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VECTOR SINGULAR INTEGRAL
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A theory of vector singular integral operators in the context of the
local fields, is established. Applications to maximal functions, a diag-
onal multiplier theorem of Mihlin-Hormander type and applications
to Besov and Hardy-Sobolev spaces are given.

Introduction. The theory of the vector singular operators with oper-
ator valued kernels on Euclidean space was treated systematically by
Rubio de Francia, Ruiz and Torrea [6] (see also Garcia-Cuerva and
Rubio de Francia [3]). On the other hand, the classical singular in-
tegral operators of the Calderén-Zygmund type on finite product of
local fields were considered by Phillips and Taibleson [5].

The goal of the present paper is to give a version for local fields of
some results of Francia-Ruiz-Torrea [6] that generalize from several
perspectives the quoted paper by Phillips-Taibleson.

The contents of the paper is as follows. We begin in §1 some basic
notations, definitions and results that we can find in [9]. In §2 we state
an inequality of Fefferman-Stein type and, we apply it to obtain an in-
terpolation theorem of Marcinkiewicz-Riviere type. The main results
are in §3 where we state the version of the integral singular operator
theorem given in [6], for local fields, giving also sequential extensions.
Next in §4 we obtain maximal inequalities of F. Z6 and Fefferman-
Stein type. A diagonal multiplier theorem of Mihlin-Hérmander type
(for the Euclidean case see Triebel [11]) that generalize the scalar mul-
tiplier theorem of Taibleson [8] is given in §5. Finally, in §6 we give ap-
plications of some results obtained in the foregoing sections to Besov
and Hardy-Sobolev spaces in local fields.

The extension of all results in this paper for a finite product of
local fields will be an immediate consequence of a M. H. Taibleson’s
theorem (see [10], pp. 548-549) which states that, if K is a local
field and d is an integer greater than 1, then K%¢, the d-dimensional
vector space over K, has a field structure, as a local field, which is
compatible with the usual vector space norm of K¢ .

1. Preliminaries. A local field is any locally compact, non-discrete
and totally disconnected field. Let K be a fixed local field and dx a
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Haar measure of the additive group K™ of K. The measure of the
measurable set 4 of K with respect to dx we denote for |4|. Let m
be the modular function for K*, that is, M(2)|4| = |[A4]| for A € K
and A measurable. We also let |x| = m(x). The sets

D={xeK:|x| <1} and B={x€eK:|x| <1}

are the ring of integers of K and the unique maximal ideal of D,
respectively. Let g = p¢ (p prime) be the order of the finite field D/B
and 7 a fixed element of maximum absolute value of B. The Haar
measure dx is normalized such that |D| = 1 and thus |z| = [B| = ¢~ !.
We observe that dx/|x| is a Haar measure on the multiplicative group
K* of K. We let

BX = {x € K: |x| < ¢}, k € z.

If B and R are two balls of K such that BNR # &, then B C R or
R C B, For each k € z, there is only one sequence (B));en of balls
with radius g* that is a partition of K. We fix a character y on K*
that is trivial on D but is non-trivial on B! = {x € K: |x| < g}. If
we take yx,(x) = x(x-y), then the mapping y — y, is a topological
isomorphism of K onto the group of characters of K*. The Fourier
transform of a function f € L!(K) is defined by

(1) fx) = / VT dy,

and the inverse Fourier transform of a function f € L?(K) is defined
by

@) Fx) = / FO 1) dy.

We denote by S(K) the space of all finite linear combinations of
characteristic functions of balls of K. The space S(K) is an algebra
of continuous functions with compact support that is dense in L?(K),
I < p < 0. We observe that the Fourier transform is a homeomor-
phism of S(K) onto S(K). The space S'(K) of continuous linear
functionals on S(K) is called the space of distributions. We will con-
sider S’(K) with the weak topology.

Let E be a Banach space. The space /*(E) is the set of all sequences
(¢j)jez of elements of E, such that the sequence of its norms is in
[S. The space of the quasi-null sequences of elements of E, i.e. of
the sequences (c;) such that ¢; = 0 for |j| > N, for some N >0,
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will be denoted by /[°(E). We denote by S(K, /§°) the space of the
quasi-null sequences of functions of S(K). The space S(K, [§°) is
dense in the space L?(K, /) for 1 <p,s < oo.

The space /[(E), for 1 <r < oo and s € R, will be the set of all
sequences (x;);>o of elements of E, such that

1Cx) 200l ) = (@ 11,11 201" < oo

The Hardy-Littlewood maximal function of f € L! (K, E) is de-
fined by

3) MIx) =supg [ fedy.
kez ly—xI<q
The function M f(x) is measurable,
— 1 k
4) 17l = Jim ¢ [ W@y,
and
(5) /(e < Mf(x),

for almost all x € K. Moreover, M f is of the weak type (1, 1) and
of the strong type (p,p), 1 <p <oo.
For the details see [9].

2. The BMO(E) space.

2.1. DEeFINITION. Let f € Ll (K, E). The sharp maximal func-
tion M*f is defined by

MU f) =supd [ ) - )l dy,
kez ly—x|<q

where

fi(x) = q"/ S dy.
ly—x|<q”
2.2. DerINITION. The space BMO(E) of the functions of bounded
mean oscillation is the set of the functions f € L! (K, E) such that

loc
(1) £l = 1M flloo < 0o

2.3. ReMaARks. (a) The application f — ||f]l« is a seminorm on
BMO(E) and || f||« = 0 if and only if f is constant. We consider
the space BMO(FE) like a quotient space with respect to constant
functions. (b) We can prove that BMO(E) is a Banach space analo-
gously to the real case (see [4]). (c) We have L*(K, E) C BMO(E),
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L*(K, E) # BMO(E) because the function f(x) = log|x| if x € K*
and f(0) =0 is in BMO(E) but is not in L*®(K, E).

A classical inequality of Fefferman-Stein also holds in the local field
setting.

2.4. THEOREM. Let f € L. (K, E) such that Mf € L"(K) for
some r with 0 <r < oco. Then for every p with r < p < oo, there is
a constant C, depending only on p, such that

(1) 1M fllp < CollM* £

The proof of this theorem is an adaptation of the Euclidean case
(see [3], Chapter 2, Theorem 3.6). To obtain this adaptation we must
remember that the balls of K have the same properties of the dyadic
cubes. We do not need to take dilations of balls, the number 2 that
appears in the proof of [3] is the prime number ¢ here, and the func-
tions a(¢z) and B(¢) that are considered in [3] are equal in this case.

2.5. REMARK. The inequality 2.4(1) is not true when p = oo (see
2.3(c)).

As a consequence of the Fefferman-Stein inequality we obtain an
interpolation theorem of Marcinkiewicz-Riviere type, which will be
fundamental in the study of the singular integrals.

2.6. THEOREM. Let E and F be Banach spaces and let T be a
linear operator from L*®(K, E) into L°(K, F) such that, T has a
bounded extension from L' (K, E) into L"(K, F), for some r with
1<r<oo, and

(1) ITfll« < Clif L= (k) feLXK, E).

Then T has a bounded extension from LP(K, E) into L”(K, F), for
all p with r<p <oo.

3. Singular integral operators.

3.1. DerINITION. Let E and F be Banach spaces. A linear opera-
tor T defined on LP(K, E), the space of the E-valued L°-functions
with compact support, with values in L%(K, F), the space of all F-
valued strongly measurable functions, is a singular integral operator
with an operator valued kernel, if the following two conditions are
fulfilled:

SIO 1. T has a bounded extension from L’(K, E) into L"(K, F),
for some r with 1 <r < 0.
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SIO 2. There is an operator valued kernel K, locally integrable
from K x K\A into L(E, F), such that

(1) Tf(x) = / K(x, 9)f()dy,

forall f € L¥(K, E) and for a.e. x ¢ suppf.

3.2. DEerINITION. Let T be a singular integral operator with a
kernel K. We say that K satisfies (H;) if

W[ IKE ) =K s dx < C
x=y'|>y=y'|

for all y # ', and we say that K satisfies (H,,) if

) _ ' <=V

(2) IK(x, y) —Kx, Y)LeE, F) £ X =y

for |x —y'| > |y — ¥'| . Moreover, we say that K satisfies (H]), for
r=1orr=o00,if K'(x,y)=K(y, x) satisfies (H,).

3.3. ReMARK. The condition (H,) implies the condition (H;).
In fact, if |y —)'| = ¢/ and |x —y'| > |y — |, then

dz
/ 1K, 9) = K P lluemdx=Ca' [ 25
x=y'|>|y—y'| |z|>¢"" |z|
=Cq' i / 9z _ Cqi(1-g (1 - g,
k=[+1 lzl=qk |Z|2

Analogously, (H[,) implies (H]).
Now we are ready to state the main theorem.

3.4. THEOREM. Let T be a singular integral operator with kernel
K, which has a bounded extension from L'(K, F), for some r with
q <r<oo. The following hold:

(i) if K satisfies (H,), then T is of weak type (1, 1) and of strong
type (p, p) for p with q <p <r;

(ii) if K satisfies (H]), then T is of strong type (L*°, BMO)
and of strong type (p, p), for p with r <p < co.

The proof of the above theorem is obtained like the Euclidean case
(see [3] or [6]). The crucial part uses a decomposition of the Calderén-
Zygmund type (see [9], Chapter 3, results 7.6 and 7.9). Thanks to
the decomposition it follows that 7 is of weak type (1, 1). The
Marcinkiewicz interpolation theorem then shows that 7 is of
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strong type (p,p), 1 < p <r. The proof that T is of strong type
(L, BMO) is similar to the Euclidean case. Finally, to conclude
that T is of strong type (p, p) for r < p < oo, we need the Marcin-
kiewicz-Riviere interpolation Theorem 2.6.

3.5. THEOREM. Let (Tj),c; be a sequence of singular integral op-
erators uniformly bounded from L'(K, E) into L"(K, F), for some
r with 1 < r < oo. Suppose further that the sequence of associated
kernels (K;)jez satisfies

(1) / , sup||K;(x, y) - K;(x, )L, pdx < C,
lx=y'|>ly=y'| J
y#y,
and
(2) / , sup||Kj(x, y) = K;(X', Wil mdy < C,
ly—x'|<]x—=x"] J

x #x'.

Then, given p and s with 1 <p < oo and 1 < s < oo, there is a
constant A, s depending only on p, s, C and r, such that

(3) {x: Z“ijj(x)“sF > ’15} < Al,sl_lﬂ(ﬁ)JHL‘(l‘(E))
J

and

@) WTiMDillee ey < Ap sWD il e ey » 1 <p<oo,

Jorall A>0 and f=(f;); € LX(K, I*(E)). Moreover, the inequality
(4) can be extended for all f = (fj); € LF(K, IS(E)).

Proof. For each positive integer m, let ZIN"m be the operator from
L (K, I*(E)) into LYK, I(F)) defined by
(5) Tm(fj)] :(ijj)mngrna (fj)jELoo(Ka ZS(E))>

and let K,, be the kernel from K x K\A into L(I5(E), I5(F)) defined
by

(6)  Km(x, ¥)(a)); = (Ki(x, )aj)-msj<m>  (a;); € P(E).

We observe that the operators 7, are uniformly bounded from
L[P(K,E) into LP(K,F) forall p, 1 < p < co. Now, we fix
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s, 1 <5 < oo. The operators Tm are uniformly bounded from
L(K, I’(E)) into LS(K, [*(F)) and it is clear that

Toh)) = [ Rl 9)(50), dy
for all (f}); € L*(K, I*(E)) and a.a. x ¢ supp(f;);. Since

WK (X s YLy, 607y ISiliP K (x s VL, Fy»
Jism

then it follows by (1) and (2) that the kernel K,, verifies (H;) and
(H}). Therefore, by Theorem 3.4, for each p with 1 < p < oo, there
is a constant 4, ; depending only on p, s, C and r, such that

{ > ITifi(x IIF>/15}

ljl<m

(7) < Ay 2NN v

and

®) NIl ey < Ap sIED ey 1<p<oo,

forall A>0 and f = ( fi)j e L (K, IS(E)). Moreover, the inequality
(8) can be extended for all f = (f)); € L?(K, I°(E)). Then, letting
m — oo on both sides of the inequalities (7) and (8) we obtain (3)
and (4).

3.6. COROLLARY. Let T be a singular integral operator with kernel
K satisfying (H,) and (H{). Then, given p and s with 1 <p < oo
and 1 < s < oo, there is a constant A, s depending only on p, s, C
and r, such that
{x: S ITHl > AS}

J

(1) < Al,sfl—lu(fj)j”L'(l‘(E))

and

(2) T F) il ey < Ap sl e 1 <p<oo,

forall 2> 0 and f (f]) € LX(K, IS(E )) Moreover, the inequality
(2) can be extended for all f = (f;); € LP(K°(E)).

3.7. REMARK. In our applications we shall consider singular in-
tegral operators of convolution type, that is, with kernels of the type
K(x,y)=K'(x—y) where K’ is locally integrable from K\{0} into
L(E,F).
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4. Applications to maximal functions.

4.1. DEFINITION. Let ¢ € L(K) and for each ¢ € K*, let ¢,(x) =
|f| '@ (¢~'x) . The maximal operator M? is defined by

M“’f(X)=§l;IO)l(¢z*f)(X)l, f € LE(K).

The Euclidean version of the following theorem is due to F. Z6 (see
[6] or [12]).

4.2. THEOREM. Let ¢ € C.(K) such that

(1) / sup [p.(x —y) — 9.(x)|dx < C, y#0.
x[>[y| 10

Then, given p and s with 1 < p < oo and 1 < s < oo, thereis a
constant A, s depending only on p, s, C and ||¢||;, such that

(2) {XZ DM fi(x)F > is} < Ay AN L
J

and

(3) M2 )il sy < Ap,sI(F)illr ey s 1<p<oo,

Jorall 2>0 and f = (f;); € L>X(K, I°). Moreover, the inequality (3)
can be extended for all f = (f;); € L’(K, I°).

Proof. Step 1. Owing to continuity of the function ¢ — (¢, * f)(x),
it is enough to calculate the supremum, in the definition of M?, on
a countable dense subset {z;};cy of K*, that is,

M?1(x) = sup (g, + N

Consider the operators M}, defined by
My f(x)= sup |(gr * f)(x)I.
1<j<m

We have that M}, f(x) T M? f(x) for all x € K. Therefore, obtaining
estimates for M}, f that do not depend on m, we shall be obtaining
also estimates for M? f.

Step 2. For each positive integer m, let T,, be the linear operator
from L®(K) into LO(K, /*°) defined by

(@) Tf = (0 * Digjem, € LE®E),
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and let K,, be the kernel (of convolution type) from K into L(C, [®)
defined by

(3) Km(x)A = (91 (X)A)1<jsm,  A€C.

Since ||¢:||; = |lell for all ¢ # 0, we have

(6) IITmf||L°°(1°°)—eSSSup sup |(¢: * f)(x)|

<j<m

<esssup sup || fllolles Il = llollillAlleo s
x€K 1<j<m

1.e., the operator T,, is bounded from L*°(K) into L*®(/*°). On the
other hand, we have

/K 1Kn()lzic.mdx = [ sup foy (0] dx

K I1<j<m
> [ loyldx = mipl < oo,
l<;<m

and

Tnf(x) = (/ 71, (x =01 dy)lstm
= [0 = 0Migjndy = [ Knlx =) f0)dy.

for all f € L(K) and for a.e. x ¢ suppf. Consequently 7,
1s a singular integral operator of convolution type with kernel K, .
Moreover, the kernel K, satisfies, for all y # 0,

(7) /lxl>|y| 1 Km(x = ¥) = Km(X)|| L, 1y dx

- /| sup |g (x =) — ¢, (x)| dx

x|<y| 1€j<m

<[ suplptx-») - g dx < C.
Ix|>Iy| 10
Step 3. The inequalities (6) and (7) show that the operators T3,
and its kernels K, satisfy uniformly the hypothesis of the Corollary
3.6. Therefore, given p and s with 1 < p < oo and 1 <s < 00,
there is a constant 4, ;, dependingonlyon p, s, C and |¢||;, such
that

" < A ANl

{xr 2 M f(6)lff > ls}
j
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and

9) (T i)l e ey < Ap, sl () ille ey » 1<p<oo,

forall A >0, me N and f = (fj); € L®(K, [*). Moreover, the
inequality (9) can be extended for all f = (f;); € L?(K, [°). Since

1T f5()i= = M f(x)
then, letting m — oo on both sides of (8) and (9), we obtain (2) and

(3).
From 4.2 we obtain the maximal theorem of Fefferman-Stein (see
[2] or [6]) in the context of the local fields.

4.3. THEOREM. Given p and s with 1 <p<oo and 1 <s < oo,
there is a constant A, s depending only on p and s, such that
{x: ST IMfi(x)lf > /15}
J

(1) < Ay AN

and
(2) N(M )il ey < Ap, sl il » 1<p<oo,

Jorall A>0 and f = (f;); € L®(K, I°). Moreover, the inequality (2)
can be extended for all f = (f;); € L(K, I¥).

Proof. Let ¢ be the characteristic function of the ball B?. If |x| >
ly|, then [t~!(x —y)| = |t"!x| and hence ¢(t~'(x —y)) = o(t"'x).
Therefore

9(x =) = 0:(X)| = |t (™' (x =) —p(t7'x)| = 0
and consequently

3) / sup |p:(x — ) — p:(x)] dx = 0.
[x|>]y] t#0

On the other hand, we have

(If1% p)(x) = / (=)o) dy
K
= |1 / £ = »)lo(t'y) dy
= ¢! — d
1 /Msmmx »)|dy
=[]~} d
U O
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and hence
@ MU = sup(]+ p)()
= -1 d
supld ™! [ 170ldy
= supg* [ 1f0)ldy = M)
ly—x|<q

kez

From (3) it follows that the maximal operator M? satisfies the in-
equalities 4.2(2) and 4.2(3). Then, by (4) we obtain the inequalities
(1) and (2) for the Hardy-Littlewood maximal operator.

5. A multiplier theorem on L?(K, /*)-spaces.

5.1. LEMMA. Let g € L*(K) and o > 0. Then, there is a constant
A, depending only on o, such that

g / xX[12 () dx
< A, // 1g(x +¥) — g(x)ly|" "+ dx dy.
KXK

Proof. See [9], page 220.

5.2. LemMA. Let (g;)jcz be a sequence of elements of L*(K) and
suppose that there are B >0 and ¢ > 0, such that

+00
W LS e - gy e aray < 5
KxK

j=—00

Then, there is a constant A depending only on &, such that, for all
kez,

2) / sup |g;(x)|dx < A,Bq*¢/2,
Ix|>q"

Proof. 1t follows from Holder’s Inequality that

[ suplgix)ldx
Ix|>g" J

1/2 1/2
<( [ oswlgepdx ) ([ ptax
K J x|24"

12 12
R 1-g! _
= </K |x1(1+6)sgp|gj(x)|2dX> <1_Z_e) g~ke/2,
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Now, setting o = 1 + ¢ and applying Lemma 5.1, we obtain

a=) [ |l sup1g;(x)P dx
K J

+00
<A, / S 1 +y) — g (X)) dx dy < 4,82
KXK .
P

=—00
and consequently
1 — —1N 1/2
/ sup |&;(x)|dx < (4.B*q*)'/? (—q—_,g) g kel
Ix|>¢" J l-¢
= Aqu—kE/z.

5.3. THEOREM. Let (m;);ez € L®(K, 12) and suppose that there
are B> 0 and ¢ > 0, such that, forall j €Z,

+00

M [ [ Y Imixy) = moPly dxdy < B2,
i<q’ Jxl=q’ ;2"

Then, for all (¢;); € S(K, [§°) and 1< p,s < oo, we have

(2) N((m;@)V)illray < CH@)illreey »

where C is independent of (¢;); .

Proof. Step 1. Let ¢, be the characteristic function of the ball
BX and mf = m;¢r, k € Z. Since (¢;); € S(K, I§°) has compact
support we see that ((mf@,-)v)j = ((m;¢;)V); for k small enough.
Hence, if we wish to show (2), we only need to show that, for all
(p;); €S, I§°), keZ and 1 <p,s < oo, we have

3) I(mE@ )il @y < Cl@N Ay
where the constant C is independent of k and (¢;);.
Step 2. Foreach k, j€Z, let T}‘ be the linear operator defined by
(4) TFp = (mkg) = (mk) x9, 9 eSK).
Forall k, j€Z and ¢ € S(K) we have
(5) ITF ol = [|(m59)V 112 = Imh )2
< [1m¥looll@ll < N(m)jll oo ) @ ll2-
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Therefore (T}‘) jez s a sequence of singular integral operators of con-

volution type uniformly bounded from L2(K) into L2?(K), with se-
quence of associated kernels ((mj? W)jez -

/

Step 3. Let mj; = m;" — m}‘[ for j,/ € Z. It follows from (1)

that
+00
(6) / ST impe+ y) = mp(x)Ply"C49 dx dy
i<q' Jixl=¢' ;27

+00
- /lyl<q’ /lx[—q’ Z Im;(x +y) - mj(x)|2|J’|_(2+‘”’) dxdy
i

=~—00

S qu—ﬁl_

We have also

+o00
) / ST Impe + ) = mp (0P y| 3+ dx dy
vI>q' J|x|=g j

=—00

+00
S/||> ’/|| 23 (Imu(x + )P+ [mu )Py~ dx dy
yizq Jix|=q

j==00

—(1+e)!
~ q _
< 4||(mj)j||iw(lz)(1 —-q I)qu ( ) = Clq 13;

1 — g—(1+e)
+00
(8) / / , 7 imj(x +y) = my(x)Py| " dx dy
i=d' Jixi<d’ ;S
+00
:q“(2+8)1/ I [ Z Im}(x+y)|2dXdy
ly|=4" J|x|<q j=—o0

< Nm) oy (1L =a7Ng a7 = Crg™;

+00
O [ X I+ 2) - my )Py dxdy

x|=ly|>q' j=—00

+00
<[[ S imatx )Pl dxdy
Ixjl=ly>q" ;

=—00

< N(mj)jll =y (L= a7 2a ™% (g7%/1 = q7%) = C3g ™.
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Therefore from (6), (7), (8) and (9) we obtain

(10) // Z Imji(x +y) — my(x)Ply|~*9 dxdy < C*q~¥,
KXK j=—00
for all / € Z, where the constant C depends only on {|(m;) ]|~z ,
B and ¢. Then, it follows by Lemma 5.2 that, for all k € Z,

(11) /Mqu sup |(m;)" (x)] dx = /prq,supumﬂmx)ldx

J

Since mj;¢_; = m;;, the (mﬂ) (x +y) = (mﬂ)\’(x) forall x,y ek
with |y| < g¢~! (see [9], page 126). Therefore, for all ¢, j, k € Z and
x,y €K with |y| < ¢', we have

|(m5)Y(x + ) = (m}) Z |(m1)¥ (x +¥) = (mj)" (x)|-
e

Hence we obtain by (11) that, forall ¢, ke z,

(12) / sup | ()" (x + ) — (m*)¥(x)] dx
lx|>q" J
<2 Z / supl(m], V(x)ldx
|x|>q"

l=—t+1

<24:C(q7 /1 — g% = C',

and consequently for all kK € Z, we have

sup [ sup|(m)" (x - y) - (m$)(x)] dx
y#O Jx|>|y| J
= sup sup/ supl(mf)v(x+y)—(mf)v(x)ldxs C.
1€2 |y|<q' JIx|>q" J

Therefore, the sequences of kernels of convolution type ((mj? WY)jez
satisfy uniformly 3.5(1) and 3.5(2). Consequently we obtain (3),
which proves the theorem.

6. Applications to Besov and Hardy-Sobolev spaces. In this section
we will give some applications of some foregoing results to Besov and
Hardy-Sobolev spaces and to spaces of Bessel potentials.

6.1 Let 4/ =B/ —B/*! = {x € K: |x| = ¢/} for j € Z. We will
consider the sequence (®;);>0 of elements of S(K), where ®; is the
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characteristic function of 4=/ for j > 1, and &)0 is the characteristic
function of D.

For each distribution f € §'(K) and j > 0 we have that ®; * f is
a function (see [9], p. 126). We can easily see that the function ®;
satisfies:

(1) Qi xP,=P;, and P,+xD, =0 fori##J;
(2) ®;(x +y)=®;(x) for |x|>|y|;

o ]
(3) ®; =

j=0

6.2. DEFINITIONS. Let s€eR and 1 < p < oo. For 1 <r < oo,
the distribution f € $'(K) is in B;,(K) if

115, = (D) * f)>
For 1 < r < oo, the distribution f € §'(K) isin F;,(K) if

1Al = I1(Dj * ) jzoll oary < 00

(LH) < 0.

6.3. REMARK. The sequence (®;);>o used in Definition 6.2 and
given as in 6.1 is unique. In fact, if (y;);>0 is a sequence of elements
of S(K) such that sup §; C A~/ for j > 1, supp iy CD and ) ; y; =
1, then y; is the characteristic function of 4~/ for j > 1, and
is the characteristic function of D, thatis, y; = ®; for j > 0.

6.4. REMARK. As in the Euclidean case, there is another way to
define the spaces B;,(K) and Fj,(K) (see [11]). We can say that the
distribution f isin B;.(K) (F,,(K), respectively) if there is a sequence
(aj)j>o0 of elements of S'(K) such that 3~ a; converges in S'(K) to
f, suppa;j c A=/ for j > 1, suppap C D and

(@) jzollrzry <00 (Il(a))jzollrrry < oo, respectively).

But this definition is trivial because there is only one sequence (a;);>0
for each f, namely, the sequence (®; * f);>o. In fact,

o0
(@« )" =0,/ =8 Y &y Z =4,
k=0 k=0
and hence a; =®; « f for j > 0.
If se€R and f € S’(K), the Bessel potential of order s of f is

defined by
(J2f) " = (max{l, |x|})"f
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For a, B € R, the map f +— J*f is a homeomorphism from S'(K)
onto S'(K), (J*)~'=J"® and J*tBf = Jo(jEf) for £ € S'(K) (see
[91, p. 137).

The next theorem shows that J* is an isometry on F;, and B}, .

6.5. THEOREM. Let s,t€R and 1 <p <oo. Then

O WSl =l TEELE), 1<r<oo
(2) ”Jsf“B;;f = ”f”B!’” ) fe B;tzr(K) , 1<r<oo.
Proof. We can easily verify that JS®; = ¢*/®; for j > 0. Then,
for j >0, seR and f € S (K) we have
(3) JH(®@) % f) = (J°®)) « [ = ¢7(D * /).
For f € F},(K) and 1 <r < oo, it follows from (3) that
I° fll prms = 1@ {®; * fNjs0llrr)
= [1(g"{D@; * f})j>0ll oy
ST
Now, for f € B},(K) and 1 <r < oo, it also follows from (3) that
172 A g = 1@ {® % SH)jzolly (1)
= [I(g”{®; * [});s0llr )
S

Now, we will give a theorem of the Littlewood-Paley type. It is a
variant of Taibleson’s theorem (see [9], pp. 200 and 202), but our
proof makes use of vector singular integral operators.

6.6. THEOREM. For each 1 < p < oo, there are constants A, and
B, , depending only on p, such that, for all f € LP(K) we have

(1) Apl fllp < (@) * 1) jzoll o2y < Bpllflp-

Proof (Sketch). Let us consider the operator 7" from L°(K) into
LYK, [?) defined by

(2) Tf = (®;* f) >0,
and S from L®(K, [?) into L%(K) defined by
(3) S(aj)jz0=Y_ ®j*aj.

J=0
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We can show that
ITA W 2y = 1712
and
18(ej)jzoll2 < ll{aj) jzoll 22y

Therefore we can conclude that 7 has a bounded extension from
L%(K) into L2(K, [?) and S has a bounded extension from L2(K, [?)
into L%(K).

Let K; and K, be the kernels defined by

(4) Ki(x)A = (®j(x)A)>0, x€eK, Ae€C;

(5)  Kax)(Aj)jzo=D_®@i(x)4;, x€K, (A)jx0€l’
j=0

We have that

K20 L2, ¢) S KX e, 12y = (@ (X)) 20l 5

therefore, showing that x — ||(®;(x));>0ll,» is locally integrable we
can conclude that K, and K, -are locally integrable. Since

IKy(x —y) — Kl(x)”L(c,F) = |Kx(x - y) - K2(x)”L(12,<c) =0

for |x| > |y|, we have that K; and K, satisfy the conditions (H;)
and (H]) of Theorem 3.4. We can easily verify that

Tf(x) = / Ki(x = y)f () dy

and
Sa(x) = / K>(x - y)a(y) dy,

forall x €K, fe€ LP(K) and a € L¥(K, /). Then, it follows from
3.4 that T and S are singular integral operators of the strong type
(p,p) for 1 < p < o0, and consequently we have the inequalities
6.6(1).

In Taibleson [9] the space of Bessel potentials L?(K) is defined for
s€R and 1 < p < o0, as the set of all distributions f € S'(K) such
that

1Az = 172 fllp < oo

The next theorem is a consequence of Theorem 6.6.
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6.7. THEOREM. If s € R and 1 < p < oo, then the spaces L?(K)
and F),(K) are isomorphic.

Proof. If f e S'(K), it follows from 6.6(1) and 6.5(1) that
I e = W Allp ~ 0T fllps, = WS 1L,

6.8. To close this section we will show that B;.(K) (F,.(K), re-
spectively) is a retract of /[[(L?(K)) (LP(K, I}), respectively). Let us
consider mappings ¥ and £ given as follows. The mapping .# is
defined on the elements of S'(K) by

(1) FI = (@ * f)zo0-

The mapping & is defined for sequences a = (a;);>o of elements of
S'(K) by

(2) .@azZCI)j*aj,
Jj=0

where the convergence is considered in §’'(K). We are not saying that
& is defined on all sequences a = (a;);>o of elements of S'(K), but
only on those sequences for which the series defining %o converge
in S§'(K). It follows from the property 6.1(1) that £7f = f for all
f € B3, (K) UF3,(K).

6.9. THEOREM. The space B3 .(K) is a retract of I{(L?(K)) and
F;(K) is a retract of LP(K, [{), for s€R and 1 <p, r <o0.

Proof. First we note that
1A ls: = S iy and | flls = 1F ).

Since @;(x+y) = ®;(x) for |x| > |y|, it follows that {®;: j > 0} isa
family of scalar multipliers uniformly bounded on L7 (K), 1 <p < o0
(see [9], p. 218). Thus, using properties of the functions ®; we obtain
for a = (aj)jzo €S, [80) >
|Zallg:, = (@) * Pa)jzollir 1)

= [(®; * ;) jzollr ()

= [[(g*|®; * ajllp) jzo0llr

< Cli@* Nlellp) jzollr = Clle

|27y
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On the other hand, since &Dj(x +y)= (T)j(x) for |x| > |y|, it follows
from 5.3 that (&)j)jzo is a multiplier on L?(K,["), 1 <p,r < co.
Consequently, by the properties of the function ®; we have for a =
(a))j>0 € S(K, I§°),

£l

F = (@) * Za)jzoll g
= [[(@) * o)) j>oll (1)
= (@, * {q%” a;}) >0l 71y
< C”(quaj)jZOHL"(l’) = Cllal|rr().

Hence, .# is bounded from B;,.(K) into L{(L?(K)) and from F,.(K)
into LP(K, [{), and & is bounded from [{(L”(K)) into By (K) and
from L?(K, []) into F;,(K), for s€R and 1 <p, r <co.

6.10. ReMARK. Due to Theorem 6.9 it is possible to obtain inter-
polation theorems for the spaces L{(K), B;,(K) and Fpr'(K) as in
the Euclidean case. For instance, we have (see [1], p. 153) that

(L (K), I (K))g., = B}, (K),

wheres=(1—0)s0+051,O<0<1,s07és1, l<p<oo, 1 <r<m.
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