b=b—
bg, and observe that T) = Tgk and ||b||pyo = ||bl|smo. Note that for all m =0, ..., k,
we have that [b™ f| and |T(b™ f)| are finite almost everywhere since [b™ f| € L (dx)
and |T(b™ f)| € L*(dz). Let N > 0 and define by as follows: by(z) = b(z) when
—N < b(z) < N, by(x) = N when b(x) > N and b(x) = —N when b(z) < —N.
Then, it is immediate to see that |by(x) — by (y)| < |b(x) — b(y)| for all x, y. Thus,
||bN||BMO <2 ||b||BMO As by € Loo(dl’) we can use (211) and

15 fllzagwsy < Co b llEmo 1 l|zequr) < Co2* [IBllEao [1fllzowry < oo

To conclude, by Fatou’s lemma, it suffices to show that |Tijf(x)| — |TF f(z)] for

a.e. x € R" and for some subsequence {N;}; such that N; — oo.

As [by| < |b] € LP(Qq) for any 1 < p < oo, the dominated convergence theorem
yields that (by)™ f — 0™ f in LP°(dx) as N — oo for all m = 0,..., k. Therefore,
the fact that 7" is bounded from LP(dz) to L*(dz) yields T((by)™ f — b™ f) —
0 in L*(dz). Thus, there exists a subsequence N; — oo such that T'((by,)™ f —
b™ f)(z) — 0 for a.e. z € R™ and for all m =1,..., k. In this way we obtam

1T, f@)] =Ty f @] S |T ([0, (2) = bx))* = (b(2) = b)"] f) ()]

S b, @) T (o)™ f = 6™ F) (@)] + b, ()7 = b(2)* ™ | T (0™ f) ()

m=0

Y

and as desired we get that |Tijf(:1:)| — |T¥ f ()] for a.e. z € R™. O

3. PROOF OF THEOREMS 1.3 AND 1.4

We first introduce our class of elliptic operators and state some needed properties.
Then we present an auxiliary lemma which leads us to prove the weighted estimates
for L=/ and the corresponding commutators.
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3.1. The Class of Elliptic Operators. Let A be an nxn matrix of complex and L>°-
valued coefficients defined on R™. We assume that this matrix satisfies the following
ellipticity (or “accretivity”) condition: there exist 0 < A < A < oo such that

AP <ReA(z)€- € and |A(z) - ¢ < AE] ¢,

for all £, € C" and almost every z € R™. We have used the notation & - { =
&G+ -+ &, ¢, and therefore ¢ - € is the usual inner product in C*. Note that then
Al)€-( = > ik @k () &k (. Associated with this matrix we define the second order
divergence form operator

Lf =—div(AVf),
which is understood in the standard weak sense as a maximal-accretive operator on
L?(dx) with domain D(L) by means of a sesquilinear form.

The operator —L generates a C-semigroup {e~'L},-o of contractions on L?(dz).
Define ¥ € [0,7/2) by,

Y = sup {| arg(Lf, f>‘ . feD(L)}.
Then the semigroup has an analytic extension to a complex semigroup {e~*’ bees, o
of contractions on L?(dz). Here we have written for 0 < 6 < 7,

Yg={z€C":|argz| < 0}.

We need to recall some properties of the generated semigroup {e~*Z};~¢ (the reader
is referred to [Aus] and | | for more details and complete statements). In what
follows we set d(E, F) = inf{|z —y| : © € E,y € F} where E, F are subsets of R".

Proposition 3.1. Given L as above, there exist p_ = p_(L) and py = po(L), 1 <
po <2< py < oo such that:

(a) The semigroup {e~"*}1~¢ is uniformly bounded on LP(dx) for everyp_ <p < py.

(b) The semigroup {e~'L}iso satisfies LP — L9 off-diagonal estimates for every p_ <
p<q<py:Forl<p<gq<oo, LP— L% off-diagonal estimates mean that for
some ¢ > 0, for all closed sets E and F, all f and all t > 0 we have

(/Fle”OcE f)|qczg;)é < Z—Z);@(/Ewdx)‘l’. (3.1)

(¢) For everym € N and 0 < p < 7/2 — 1, the complex family {(zL)™e **}.cx, is
uniformly bounded on LP(dx) for p— < p < py and satisfies LP — L9 off-diagonal
estimates for every p— <p < q < py (in (3.1) one replaces t by |z|).

(d) The interval (p_,p,) is mazimal for any of the properties above up to end-points,
that is, none of them can hold outside [p_, p.].

(e) If n =1 or2, or L has real coefficients, then p_ =1 and py = oo. In those cases,
one has the stronger Gaussian domination |e 'L f| < Ce®|f| for all f € L*(dx)U
L>(dx) and t > 0 with constants ¢,C > 0. This implies uniform boundedness
and off-diagonal estimates in the whole interval [1,00]. Other instances of a
Gaussian domination occur for complex, continuous and periodic coefficients in
any dimension, see [LRS].

(f) [fn23,p,<n2—]:2 andp+>%.
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Let us make some relevant comments. In the Gaussian factors of the off-diagonal
estimates the value of ¢ is irrelevant as long as it remains positive. When ¢ = oo
n (3.1), one should adapt the definitions in the usual straightforward way. One can
prove that L' — L™ off-diagonal estimates are equivalent to pointwise Gaussian upper
bounds for the kernels of the family (see | ]). In dimensions n > 3, it is not clear
what happens at the endpoints for either boundedness or off-diagonal estimates.

3.2. Auxiliary Lemma. The proofs of Theorems 1.3 and 1.4 will use the following
auxiliary lemma.

Lemma 3.2. Let p_ < py < So < qo < p+ so that 1/py — 1/sy = a/n. Fiz a ball B
with radius r. For f € L®(dx) and m large enough we have

(4 L3 = ey da) <291 Y@ (f

2i+1 B

| f[Po dx)%, (3.2)

and for 1 <1 <m

—a/2 _—Ir? L % S . —a/2 r1s %
(f1pereimipman)® <3 al) (fjweriea)™, 63

7=1
where gi(j) = C' 277 Cm=n/50) and gy(j) = Ce ¥
Proof. We first obtain (3.3). We fix f € L(dz) and a ball B. We decompose any

given function h as

h = Z hy, hj=h ch(B)7 (3.4)

j>1
where C;(B) = 2/t B\ 2/ B when j > 2 and C(B) = 4B.
Fix 1 <1 <m. Since p_ < sy < qop < ps+ by Proposition 3.1 part (b) we have

—_Ir2L qo _l () _Cd2(Cj(B)vB) %
‘6 r2 h |qo dx) < r <I0 (l/]" ) 2's9 a0’ e 172 ( ‘h‘sO dx)
C;(B)
1

1 ) 1
5 2jn/s0 e—c4J (][ ‘h|so dl’) 50 § e—c43 (][ ’hlso dx) S0
2i+1 B 2j+1 B

and by Minkowski’s inequality

—kr2L % < . S %
<fB e h|® d:v) < ;g(j) <]£¢+1B |h|%° d:zc) (3.5)

with g(j) = e~¥ for any h € L*(dz). This estimate with h = L=*/2f € L*(dx)
—here we use that f € L°(dx) and Theorem 1.2— yields (3.3) since, by the commu-
tation rule, L=%/2e~1r*Lf — =lr*Lp,

Next we obtain (3.2). We decompose f = > .o, f; as in (3.4). For j = 1, we
use that L~*2 maps L*(dz) into L* (dz) by Theorem 1.2, and that (I — e " F)™ is
bounded on L uniformly on r by (a) in Proposition 3.1 as p_ < pg < p4. Hence,

1 1
(et = e yppman) g g ([ - et ymppean)®
B R™

1Bl ([ iman) < e (£ irmas)” (36)
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Next we estimate the terms 5 > 2. We first write

—a/ _ —r’Lym g __ 1 - a/2 —t _ —r?’L\m dt
L ? (1 € L) f] - F(Oé/2) /(; t 26 L(l e ) f] t
R dt

where p(t,z) = e **(1 — e %)™, The argument will show that the integral in ¢
converges strongly in L*(B). Let u € (¢, 7) and assume that ¥ < 0 < v < pu < 7/2.
Then we have

ptD) = [ it [ ez a (3.8)
r, _
where I'y is the half ray Rt et (7/2-0)
1
to2) = — CZop(t.0)d r
ni<72) 21 ’Yie (P(,C) <7 zely,

with . being the half-ray R* e**¥ (the orientation of the paths is not needed in what

follows so we do not pay attention to it). It is easy to see (see for instance [Aus]) that
T2m
t,z ) zely.
|77i( )| (| |+t) m+1 +

Then, since p_ < py < so < p+ by (¢) in Proposition 3.1 we have
1
0

][‘/F+77+tz e *tfidz dx)g _/ ][\eZLfJSdeylo

c4d r? L
S [ EE T ([ pmde) e
Iy C(B)

J

14 (t, )] |dz]

1 00 j @ c4i r2 2m
~ 2i+1 B 0o Vs (s +t)m+!

The same is obtained when one deals with the term corresponding to I'_. We plug
both estimates into the representation of ¢(¢, L) and use Minkowski’s inequality for
the integral in the ¢ variable in (3.7) to obtain

(f 1o e sy ) ®
B

. L o0 © J o c4J r2 2m
<27 n/so <][ | f|P° d:L’) o / 1o/2 / (2_T> e s . ds ﬁ
2i+1 B 0 0 Vs (s+t)m+t ¢
1
s @t (), 39)

2/+1 B
since, after changing variables and taking m + 1 > a/2,

2] w2 p2m gy
/ / i
(s+t)m+l ¢

o <, d o /2 gt
—9. 47_7m (2_7 T)a efcs 52m _S - < 4~ im (2]+1 )
0 s o (Ttym+ ¢



WEIGHTED NORM INEQUALITIES FOR FRACTIONAL OPERATORS 15

Gathering (3.6) and (3.9) it follows that

][ |L=0/2(] — e~ Bym f|so d:c) < Zg ) (2741 1) (][

j>1 21t B

1

£ da) ™

with g(j) = 277@m=n/s0), O

3.3. The proofs. We are going to apply Theorem 2.2 to the linear operator T =
L=%/2. Part (a) yields Theorem 1.3 and part (b) gives the estimates of the commutators
in Theorem 1.4. Thus, it suffices to establish (2.1) and (2.2) with a sequence {o;};
that decays fast enough.

We fix p_ <p<q<p+,asothata/n—1/p—1/q,andw€A1+ 1ﬂRH ney-

By (#ii) and (iv) in Proposition 2.1 there exist pg, qo, So such that l/po - 1/30 = a/n
P < po <89 <qo<p+, Po<p<qg<qo and we A1 1 NRH «w).
q

yo) p

Notice that as 1 < p_ < p, < 0o we have that 1 < pg < 5o < ¢o < o©. By Theorem
1.2, T = L~*? maps L*(dz) into L* (dz). We take A, = [—(I—e " F)™ where m > 1
is an integer to be chosen. By the property (a) of the semigroup in Proposition 3.1, it
follows that the family {A,},~o is uniformly bounded on L**(dx) (as p— < py < p4)
and so acts from L2°(dz) into L°(dx). We apply Lemma 3.2. Note that (3.2) is (2.1).
Also, (2.2) follows from (3.3) after expanding A, = I — (I — e "*2)™. Then, we have
that Zj>1 3% g:(4) < oo for i = 1,2 by choosing 2m > n/sy. Consequently applying
Theorem 2.2, part (a) if K = 0 and part (b) otherwise, we conclude that T;* maps
LP(wP) into LI(w?) as desired.

4. A VARIANT OF THEOREM 2.2

The next result is an extension to the context of fractional operators of |
Theorem 3.14], itself inspired greatly by [She, Theorem 3.1].

Theorem 4.1. Let 0 < oo <m, 1 < py < sp < qo < 00 such that 1/py — 1/sg = a/n.
Suppose that T is a sublinear operator bounded from LP°(dx) to L*°(dx). Assume that
there exist constants cg >y > 1, C' > 0 such that

(]i T f1% dq;>‘110 < O{(falB T f|* da:)SIO +Map0(|f|p°)(x);o}, (A1)

for all balls B, x € B and all f € L*>®(dx) with compact support in R™ \ as B. Let
Po<p<q<qo withl/p—1/q=a/n andw € A1+ 1 NRH, @) Then, there is a
constant C' such that

ITF [ zaqwey < CNF iz ury
for all f € L (dx).

Proof. A straightforward modification of Theorem 2.2 is to replace the family {A, },~o
indexed by radii of balls by {Ap}p indexed by balls. For any ball B, let Agf =
(1— X, 5) f- With this choice, we check (2.4) and the weakened version of (2.5). Fix

f € L¥(dr),aball Band z,7 € B. Using that T is bounded from LP°(dx) to L* (dx)
we have

(f 1= ansiar)® Sr@r (£ 1) € Moy, (7). (12

as B
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In particular (2.4) holds since ay > 1. Next, by (4.1) and since |Agf| < |f| we have

(fransmas)® <c{(f  wantan)  +aten )04

Using (4.2) and the sublinearity of 7', it follows that

(f P usde)™ < CM(TI) 5 (@) +C Mo (1117) (0)5.

which is the weakened version of (2.5). We conclude on applying the above mentioned
variant of Theorem 2.2. O

5. SPACES OF HOMOGENEOUS TYPE

As Theorem 2.6 passes entirely to spaces of homogeneous type —a (quasi-)metric
space (X, d) equipped with a Borel doubling measure p— one may wonder whether
Theorems 2.2 and 4.1 can be extended to this setting.

In the Euclidean setting, the classical Riesz potential I, or the fractional maximal
operator M, are bounded from L?(dz) to L%(dx) necessarily when 1/p —1/q = a/n.
This is caused by the homogeneity of these operators plus the dilation structure of
the Lebesgue measure (that is, |B| = c¢r(B)"). Concerning the weighted estimates,
the boundedness of M, and I, from LP(wP) to LI(w?) are modeled by suitable modi-
fications of the Muckenhoupt conditions which are vacuous unless 1/p — 1/q = a/n.

Let (X,d, ) be an space of homogeneous type where it is assumed that d is a
distance (see [MS]). We also impose that u(B) > cr(B)" for some n > 0 —with
this assumption, the fractional operators defined below are bounded with the same
restriction in p and ¢ as above. In this setting one can define the classes A,, RH, and
A, by simply replacing the Lebesgue measure by p. All the properties in Proposition
2.1 hold (to avoid some technicalities we assume that the weights are doubling). Here
and in the sequel we understand that the averages are taken with respect to the

measure fi.
We consider the following fractional operators that appear, for instance, in the
study of subelliptic equations (see [Nag], [SW], [PW] and the references therein):

- d(z,y)"
Taf(x) - /X M(B(l’,d(xay)))

for 0 < a < n. The associated maximal operator is

M, f(z) = supr(B)° f F@) duy).

B>x

f(y) du(y)

As mentioned before there is a version of Theorem 2.6 in spaces of homogeneous
type. Thus, in order to extend Theorem 2.2 and, therefore, Theorem 4.1, one only
needs to study the boundedness of the fractional maximal operators M, defined above.

Proposition 5.1. Let 0 < o < n, 1 < p <n/a and 1/qg = 1/p — a/n. For every
w € Ay, M, maps LP(w?) into L4(w?) if p > 1 and L*(w) into L>®(w?) if p = 1.

Proof. The proof follows the classical scheme in | | and we give just a few details.
Given «, p, ¢ and w as above, using Holder’s inequality and that w € A, , one can
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easily obtain that for every 0 < g € LP(wP)

(T(B)“ ]{Bgdu)qwq(B) S % (/Bg”w”du>Z S (/ngwpd@g, (5.1)

where in the last estimate we have used that p(B) 2 r(B)".
Given f € LP(wP) and A > 0, Vitali’s covering lemma yields

Ex={zeX: Mf(x >/\}CU5B

where {B;}; is a family of pairwise disjoint balls such that 7(B;)* 4, [fldu > c.
Using (5.1) with B =5 Bj and g = [f| Xp,, and that p < ¢ we obtain

) < S8 £ 3 /|f|pwpdu r ][Ifldu
S (X [ rwran)’ <xe ([ 1w an)’
— JB; X

This shows that M, maps LP(w?) into L9 (w?) for every w € A, ,. When p = 1, this
is the desired estimate.

To conclude that M, is of strong type when p > 1 we use an interpolation argument
in [ |. Having fixed p, ¢ and w € A, ,, we have w = w? € A, with r = 1+ ¢/p
(see (viii) in Proposition 2.1). We define a new operator S,g = M, (gw*/™). By
Proposition 2.1 part (iii), there exists 1 < p; < p such that w € A, where r; =
1+q/p) <rand 1/q = 1/py — a/n. Thus, W% € A, , and the argument above
shows that S, is bounded from LP'(w@) to L9*°(w). On the other hand we can find
p < p2 < a/n, then we define 1/gs = 1/py—a/n and ry = 14+¢q2/p), > r and sow € A,,.
Thus, W'/ € A,,,, and as before we conclude that S, maps LP?(@) into L% ().
By Marcinkiewicz’s interpolation theorem, it follows that S, is bounded from LP(w)
into L9(w) which in turn gives the desired weighted norm inequality M,. O

Once we have obtained the weighted norm estimates for M,,, the proofs of Theorems
2.2 and 4.1 can be carried out in X'. The precise proofs and formulations are left to
the interested reader. As a consequence, we show weighted estimates for T,.

Corollary 5.2. Let 0 < a<n, 1 <p<n/aand1l/q=1/p—«a/n. Then, T, maps
LP(wP) into Li(w?) for allw € A,,.

Proof. We first notice that it suffices work with the sublinear operator f +—— T,(|f|).
Abusing on the notation, we write T, for this new operator. Note that in that case
Inf = 0.

We claim that T, maps LP(u) into L9(p) for every 1 < p < ¢ < oo such that
1/p—1/q = a/n, and also that

sup T f(z) < ][ (@) d(z) (5.2)

zeB

for every ball B, and f € L® with supp f C X' \ 4B.
Assuming this, we obtain the desired estimate. Fix p, ¢, and w € A, ,. Note that
w € A1y N RH, and by (i44) in Proposition 2.1 there exists 1 < py < p such that
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A 1 1N RH, We take sy so that 1/py — 1/s9 = a/n, and gy = co. Then, (5.2)
ro p
clearly implies (4.1) and thus T}, is bounded from LP(w?) to L?(w?).
To finish we need to show our claims. First, we obtain the boundedness of T,.
Fixed p, q, let 0 < s < 0o to be chosen. Then, as a > 0,

i —k g)o
0 X = [ gt ) duty

se >t L fldu s s M)
k=0 B(

x,27k 3)
On the other hand, since 1 < p < n/q,

(2k+1 S)ap’

T, < v - d
<f XX\B(LS) )($) = HfHL o (kzzo /2'v s<d(z,y)<2ktls N(B(:’Ua 2k S))p #(y)>

1
%%

1
ol

> 2k g)ar’ 5
S ||f||L”(u) (Z M(ng,gz S))p’l)

o0 1

Sl (@497 O)7 S Ul 5775

k=0

Collecting the obtained estimates and choosing s = (|| f||o(u)/M f (x))p/ " we conclude

Tuf (@) S 1 foy MF (@) = 1 fll o M ()5,

Let us point out that this estimate in the classical setting was shown by Hedberg
[Hed]. From here, that T, maps LP(u) into L9(p) follows from the boundedness of M
on LP(u).

Next, we show (5.2). Let B be a ball and f supported on X \ 4 B. For every z,
z € B and y ¢ 4 B we have that d(x,y) =~ d(z,y) and the doubling condition yields
w(B(z,d(x,y)) ~ u(B(z,d(z,y)). Therefore T, f(x) ~ T, f(z) for every x, z € B and
this readily leads to (5.2). O
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