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A WHITNEY EXTENSION THEOREM IN Lp
AND BESOV SPACES

by A. JONSSON and H. WALLIN

0. Introduction.

0.1. The classical Whitney extension theorem (see [27, Ch VI] or the
original paper by Whitney [30]) deals with the extension of Lipschitz
continuous functions on a closed set F C R" to Lipschitz continuous
functions on R”. The class of Lipschitz functions on F which is
involved, Lip(a,F), o> 0, is defined by means of the usual multi-
index notation in the following way. Let k be a non-negative integer
and assume that k <a < k+1. The function f, or, to be more
exact, the collection { fi}liu < belongs to Lip(e,F) if the func-
tions f; are defined on F, f, =/, and if f; and the functions
Ri defined by

f= % D oy iR, 0.1)

j+1I<k X

satisfy

If;(e)l <M and |R;(x, )l <Mlx—y|* V!, x,y €F, |jI<k.
0.2)

The norm of f € Lip(a,F) is the smallest constant M such
that (0.2) holds. When F = R" the functions f;, |jI > 1, are the
partial derivatives D/f of f.

The Whitney extension theorem now states that there exists
a continuous mapping E: Lip(x, F) — Lip(a, R") which gives
an extension of f, = f from F to R".
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We see from (0.2) that Whitney’s theorem deals with the case
when we have a supremum norm on F. We shall prove a Whitney
extension theorem in IP, 1<p <o, ie. a theorem where we
replace the supremum norm by a corresponding L”-norm taken with
respect to a fixed positive measure u supported by the closed set
F where pu is in some sense a “d-dimensional” measure, 0 < d <n
We refer to section 1 (Definition 1.1) for the precise condition on
u and here we note only that this condition on u also imposes a
condition on F. Examples of classes of sets satisfying this condition
are given in section 2. We assume that Kk <a<k+1, 1< p<o
and replace the condition (0.2) by the condition that the norm

I, o, =

0.3)
3 . N IR Ge, )P 1/p
lirzk (“f’””'“ (xf‘,{l;l |x — y|a+e-lite du(x) ap(y) )
is finite. Here || ”p,u denotes the LP(u)-norm and the functions

f; have to be defined only p-a.e. on F. We now define (Definition 1.2)
the generalized Besov space B.(F) to consist of those functions f or,
more exactly, elements {f,-}|,-|<k’ fo = f, such that A, o, <
When F = R" the functions fi» il =1, are the distribution deri-
vatives D/f of fo = f (Proposition 1.2) and Bﬁ (R™) coincides (Pro-
position 1.3) with the ordinary Besov space AZ'?(R") = AP(R");
if a is an integer we define B2(R") by BZ(R") = AP(R").

Our Whitney extension theorem in L” (Section 1, Main

Theorem, (A)) can now be formulated in the following way, if
k<B=a—(n—-d)p <k+1. There exists a continuous mapping

E: Bf(F) — B.(R")

which gives an extension of {f}l i<k toa function E{f} in the
sense that the restriction to F of the derivative D’(E{f }) is equal
to f; w-ae. on F, for |j| < k Here we use the pointwise restriction
of the strictly defined function (Definition 1.4).

The converse of our Whitney extension theoremin LP,1 <p <oo,
also holds (Section 1, Main Theorem, (B); note that the converse
in the classical Whitney case, p = oo, is trivial): If f &€ B?(R"), then
R(f), defined by ’
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R() = {DfIF} <

where D/f|F is the restriction to F of D/f, belongs to B“;(F),
k<B=a—(n—d)p <k+1, and the restriction operator '

R: B}(R") — B}(F)
is continuous.

0.2. A classical extension and restriction theorem by Besov and others
states that if A’; '9(R") is the ordinary Besov space (see Definition
1.3 for p=4q and [27, section V.S5] for the general case) and
B=oa —(n—d)/p >0, where d is a positive integer, d < n, then
every function in AZ"I(R") can be extended to R” so that it is a
function in AZ ‘4(R"). Conversely, the restriction to R? of a func-
tion in A29(R") belongs to AZ"’(R"). The extension and restric-
tion problem leading to this and to related theorems has been studied
by a large number of authors: Besov [6], Stein [28], [27], Taibleson
[29], Aronszajn, Mulla and Szeptycki [5], Lizorkin [19], Gagliardo
[17], Nikol’skii [22], [21], Burenkov [11], and others. The case when
R? is replaced by a “smooth surface”, e.g. a surface locally satisfying
a Lipschitz condition has also been considered; we refer to Besov
[7], [8] and [9]. Extension and restriction problems in the case when
R? is replaced by an arbitrary closed set have been investigated by
Wallin [31], Sjodin. [26], Jonsson [18], Adams [1] and Peetre [24].

It is easy to see from our discussion in section 0.1 that our Main
Theorem in section 1 generalizes the restriction and extension theorem
by Besov (in the case p = g, B not integral) to the case when R?
is replaced by closed sets F of a much more general kind than the
sets which have been considered in this theorem before (see Definition
1.1 and section 2). Furthermore, we get a version of the theorem
where also the derivative of order j of the extended function E({ fj}
coincides on F with the corresponding function f]-, 7/l < k (see
the final remarks in section 1). Finally it should be noted that our
method of proof gives a new proof also in the classical case of the
theorem of Besov.

0.3. Let D be an open set in R” with a boundary 0D which has
some smoothness property. If a function f belongs to a Sobolev
or a “Besov” space in D, is it then possible to extend f to a function
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in R" belonging to the analogous Sobolev or Besov space in R” ?
Extension problems of this kind have been considered by Nikol’skii
[23], Calderdon [13], Stein [27, Ch VI. 3], Besov [10], and others.
The conditions on D are usually approximatively equal to saying
that oD is of class Lip 1. Our extension method is applicable to
this problem. From the discussion in section 0.1 we see that if the
closure D of D is a d-set with d = n, then every function in
B?(D), a not an integer, can be extended to a function in B?(R"),
and the extension operator is continuous. Our condition on D is
weaker than the conditions used in the references mentioned above
(compare example 2.4).

0.4. Summary. The main definitions and the main results are stated
in section 1 which serves as a detailed introduction of the paper.
The condition imposed on F is examined in section 2. In section 3
we give the connection between our generalized Besov spaces and
the classical Besov spaces. In chapter II (section 4-6) we treat the
extension problem and in chapter III (sections 7-9) the restriction
problem.

0.5. Notation. R" is the n-dimensional Euclidean space with points
x=(x;,...,x,). Welet R d<n, consist of those x €R"
for which x4, =...=x, =0.

B(x, r) is the closed boll of radius r centered at x.

d(x , F) is the distance from x to F.

Ifll, is the LP-norm with respect to Lebesgue measure dx; IfIl,,
is the L?(u) norm,; Ilfllp’a," and IIfIIP'O‘,F are defined in Definition
1.2. Integration is over the whole space if nothing else is indicated.

A4(E) is the d-dimensional Hausdorff measure of E (see section 2.2).

m, denotes the d-dimensional Lebesgue measure and m = m,,.
j.= (il.,...,j,',) isamul’gi—index, it=at 0 =g e+,
x! = xil A xj'", and D’/ denotes the derivative corresponding to j.

C, is the set of C”-functions with compact support.

¢ denotes different constants at most times it appears.
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CHAPTER 1

THE PROBLEM

1. Definitions and main results.

1.1. In the extension problem we need a special kind of closed sets.
As a preparation for the definition of these sets we define a special
class of measures.

DEFINITION 1.1. — Let F be a closed non-empty set. A positive
measure u is called a d-measureon F (0<d < n) if

a)supp 4 CF and

b) there exists a number ry, > 0 such that for some constants
¢,,¢, >0

ry, and (1.1)

p@Bx,N)<c r?, x ER", r<
=>c,rY, xEF, r<r,. (1.2)

r(B(x, 1))
The set F is called a d-set if there exists a d-measure on F.

As an example, RY, d positive integer, and a closed rectangle
in RY, are d-sets. See section 2 for other examples.

The d-sets have, of course, a close connection to the d-dimensional
Hausdorff measure. We denote the d-dimensional Hausdorff measure
by A; and the Hausdorff dimension of a set E by dim E. These
concepts are defined and the following proposition proved in section 2.

ProrosITION 1.1. — a) If F is a closed d-set, then
dim(FNB(x,r))=d, for x €F, r>0,

and the restriction A |F of A, to F isad-measure on E

b)If n, and w, are d-measures on F, there are constants
€y, >0 suchthat ¢, u;y S, Sy My.

In other words, the closed set F is a d-set if and only if the
restriction to F of the d-dimensional Hausdorff measure is a d-measure
onF.
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With a suitable normalization, the n-dimensional Hausdorff
measure coincides with the n-dimensional Lebesgue measure; by Pro-
position 1.1, the d-dimensional Hausdorff measure serves as a ““cano-
nical measure” on a d-set in the same way as the Lebesgue measure
doeson R".

1.2. We now define the spaces BZ (F) needed in the extension problem.

DEFINITION 1.2.(The generalized Besov or Lipschitz space
Bﬁ(F).) — Let F be a closed d-set, k a non-negative integer,
k<a<k+1, and 1<p <. We say that f€ B(F), or, for
greater clarity, that {fi}m <k € BY(F), if the functions f, satisfy

a) the functions f; are defined d-a.e. on F, ie. everywhere
on F except on a subset of d-dimensional Hausdorff measure zero

b) fo = f d-a.e.on F, and

c) if R; are defined by

f= X —ji*l'T(}i(x—y)’+R,-(x;y),x,y€F,

Ij+lI<k
and p is a d-measure on F, then the norm llfllp’a,“ = | {fi}llp’a,#,
defined by
Ilfllp,a,” = (1.3)

R. p
z (i, , + j JI - P, au du(y)§ ),

i<k x_yl<1 XY
is finite.
When u = A,|F, we put

Wl o =N,
and take this as the norm of {f;} € BL(F).

It follows from Proposition 1.1. that “d-a.e. on F” is equivalent
to “u-a.e. on F”’ so that the integration in (1.3) has a meaning. In
some cases we get an equivalent norm by taking the integration in
(1.3) over R" x R" instead of over the part of R” x R” determined
by the condition |x —y| <1 (see Proposition 3.1).
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In the definition we have used the ordinary notation concerning
multi-indices j = (j,,...,J,) and I =(,,...,1,); see the intro-
duction. It should be noted that, by Proposition 1.1 b), the norms
f “p,a,n, and ||f Ilplm’l{‘2 are equivalent, if 4, and u, are d-measures
on F.

The functions f] 0<|jl <k, in Definition 1.2, of course
serve as derivatives of f on F. In fact, we have the following pro-
position when F = R".

ProposITION 1.2. — If k is a non-negative integer, k < a<k+1,
and {f} <x EBYR™), then f; is the distribution derivative D'f
of fo =1 for lil<k.

This proposition, which is proved in section 3, shows that we
can talk about f€ B(R") without specifying f;, 0 <|[j| <k,
since these last functions are uniquely determined by f.

The next proposition, which is proved in section 3, states that,

when F = R", the generalized Besov space BS(F) coincides with
the ordinary Besov space which can be defined in the following way:

DEFINITION 1.3. — If k is a non-negative integer and k<oa<k+1,
the ordinary Besov space AL(R") consists of those f€ LP(R") for
which the norm (with distribution derivatives)

Il 2 DAl

jI<k
I ;3 (ff ID/f(x) — DIf(y)I? d dy)”p

lil=k |x — y|**@-kp

is finite. When o = k+1 the first difference D/f(x) — D/f(y) shall be
replaced by the second difference D'f(x) — 2 Dif((x+y)/2) + Dif(y).

ABR™)

ProposiTION 1.3. — B2(R") = AP(R") with equivalent norms.

The space BL(F) was defined (Definition 1.2) for >0, «
not an integer. In order to get greater unity in the notation we put,
because of Proposition 1.3, BL(R") = AE(R"), « positive integer.

1.3. In order to define the restriction to F CR”"” of a function f
defined a.e. in R” we need the concept of a strictly defined function
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f.ff is_a locally integrable function on R"”, we define the corrected
function f by

_ 1

fx) = lim G, ) - fodt
at every point x where the limit exists. We say that f can be strictly
defined at all points where f is defined. According to a fundamental
theorem by Lebesgue, f=f a.e. By redefining, if necessary, f on
a set of Lebesgue measure zero, we can consequently obtain that
f=f at all points where the limit exists. If this is done we say that
f is strictly defined and make the following definition.

DeFINITION 1.4. — If fE€L.(R") and F CR", then fIF
is the pointwise restriction to F of the strictly defined function f.
Of course, f|F is defined at those points only where f can be strictly
defined.

We now wish to formulate the main result of the paper, stating
roughly speaking that the restriction of f€ BL(R") to a d-set F
is an element in B”‘,(F), B =a — (n—d)/p, and that, conversely,
every element in BR(F) can be extended to a function in Bj(R™).

MAIN THEOREM. — Let F be a dset, 0<d<n, 1<p <oo

—d
ﬁ=a""n )

and k< B < k+1 where k isanon-negative integer.

(A) (Extension theorem) For every element {f} <, € B (F)
there exists a function E({f;}) € BY(R™), which is an extension of
{fi}\ji<k in the sense that

[D"(E{fi})]IF = f; d-ae.on F, for |j| <k, (1.4)
so that the extension operator
E: B‘Z(F) — BY(R")
is continuous.
(B) (Restriction theorem) If f € BE(R™), then R(f), defined by
R(f) = {((DI)IF}, ., »
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belongs to B’;(F ) and the restriction operator
R: B)(R") — B}(F)
is continuous.

Notice that E{f;} denotes a function, not a collection of func-
tions. The extension part of the theorem is proved in Chapter II and
the restriction part in Chapter III. In both cases we prove more than
is stated in the Main Theorem. When F =R9, d <n, the Main
Theorem is reduced, by means of Proposition 1.3 and the discussion
in section 3.4, to the well-known extension and restriction theorem
by Besov and others (see [27, p. 193]). It should be noted, however,
that, by (1.4) in our Main Theorem, not only does the (corrected)
extended function E({ fj} coincide with f, =f d-a.e. on F but,
furthermore, that the derivatives of E{f;} of orders less than or equal
to k coincide d-a.e. on F with the corresponding functions f,

2. Examples and properties of d-sets.

2.1. In section 1 we mentioned that R? and closed rectangles in
RY are d-sets. We give a number of further examples.

Example 2.1. — Let d be a positive integer and A a closed
rectangle in R?, bounded or not bounded. Let F CR” be a
Lipschitz image of A in the sense that there exists a bijective mapp-
ing f: A— F such that f satisfies a Lipschitz condition on A,
Ilf(x) — f(x")'<M|x—x'|, x,x"€ A, and the inverse function
f~! satisfies an analogous Lipschitz condition on F. We claim that
the closed set F is a d-set.

In fact, if m, is the d-dimensional Lebesgue measure, we define
a measure u supported by F by u(E) = md(fl(E)), E CF.

The restriction of m,; to A is a d-measure on A and since,
by the Lipschitz conditions,

B(f '(x), M,r) C f'(B(x,r) C B(f '(x), M,r), for x €F,

where the constants M, and M, depend only on the Lipschitz
constants, we conclude that u is a d-measure on F.
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In this example we could clearly replace A by any d-set and
m, by ad-measure on A.

Example 2.2. — Let F C R' be the ordinary Cantor set,

F= nQO Fas
where F, = [0,1] and F, is the union of 2" closed intervals,
each of length 37", obtained by removing the middle thirds of the
intervals of F,_,. If u, is the measure consisting of the unit mass
uniformly distributed on F,, p, converges to a measure u, support-
ed by F, and it is easy to see that p is a d-measure on F for
d = log 2/log 3. Consequently F is a d-set for d = log2/log3.

It is quite obvious that this example extends to generalized
Cantor sets in R”.

Let u be a d-measure on F. The conditions (1.1) and (1.2)
in section 1 are obviously satisfied for any choice of the positive
(finite) number r, (but with different constants ¢, and c,). We
can also conclude that

uBx,r))<cr*, x€R", r=r,. 2.1

This follows from the fact that B(x,r) can be covered by a
constant times r" number of balls with radii 1. However, we cannot
in general replace r" in the right member of (2.1) by r¢. This follows
from the next example.

Example 2.3. — Let F =Up, where we take the union over
all integers » and p, = {x = (x,,..., x,): x, =v}. Let, for each
v, the restriction of u to p, be given by the (n— 1)-dimensional
Lebesgue measure on p,. Then u is clearly a d-measure on F with
d = n—1 but for large values of r we have u(B(x,r)) = cr".

Example 2.4. — We can, of course, in different ways construct
d-sets which locally are for instance of the forms described in the
examples above. A general way to do this is the following. For any
set UCR" and any € >0, we put U¢= {x: B(x,e) CU}. Let
the closed set F be such that there exists an € > 0, an integer N,
and a sequence {U;} of open sets so that:
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G v Uf OF
4
(ii) no point of R” is contained in more than N of the Ux.'S

(iii) there exist constants r,,c,,c, >0, anumber d, 0<d <,
and positive measures p;, supp i; CF, so that u;(B(x,r))<c, r9,
x€R", r<r, and y;B(x,r)=c,r?, x EU,NF, r<r,.

We shall prove that F is a d-set.

We let », be the restriction of p;, to O, = U;/*> and put
#=2Zv;. Then suppu CF and we claim that p is a d-measure on
F. If x €F, then, by (i), x € U; for some i, and

r(B(x,r) = v,(B(x,r) = c, r?,

for r < min(e/2, ry). In order to get an estimate in the other direction
we put I(x) = {i: O; N B(x, r) # @}. Then, by (ii),

Z c;e" < 2 m(U; N B(x, r)) < Nm(B(x,r)) <c,,
i€I(x) i€I(x)
if r<r,. Hence, the number of elements in I(x) is bounded by a
constant ¢ and we get by (iii),

u(B(x,r) = Zy;B(x,r)<c.c, r?, r<r,, x €ER",
proving that u is a d-measure on- F.

We notice that the sets F which are minimally smooth boun-
daries 0D of open sets D in the terminology of Stein [27, p. 189],
are d-sets with d = n—1. In fact, in this case the closure of the parts
U; NF are (n—1)-sets of the kind considered in Example 2.1 corres-
ponding to Lipschitz mappings with uniformly bounded Lipschitz
conditions. We also notice that if D is an open set with minimally
smooth boundary, then the closure D of D is a d-set with d =n.
In fact, it is easy to see that the restriction to D of the n-dimensional
Lebesgue measure is an n-measure on D.

2.2. We define the d-dimensional Hausdorff measure, 0 <d, of
any set ECR”"”, A,E), as follows. For a certain constant o(d)
(see (2.2) below) and any € > 0, let

AQ(E) = a(d) inf 2. (diam E))?,
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where the infimum is taken over all coverings of E by denumerably
many sets E,CR", UE;,DE, with diameters diam E; <e. Then
AHE) = Eling Aff)(E).

Since E; and its convex hull have equal diameters, we get the
same set function if we require all E; to be convex. We also clearly
get the same set function if all E; are assumed to be open (closed).
In case we require all E; to be balls we get a set function which
on E is not smaller than A4(E) and not larger than 2¢ A (E). We
define the constant a(d) by

a(d)=2-9T (%)"/ r (g + 1) 2.2)

which guarantees that A,(E) coincides with the n-dimensional outer
Lebesgue measure of E (see for instance [14, p. 174]). The d-
dimensional Hausdorff measure is an outer measure and the class
of sets measurable A, contains the Borel sets in R". The Hausdorff
dimension of E, dim(E), is the infimum of the set of numbers d
such that A4(E) = 0. It is easy to see that dim(E) < n forall E C R”,
By d-a.e. we mean everywhere except on a set of d-dimensional
Hausdorff measure zero. Note that A,4(E) =0 implies u(E) =0
if u is a positive measure such that u(B(x,r)) < cr?, r<r,, x €R".
In fact, B, = B(x,,r,), r, <r,, UB, D E implies

wE) < ZuB,)<cZr?

and this sum can be made arbitrarily small if A4(E) = 0.

2.3. Proof of Proposition 1.1, a). — Let F be a closed d-set, u a d-
measure on F, and r, a positive number. For x €F, 0<r<r,
and denumerably many closed balls B; with radi r; <rg,

UB,; D (F N B(x, r)), we obtain from Definition 1.1 (c, are positive
constants):

¢, rf <uB(x,r) < X uB,)< X c, .
i i

]
However, for any € > 0, the last sum is, for a suitable choice
of {B;}, less than c,(e + A,4(F N B(x,r))), which gives

A,(F N B(x, r) >%rd, X€EF, r<r,. 2.3)
3
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To get an inequality in the other direction we have to use some
kind of covering argument. Let B(x,r), r<r,, be such that
AFNB(x,r) >0, t<AFFNB(x,r)), and let 0<e<r,—r.
By the Heine-Borel covering lemma we can cover FN B(x,r) by
finitely many open balls S; C B(x, r+€) with centers in F N B(x, r)
and radii less than €. By a standard argument (see for instance the
proof of Lemma 8.4 in [25]), we can choose a disjoint subcollection
{B;} of {S;} such that US, CUB; where B; is the ball concentric
with B; whose radius is three times the radius r; of B;. Since
U, D US, DFNB(x,r), we get, by the definition of Hausdorff
measure,

a(d) E(6ri)" > t,
if € is small enough.

But, by the properties of u,
¢, Zr! < Zu(B)) = u(UB)) < u(B(x, r+e)) < c,(r+e)?.

By letting e tend to zero and  to A4 (F N B(x,r)) we conclude
that

A4(F N B(x,r)) < a(d) 64 cl_l c,”, x ER", r<r,. (24)

From (2.3) and (2.4) we see that A,|F is a d-measure on F.
We also see that 0 < A,(F N B(x,r)) <o, x€F, r>0, and,
consequently, that dim(F N B(x,r)) =d for x €F, r > 0.

2.4. Proof of Proposition 1.1, b). — Let n, and u, be d-measures
on F. Take an open set O such that 4,(0) >0 and a number
t < p,(0). Since u, is a regular Borel measure (see for instance
[25, Theorem 2.18]), there exists a compact set K, K C O, such
that u,(K) >t We can cover KNF by finitely many open balls
S; CO with centers in KNF and arbitrarily small radii r;. By the
same argument as in the proof of part a) of Proposition 1.1, we can
choose a disjoint subcollection {B;} of {S;} such that US, CUSB,
where f; is the ball concentric with B;, whose radius is three times
the radius r; of B;. We get

£ <y (K) <,y (US) <y (UB,) < Zpy(B) < Zey (Br)?
<c¢, 39Zc,m,(B) = c;¢c, 39u,(UB) < ¢, ¢, 39,(0).
By letting ¢ tend to u,(O) we conclude that u,(0) < c,u,(0).
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For an arbitrary Borel set E we have
1, (BE) < u,(0) < c34,(0), OD E, O open.

By taking infimum over O we conclude that 1y (E) < c3u,(E).
Since we obtain an inequality in the other direction in the same way,
we have proved what we wanted.

3. Connection to classical Besov spaces.

3.1. We first show that in some cases the domain of integration in
the double integrals defining the norm of BZ(F), may be taken to
be the whole of F x F. -

ProposiTION 3.1. — Let F be a d-set, let u be a d-measure on
F, and suppose furthermore that u satisfies

uB(x,r)<c, r!, x ER" 3.1

forall r > 0. Then the norm Ilfllp ap in Definition 1.2 is equivalent
to the norm

nrnx

D, ou

= % (s, + § [f B gy du(y)§ ).

ljl<k |x — p|d+(@=liDp
Proof. — We obviously have |Ifll,, < e and from

p,a,u’
IR;(x, y)I?

1/p
—_— <
|x — y|dF@E=TiDp =

du(x) du(y)

( x—yi=1

<P O ) duey)

d+(a—
(.lx—yl>1 lx — y@*le=ibp

_ ylHip . 4
+ 3 ; ff lx—yl 1S5+ du(x) du(y)

d+(a—|j|
jenek (xyis1 ADP lx—y|areslive

1
/p+

1/p
<

< (see Lemma 8.1) < C 2, Wfsall, .
lj+lI<k

it easily follows that llfll:’a’u <C IIfllp’a,“ .
Remark 3.1. — With a similar argument, one realizes that for

any q satisfying 0 <a <oo the norm ||f Ilp ap is equivalent to the
norm
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R (x, )P 1
ff [x— y|#+@=iDp d"(")d“(y)% p)'

Ix-yl<a

=% (s, +

jI<k

This holds for any d-measure u.

Remark 3.2. — In the proof of Proposition 3.1 we never used
the lower bounds of a d-measure, so an analogous statement holds
for any positive measure satisfying (3.1) for all » > 0.

3.2. Proof of Proposition 1.2.

Lewa 3.1. — Let k<a<k+1, 1<p <o, {f}, ., €BLR
andlet ¢ € C;. Then, with f = f,,

D(fx9)(x) = (fj*9)(x), x ER", |jI<k (3.2)

Proof. — Consider a fixed multiindex j with |j|< k-1, and
assume that (3.2) holds for this j. It is clearly sufficient to prove
that (3.2) then holds for all j+! with |I| = 1.

Put g=D/(f*¢) = (by our assumption) = fi*¢, and let
x and h be pointsin R". We have

gix+h) — g(x) = [(r+h) — ;) $x—y)dy =

hl
=[ T who e-nay+ [ S f () 6(x —y)dy +

=1 l<|I|<k il I

+ [Ri(y+h,») o(x—p)dy.

Obviously, the second term after the latter equality sign is
O(lA|?), h—> 0, and since we also have

glx+h) —g(x)= 2, h'D'g(x)+0(h), h—> 0,
12lI=1
it follows that

[Ry+h,y) d(x—y)dy = 3 nge - [ £u0) dGx—y)dy)
1
+ O(hl|*), h — 0. (3.3)
Now, since {f'}lil<k € BP(R") we have that
1

|n+e

L[ R (y+h,y) 9 y)dyl dh < (;1)-+$= 1)

<1 |h |A|

<toly o SR+ dy dn < oo

lh1<1
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if € satisfies p+e < (a—|jl)p. From this and (3.3) it follows that
for some € satisfying 0 < e < 1 we have

1
1h£1 ||t Illzl | A (DI ) = ff,+,(y) ¢(x—y)dy)|P dh < oo

which gives D'g(x)— [ 1,00 o(x—y)dy =0, Il =1, ie.

DI (f % ¢)(x) = (fj4, *¢)(x), |l =1. With this, the lemma is
proved.

Now we <can easily prove Proposition 1.2. Functions
{ilji<x € B’(R") are given, and we shall prove that the distribution
derivatives D’ f of fo =/ are equal to f;. Let ¢ satisfy ¢ =0,

3 x
¢ E Co, fq)dx =1, define ¢, by ¢.(x)=¢€T" ¢(;—), and put
f.=f*¢.. The lemma above shows that D/f, = f; * 9., and since
(see eg. [27], p. 62) lIf; — f;*¢.ll, — 0, €— 0, we thus have
If; — Dif,l,— 0, e — 0.
This enables us to conclude from

SOty vax =0 [rmipyax, yecs

that
[fivax=cnn [fpiyax, yecs

ie. that D/f = f; in the distribution sense.

3.3. Proof of Proposition 1.3. — It is immediate from Proposition
1.2, Proposition 3.1, and the fact that R,(x,y) = f,.(x) -fl.(y), il =
that

n

71 n < W < CUA, s € BLCRY,
<3

In order to prove a converse inequality, we shall establish the
inequalities

(f[ lley(':+i:)Illl)P dx dy )llp C Ii+§‘=k (3.4)
(f ID7*! f(x) — DI f(y)IP dx dy )/p

'x _y|n+(a—k)p

< k-1, fEAL(R),

where the functions f; in the definition of R; are taken to be D'f
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Then it clearly follows that
1l n < CUFN g » £ € ALRY).

We first prove (3.4) assuming that f€ C”. Using the exact remainder
in Taylor’s formula we get

v —_v)! .
R, =D — % 2 priggy - 3 S o)

li+11<k-1 : lj+ti=k

NI
= iy [T a-oymm (3 E22 v s+ (- ya)
lji+li=k .

N
- % E2 i
ljitll=k :

1 i
Since (k—1j]) /0‘ (1—0)-Y1-1 g9 =1 we may put the last

sum under the integral sign, and we get

(ff |x|Ry(|:+’(i})lljl)p dx dy )‘/”

<c([f1f" T G-» O re+0G-y) - DItrydor

0 |i+l|=k

dx dy )1/p
|x — y|n*@-libp

< (Minkowski’s inequalities for integrals) <

<c['(ff X 1pMro+oe-y) - DG

li+ll=k

dx dy 1/p
Ix__yln+(a—k)p) do

which after substituting x'=y+0(x—y) gives (3.4) for f€ C™.

Let now f be an arbitrary function in AZ(R"). Then there
exists a sequence {q):,} of functions in C” converging to f in
AL(R™) (see e.g. [29, p. 444]), and hence also a subsequence {¢,}
of {¢,} such that D¢, —> D/f ae., |jl<k By Fatou’s lemma
and (3.4) we then have
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S it @) <

<tmc Y (j‘f ID/*¢,.(x)— D*' ¢, (V)IP o dy)”p

+(a-k
m-oo  jyl=k |x — y|rt =k

=c ¥ (f ID/* f(x) — D*f(y)IP dx dy)“p,

o ey PP

which is (3.4) in the general case.

34.1f {f};<c € B2(F), F =R", then by Proposition 1.2 the
functions f; are uniquely determined by f = f,. This is not true
in general. Let for example F = RY C R” (see the notation in 0.5),
0<d<n, let {f;}<x €EBE(R?), and let J, and J, denote the
set of n-dimensional multiindices of type (,,...,73,0,...,0)
and (0,...,0,i40q,...54,), respectively. Since (x—y)' =0
if 1¢J,, x,y€ R?, the functions R;(x,y) in the definition of
B2(R?), R C R", are given by

v\

!
\j+li<k 7!
€14

i) + Ri(x,»), x,y ER?.

This shows that for j€J, fixed, the functions {f. Yy, jj+i1<k

may be considered as a collection of functions in B" (ﬁ)‘(Rd) where
the extra index (d) indicates that we have the Besov space in RY
(not the Besov space on R? considered as a subset of R"), and it

also shows that

— @)
” {f}}liKk”a,p,Rd - 2 l‘{'f}+’}lejl,|f+l|<k|la e, Rd (3.5)
j€Y,

where the index (d) indicates that we have the Besov norm in RY.
Together with Proposition 1.2 this shows that, if {f;},;<, € BA(R?),
RY C R", the functions f) are uniquely determined by { j}}ieJ2 by
means of

f}zDilf}2,j=j1+j2’jlejl’j2€‘]2’|jl<k' (36)
Here, D/! denotes the derivative in R®. The norm {3 Hp,a,ra

is by (3.5) and Proposition 1.3 equivalent to 2 Mf}.ll a
JASID) oz—-ljl(R
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Conversely, any set { ); € Af,_lil(R"')}i€J2 .1jl<kx determines through
(3.6) a function in BY (RY).

This is also of importance when one compares our extension
and restriction theorem to the classical ones in the case F = R? C R".
In view of the discussion above, a restatement of the Main Theorem
in Section 1.3 in terms of classical Besov spaces when F = RY is
as follows.

THEOREM 3.1. — Let 0<d<mn d integer, 1<p <oo,
—d
B=a— np » k<B<k+1 where k is a nonnegative integer,

andlet 1, and J, be asabove.

(A) (Extension Theorem) For every collection
{f; €AG_ ;RN ey, ji<i  there exists a function E{f;} € AZ(R")
which is an extension of {f]-}jEJZ in the sense that
DE{fHIRI =f, liI<k jEI,.
Also,
(D'E{fNIR? = D'f; , j =}, +1,, iy €1y, jo €1, I <k
and furthermore

HE{f}lp qn < C DI

€T,
(B) (Restriction Theorem) If f € AE(R™), then

(D/NHIR? € A’[’j (RY), ljl <k, je J, and
(D’f)|R? = D'/(D'2f|R9), j = Ihvtia, 1y €11, 0, €1y, lil < k.

AR 1) RY)’

=1l

Furthermore,

j d

]:Z;Z 1D ity < Cflp g

Obviously, this theorem can be considered as a precise form of
the classical extension and restriction theorem for Besov spaces, in the
case when B is not an integer and p =q (see Section 0.2 in the
introduction; if only one function f belonging to AZ(R") is given, and
one wants to extend it to a function in AZ(R" ), one may of course put
fo=1/f and eg. f, =0 if j€J,, j# 0, and |j| < k, and then use
Theorem 3.1). Compare in this connection also [27], § 4.4, p. 193.
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CHAPTER 11

THE EXTENSION THEOREM

4. The extension operators E, .

4.1. We first restate, in a slightly more precise form, the extension
thoerem of this paper. See also Remark 4.1 below for a more general
version of Theorem 4.1.

THEOREM 4.1. — Let F C R” beadset, 0<d<n, 1 <p<oo,
—d
ﬁ=a—ip—>0, and k <B<k+1, where k is a nonnegative

integer. Then there exists a linear operator E, on Bg (F), such that
for every {ﬁ}liKk € B";(F),

@ B, U}y epn < c I 5 0 @.1)

where ¢ depends only on F,B,p, and n, ie. E, is acontinuous
operator into BE(R™),

(b) DI(E, {f;DIF =f, dae on F for |j| <k and
© E {f} €C(LF). |

The operator E, is defined in this section, and in sections 5
and 6 we prove that it has the stated properties. However, we shall
first of all, in Section 4.2, reduce the case d = n to the case d < n.

Remark 4.1. — In proving the theorem above, the lower bound
of a d-measure is the essential one. In fact, it is obvious from the proof
of Theorem 4.1, that the theorem holds if F is a closed set, u is
a fixed measure supported by F, finite on bounded sets, and satisfying
(1.2),1i.e.

uB(x,r)=crd, x EF, r<r,.

Then BZ(F) shall be interpreted as the space of functions {fihi<x

with finite norm [I{f}ll, , ,, where the norm is given by (1.3) with
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this measure u. It is interesting to compare this to the situation in
the restriction theorem (Theorem 7.1), where only the upper bound
(1.1) is needed.

4.2. The case d = n. Suppose that Theorem 4.1 has been proved
for 0 <d <n. Using also the restriction part of the Main Theorem,
we can then obtain the theorem for d = n by the following argu-
ment (compare also the discussion in Section 3.4). Let functions
{fihji<x € BS(F) be given, where F CR” is a given d-set with d = n.

Define for any multiindex j' = (j,...,J,sJnse1) = (slnsy), Wwith
l/'l <k, a function f, on F by =1 if j, =0, £, =0
if jusq >0. Then {fi}; <, € Bf(F), where F is considered as
a subset of R™'. Let E' be the operator extending {fj}; <y

1
continuously into BZ(R"“), a=8+ ;’ as in Theorem 4.1, and

put g = (D' E’ {f].,})IR". Then g, = f d-ae. on F, and
using also the restriction part of the Main Theorem we see that
"{gf'}”p,ﬁ,R" < c ”{f}'}"q,ﬂ,F =c "{f}}”p,ﬁ,F’ Here, Of Cours‘e’ the
dimension of the multiindex indicates whether F (and R") is con-
sidered as a subset of R" or R"!. Define now g; for any n-dimen-
sional multiindex j by g = g o). Since ll{g;}ll, ; pn = g, 4 an>
it follows that the functions {g,.}ll.| <r give the desired extension
of {ﬁ'}mq'

43. As was pointed out in the introduction, our extension is of
Whitney type, and in the construction of E, we need the same type
of machinery as in the Whitney extension theorem. We give here
a short description of these tools and state their properties. Our pre-
sentation follows [27], p. 167-170, where details and proofs may be
found.

Let F be a given closed set. Then there exists a collection of
closed cubes Q, with sides parallel to the axes with the following
properties.

(@ OF = UQ,.
(b) The interior of the cubes are mutually disjoint.

(c) For a cube Q;, let diam Q, denote its diameter and
d(Qy , F) its distance to F. Then

diam Q, < d(Q, ,F) < 4 diam Q,. 4.2)



160 A. JONSSON AND H. WALLIN

(d) Suppose Q, and Q, touch. Then
1/4 diam Q, < diam Q, < 4 diam Q,. 4.3)

(e) Let € be a fixed number satisfying 0 <e < %a and let

Q: denote the cube which has the same center as Q, but is expanded
by the factor 1+e. Then each point in { F is contained in at most
N, cubes Q,’:, where N, is a fixed number. Furthermore, Qf inter-
sects a cube Q, only if Q, touches Q,.

In connection with this decomposition, we shall use the following
notation:

x, = the center of Q,

I, = the diameter of Q,

s, = the length of the sides of Q, (thus [, = \/ns;)
Sometimes we also denote the center of Q, by y,.

Next we make a partition of unity. Let ¢ be a C™-function sa-
tisfying 0< ¢ <1, y(x)=1, x €Q and Y(x) =0, x & (1+¢€)Q,
where Q denotes the cube centered at the origin with sides of length

1 parallel to the axes. Define ¥, by ¢, (x) = w(x—xk)’ and then

Sk

¢, by ¢,(x)=¥,(x)/2 ¥, (x), x ELF. Then ¢,(x)=0 if
k

x ¢ QF, Z ¢,(x) =1, x €(F, and it is easy to show that for any

multiindex j we have

1D/ ¢, (x)| < A, (diam Q). 4.4)

4.4. Let now F bead=set, 0 <d <mn, andlet u denote the measure
A4IF. Recall that u satisfies

e r <pBxx,n)<cr?, r<r,, x€F 4.5)

for some constant r,, which may be taken arbitrarily big (see Section
2.1). Let {fi}|i|<k be a collection of functions defined on F, and
summable with respect to u on bounded sets.
Put
x—ty
Poen= % S pn e reF.

jise I
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Define an operator E; by

EBUN® =L 60 [ P& ndu, x €LF,46)

|""‘i|<6l,‘

where ¢; is defined by

= f du(t) = p(B(x;,6l,))
lt—x ;1< 61;
Note that, since F has n-dimensional Lebesgue measure zero,
the function E;,{fi} becomes defined a.e.in R” by (4.6).

Next fix a function & such that ®€C” &(x)=1 |if
dx,F)<3, ®x)=0 if d(x,F)>4, and such that D/® is
bounded for every j, with a bound which may depend on j The
extension operator E, is now defined by

Ep 1) (x) = @(x) B, {F;D (x).

45. From (4.2) we see that there exists a point p,€F with
lp; — x; <5l;. This gives u(B(x;,6l;)) = uB(p,,l,))=c,lf if
L <r, or

1
¢ <—c—l,.“" if 1, <r,, 4.7)

1

where ¢! = #(B(x;,6l;)), an estimate which is important in what
follows. ‘

5. Lemmas.

5.1. It will be convenient to make some more agreements on nota-
tion. Let k and m be nonnegative integers, and let {f};<x be
a collection of functions on the d-set F, locally summable with res-
pect to the d-measure on F. Below the function E; { fi} will be
denoted by f so E,{f;} = ®f The remainders corresponding to
{fitji<k> (Dfjjem, and  {D/(®f)} <, Wwill be denoted by
ri(t,s), Ri(x,y), and R;."(x,y), respectively, i.e.

Y
ne =0 - % L e o) seeF, 60

lj+lI<k I
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RN
Ri(x,y) = Dif(x) - 2 o) D*f(y), x,y €CF, (5.2)

lj+ll<m [

and R:’(x, y) is the same expression with f replaced by ®f
We also put

(x—10)' .
Bi(x,)= X = f,,0, x ER", tEF, |j|<k
ljitl<k I

Note that Py(x,t) =P(x,t) as defined in 4.3, and that
o/
— Px,0)=P;(x,0), liISk
ox;

]
The following identities will be useful below.

LEmMA 5.1. — Suppose x,y € R" and s,t €F. Then

(x—10)!
Pl-(x,t) - Pi(x,s) = Z er(t,s). —l'_ (5.3)
lj+lI<k .
and
Y
P = X B0 o) (5.4)

lj+1<k l’
For a proof of (5.3), see e.g. [27], p. 177.

The identity (5.4) is just the Taylor expansion of the polynomial
in x, P;(x,s), around the point y.

5.2. In the following lemma, the fundamental estimates on the ex-
tended function in terms of the given functions {f;} on F are given.

i=

Recall that (F = U Q;, where Q; are cubes with centers x; (ory;)
1
and diameters /;.

LemMA 5.2. — Let F be a d-set, 0<d<n, let {f}};; <, €BL(F),
k<B<k+1, 1<p<oo, let m be a nonnegative integer, m = k,
and let f = E,{f;} be given by (4.6). Letalso x €Q; and y €Q,
be points with distance from F not greater than 4, and put

Lo = I o du) duts.
lt—x;1< 30
ls—x;1<30;
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(a) Then for any multiindex j

IDIf)IP < X 1miDe=24 g (x)
lul<k (5.5)

ve 3o [ o duo

lj+lI<k lt—x;1<304

(b) For j with |jIl<m and Ri(x,y) given by (5.2) we have
Riepr <e X1 -9 pd [ 1 )P du) due)

litlI<k |t—x1|<301,~
ls—ypl<30,
te XX |x—yeWuimlistbe-2d g (5.6)

lul<k |j+ll<m
(lul—ljl)p—2d
+e X glive-2d g (x),
lul<k

Here the constants ¢ depend only on j, m, F,B,p, and n.

Note that the second sum in (5.5) and the first in (5.6) vanish
if |j| > k. The number 4 in the assumption d(x,F), d(y,F) <4,
may be replaced by any positive number.

Proof. — For convenience, we first make the following change
of notation: We assume that x € Q; and y € Qy, and we shall
consequently prove that the lemma holds with i and v replaced
by I and N, respectively.

From the definition of f,
o)=L ae S Pe,ndu@), x €GF,
i It-xil<6l
it is easy to see that D/f(x) equals
A =Z6me [ Ba.ndu
1

lt—x;l<6l;
plus terms of type
B.x) =Y D' ¢(x)e, [ Bu(x,0)du),
i

lt—x71<61;

j'+i"=j, j'#+0=(0,0,...,0).

Here, P,(x,t) shall be interpreted as zero if |j| > k. Similarly,
RY]

we have that R(x,y) = D/f(x) — > (x_'y_) D/*f(y) equals

lj+li<m I
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2 (X—J’)I

lj+lI<m I

plus terms of type BI.,(x), j' # 0, plus terms of type

Y x-y)

1 1
iiem 1! B(i+1)'(Y), G+D'#0.

The proof consists of estimating Aj(x), B]..(x) and H(x,y).
The lemma follows from the estimates (5.9), (5.10) and (5.11) below.

Let Q; be a cube touching Q;. Then, by (4.3),

5.7
and by (4.7) and (4.3)
1
a<—I?<cl (5.8)
¢y
Since ¢,(x) #0 only if x €Qf, and x € QF iff Q, and Q
touch, it follows that (5.7) and (5.8) hold for the at most N, numbers
i such that ¢,(x) # 0.

Recalling that ¢; = {u(B(x;,6l,))}"!, we see from Holder’s
inequality that

1A, < X ¢,x) ¢ S/ IP,(x, £)| du(?)

t—x;|<61l;

<Teomer | [ Rexordue) "

lt—x;I<6l;

Since the sum has at most N, terms not equal to zero and ¢,(x)< 1,
we get using (5.7) and (5.8)

A G <N e 174 [ B, o17 duco)

lt—-x11<30
which gives

AP <cid T [ f 0 du. (5.9)

lj+11<k It-xj1<30

Since 2, ¢,(x)=1, x €LF we have 2, Dig(x) =0, j+0.
i i
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Using this and the definition of ¢; we get

Bix)=Y D'ox) (¢, [ Pulx,0) du(t) — Ppulx,s))

lt—x;l1<6l;
=2 D¢, (x) ¢, f ®jr(x, 1) — P (x,5)) du(®)
i lt—x;jl<6l

so, by Holder’s inequality,

IB;:(x)] < X D" ¢,(x)| c}P |
' % S 1B, = Butx, )P due)

lt—x;1<61;
and thus, using (4.4), (4.3), (5.7), and (5.8),

Byl < c 7P 1t [ BuGe, 1) — BuGe )P duo.

It—xjI<300

Integrating this inequality with respect to s over B(x,30l)
we obtain, since clearly u(B(x;,30l)) = ¢ 9,

Bl <e 7P 2 [ 1B, 5 = Bux, 9P du(e) dusts).
It—x[| <301
ls—xy1<301

Since by Lemma 5.1 we have

Y
Z r,,,+,(t §) —— (x t)

i+ 1<k

P,...(x,t) — Pi..(x,s) =

and since |x—¢| <31/ in the domain of integration, we obtain

B, ()P <c¢ 2 1M-ve-2d f f [Py, (8, 9P dp(r) duls)

1j"+lI<k |t—xyI<301
Is— x1|<301l
SO
B (x)IP <c X 1{=ide=2d g (x), (5.10)
lul<k

In order to estimate H(x,y), we first rewrite it using Z ¢,(x) =1
and the definition of ¢;, in the form
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H(x,y) = X ¢,(x) ¢; f {P,(x,1) —

lt—x;1<6l;

1
-y & 26,00 e, S 20,9 duto)y duy =

lj+liI<m I Is—ypl<6ly
= Tan0) T ap) I @0 - B x,0) +Pyx,s) -
' rii<on
_ 1
- Y B 9 duts) du.
lj+ll<m I d

Since m =k and Pu(y,s) =0 if |j+I >k, the identity
(5.4) shows that the two last terms inside the brackets are zero, and
hence we get

H(x,»)l < Zc‘”’ ¢,(x) 2 i ¢ (»)

ff IP.(x, ) — P,(x, )P () du(s)g e
|t—x. |<6l
ls— y,,|<6l

Using among other things also (5.3) we get
H(x,p)IP

Y]
0 (e )

Z ri+,(t,s)

lj+lI<k

<ci e
It—-xll<3011
|s—yN|<3OIN

<e 2 odrdate f f 7., (9P du(®) duts).  (5.11)
li+lI<k lt—xi<304
Is-le<3olN

5.3. The following simple observation will be used in Section 6.

LimMMA 53. — Let v>0, a>0, h=0, let pu, and pn, be
positive measures and put h,, = 2™, m integer. Then there exist
non-negative constants a, and a,, depending only on v and a,
such that
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a, ff 2.9) dp, (8) du,(s)

Y
It—si<ahy, lt— I

< 3w ff hes duo du)

m=mg |t—8|<ahm
h(t,s
<a, [[ 2L a0 duyo).
|t—s|<ahm I l
Proof. — From
Son [ s du @ diys)
m=mg ahy 11 <|t—si<ahy
S o [ res dn® di©)
m=mg 0<|t—s|<ahy, .
=Sy S hes du® diyo,
. m=mg v=m ahy,, <|t—s|<ah,

the first inequality is obvious, and the second follows after a change
of order in the summation.

5.4. Lemma 5.2 gives estimates on |R;(x,y)l and ID/f(x)l, which
are independent of x and y, as longas x €Q; and y € Q,. The
next lemma, and some consequences of it given after its proof, is
our main tool when we shall put these local estimates together, to
get an estimate of the norm ”f”a,p,R"'

LEMMA 5.4. — Let a> 0, let h be a non-negative function
defined on a closed set F C R", and let u be a measure supported
by F. Put hy=2"" and

A= {x|hy,, <d(x,F)<h;}, I integer.

Let the function g be given by
g(x) = f h(t) du(t), x € (int Q;) N A,.
It—x;l<al;
Then for x, € R*, 0 <r < o
[ emdx<chr [ o, 612

XEAL lt—xgl<r+(@+1)hyg
Ix—xgl<r
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especially for r = + oo,

f g(x)dx <c h;‘ f h(t) du(e). (5.13)

xEAI

Here the constant ¢ depends only on a and n.

Proof. — If i and I are such that Q; intersects A;, we obtain
from (4.2) that (hy,,—1[,)/4 <[, < h; and hence

hi/10 <1, < h; if QN A, # . (5.14)
Put M = {i|Q; N A; N B(x,,r) # @}. Then

[ emax< X J ewax<Tw [ e du).
XEA] iEM QinAI iEM It—xi|<ahl

Ix-xql<r (5.15)
Now, since by (5.14) |x; — x,-l 2 h/(104/n) if i,jEM, i#],

it is easy to realize that there exists a constant ¢, only depending
on a and n, such that a fix point in R" is covered by the balls

B(x;,ah;), i €M, at most c¢ times. Furthermore, none of these
balls covers a point x with d(x,x,) >r + (a+1)h;. This gives

Y f mwaun<ec S/ h(t) du(s),

€M |t—x;|<ahy It—xgl<r+@+1)hy

which together with (5.15) proves the lemma.

For further reference, we point out some consequences of this
lemma. If g is given by

ex)= [ InsP du@e) duts), x €intQ,,
|t-x,-|<ali
ls—xi|<ali

then using (5.14) we see that

s< [ I 1@,9)P duts) duto), x € Gnt Q)N A,
lt—x;l<al; |s—tI<2ahj
SO
g(x)dx
xefA, (5.16)
lx—xgl|<r
° <chf f f Ir;(2,8)IP du(s) du(s).

lt—xgl<r+(at1)hy |s—tI<2ahy
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If g(x,y) is given by
gy = [f 9P du@) duts), x €intQ,, y €intQ,

It—xil<3oli
ls—y,1<301,
then for Ay, hy S ¢p by, x € (intQ;) N A; we have by (5.12) and
(5.14)
f 8(x,y)dy
YEAN
ly—xI<hg
S c hy f f [7;(2,5)IP du(t) du(s)

Is—x|<hg+3lhy |t—x;1<30;

<cht / S |7,(t,5)P du(t) du(s).

lt—x;1<30); ls—tI<(1+62¢cq)hy

Using (5.13) we thus obtain

ff g(x,y) dy dx

xE€A],yEAN (5.17)

Ix—yl<hg
<ch"h i r(¢,5)P du(t) dps(s).

Is—t1<(1+62¢q)hg

6. Proof of the extension theorem, d < n.

6.1. Throughout this section the assumptions are as in Theorem 4.1
with the exception that we assume that d <n (see 4.2), ie. F is
adset, 0<d<n 1<p<o, >0, B non-integer, the integer
—d
k satisfies k <B<k+1, and « is given by B=a—nT- We
also define the integer m by m <a<m+1. Let now functions
{f;h,-|<k€B§(F) be given, and consider the function f=l_3k{f,-}.
Our task in this section is to prove that f fulfills the requirements
(a) — (¢) in Theorem 4.1.

It is obvious from the definition of E, that f satisfies (c). The
proof of (b) is relatively short, and will be carried out in 6.5. The
main problem is to prove that (a) holds. We assume until later that
m < a<m+l. Statement (a) is then equivalent to

D/ @A, < cI{fll, pp, lil < 6.1)
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and

dx dy 1/p

@ .

(Jf ®omp — i )" <l o U1<m
Ix—yI<1 (6.2)
We shall obtain these inequalities by showing

(S Dicor ac)? < el pp I<m 63)

d(x,F)<4

dx d
[ RGP e ) < Mg IS m

x —y|rt-lihp
Ix—yl<1
d(x <2 (6.4)

and
dxd
(S weewr — ) <e Zugl,,. vi<m

x_yl""’(a"'il)p .
x—yl<1 1<k
2940, F)<5 (6.5)

Clearly (6.4) and (6.5) give (6.2), and since all derivatives D/®
are bounded, (6.3) implies (6.1).

6.2. We first prove (6.3). Let A; and k; be as in Lemma 5.4, let
I>—2 and |[j| < m. Integrating (5.5) over A;, using (5.14) and
(5.16) with r = + o on the first sum of (5.5), and (5.13) on the
second sum, we get

f IDF(x)P dx <c X hi=lide—2d pn f f 7, (¢, )P du(t)

Ap lul<k 1t—s|< 60k

du(s) + ¢ X hparie f [f+1 (O du(o).

lj+1I<k
Note that

(lul=1jiDp — 2d + n > (lul—a)p — 2d + n = (lu|—B)p — d.
Replace as we then may the factor A*(«Hlibp=2a by p(lui=fp-d

in the formula above, and sum overall I with I =2 —2. Using Lemma
5.3 on the first sum and summation of X h;“d on the second, we get

f IDIf(x)P dx <c¢ 2 ff I, 5)P du(t) du(s)

le_ 1@+ (B—Tulp
d(x,F)<4 lul<k |t—s1<240 ls— ¢ 2+ (B=1ubp

e T S0P duo.

lj+lI<k

In view of Remark 3.1, this proves (6.3).
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6.3. In order to prove (6.4), we shall prove that

oo

e [ RGP dxdy < e IGHE, 5, 11 < m

K=0 lx—yl<hg (6.6)
d(x,F)<2

which by Lemma 5.3 is equivalent to (6.4).

The strategy of the proof of (6.6) is as follows. If y is close
to x compared to the distance from x to F, we use (5.5) as an
estimate for Ri(x,). This is possible, since then f is infinitely
differentiable in a neighbourhood of the line segment between Xx
and y, and we can, via the remainder in Taylor’s formula, give an
estimate of R,-(x, y) in terms of derivatives of f. If y is not close
to x, we instead use (5.6) as an estimate for R;(x,).

Let K be fixed, and assume first that ISK-2. Let x €Q; N A,
let y satisfy |x—y| < hg andlet L denote the line segment between
x and y. Then

IR;(x,»)l < ¢ lx—pm=l*1 ¥ sup D). (6.7)
lj+ll=m+1 EE€L

Now, if ¢ € L and, say, ¢ € Q,, then
hi,, —hg — 1, <dQ,,F)<h; + hyg,

I+1

h
so by (4.2) 2—(‘)< 1, < Shy/4. Also |t—x,| <30I, implies |t—x,| <

Slt—x, |+ Ix, -l +1E—x| + |x—x;] <300, +1,+ hg + 1, < 39, +
+ [; < (by 5.14) < 400/;. In view of this, (6.7) and (a) of Lemma 5.2
give

lR](x’y)Ip
<chfoiroe ¥ plui-m-ne-2d ff 7, (t,5)P du(t) du(s).
lul<k It—x,-|<4001i
Is—x;1<4001;

Using (5.16) with r = +o0 we obtain
[ R ax dy

lx—yl<hK

xeAI (68)
L Y e e I o T )

lul<k | #—5< 800ky
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We note here that it is easy to see that a similar formula holds
for  [f IR®x,»)P dxdy, 1=-2,-3, and that this formula

1x—-yi<1
xGA[
gives (6.5).
Assume next that I > K—2. Integrating formula (5.6), using
(5.14), (5.17), and (5.16) with r = +oo, gives

ff IR;(x, )P dx dy <

Ix—yl<hg
d(x,F)ihK_l

<Y ¥ Jf Reypda

I=K—-1 N=K-2 Ix—yl<hg

xGAI,yEAN
<c 2 X X mreveoapge I/ IF4it,S)P du(t) dus)
I=K—1 N=K-2 |j+lI<k Is—tl<300hK

n+|llp p(lul—|j+ll)p-2d+n
+ec i Z Z hy hy
N=K-2 lui<k [j+lI<m

[ s duty ducs)

Is— 1< 60hy
+c X R X pluVbe-zde ff r, (¢, 9)P du(t) du(s).
1=K-1 lul<k s —t1< 60k

(To obtain the last term above, and similarly the term in the middle,
use (5.16) with r = +oo after arguing as follows with g(x) = J,(x;),
x€Q:

i ff g(x)dxdy < ff g(x)dx dy

N=K-2 Ix—-yl<hg Ix—yI<hg
xEA;,yEAN xE€E4Ay

=c hy f g(x)dx.)

xEA;

Together with (6.8) this gives, if we take the two last terms above
together,

Jf RGordaa<c X pn-renw
Ix—yl<hg j+l<k
d(x,F)<2

ff 177402, )P du(t) du(s) +

Is—tI<bhy
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+e Z Z hr;(ﬂllp Z hgul—li+ll)p—2d+n

lul<k lj+ll<m N=K
ff |r, (¢, 8)P du(r) du(s) +
ls—ti<bhy
K
+ ¢ Z h;;(+(m—|j|+l)p 2 h%lul—m-—l)p-—ldnt (6.9)
lul<k I=0
ff Ir, (2, 5)IP du() dp(s).
ls—tI<bhy

Here we may take b = 3200. A straightforward summation gives

Y p=n—=1ihp IR.(x,»)IP dx dy
- K Y

K=0 Ix-y|<hK

d(x,F)<2
<e ¥ S g I el dute) duGs)
lul<k M=0 ls— 1< bhy

which by Lemma 5.3 and Remark 3.1 proves (6.6).
For example,
K
—n—(a—Ij| —ljl+1 |ul-m—1)p—2d
hKn (a—=I1j)p+n+(m—lj|+1)p Z hgu m—1)p +n
K=0 1=0

=2

S i sP du dugs) =

IS—‘|<th
hi:.u—a)p hglql—m—l)p—sz fT/‘ r,(t, )P du(t) du(s) <
ls~tI<bhy

-3 3

I=0 K=I
< (since a <m+1) <c Y, hyd-Gp-mrariule

I=0
JI ine, s due) duc)

Is—tI< bhy

It is only in this performed summation the condition a <m+1 is
needed.

6.4. The case a = m+1. Recall that if o is an integer, we use the
classical definition of BP(R"), that is f€ B2(R"), a =m+1, iff
the norm

IFIl, o pn = .,-.:‘:m IDsll,, +- 6.10)

. + .
IDife)-2DF (%) +DifOP

Ix__yln+(a—m)p

+ 3 (Jf

bl
1jl=m

dx dy )Up
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is finite. Here the double integrals may be taken over |x—y| <1
(compare Proposition 3.1).

Let {fi}ji<« EB;’(F). From the preceding calculations, it
follows that our extension f of {fi}mq belongs to BL’,(R”) for
o < a. Hence by Proposition 1.2 the distributional derivatives of
orders j, |j| < m, are functionsin L?, and we have

Z DI, < ¢ 1AMl 5 p -

il<m

It remains to estimate the double integrals in (6.10). These are esti-

. IR, (x, )P
mated as the integrals f f EW
estimated in Section 6.3, the only difference of significance being
that by using the mean value theorem twice, the estimate (6.7) is
replaced by

dx dy, |jl =m, were

. . + . .
IDif(x) - 2DIf (<52 ) + D) S elx—y T sup IDMIAEL

lj+ll=m+2 §=L

which gives convergence in the last summation of 6.3 also in the case
a=m+]1.

6.5. Proof of statement (b) of Theorem 4.1.
It is easy to see that the following variant of (5.5) holds
ID]f(X) _ P,-(X,to)l" <c Z Ii(lul-—lil)P-—2d

lul<k
[ ira 9P dute duts) +
It—x,-|<301i
ls—x;1<3010;
+c 2 e S 17,1 (2, 8)P du(), x € Q.
lj+I<k le—x;1<30%;

Let I, be the smallest integer such that h‘r“ <r. Then by
(5.14), (5.16) and (5.12)

[ D) - B, 1P ax

:x—t0|<r
<c 3 Spmea-weza [ [ G 9P dute) duts) +
lul<k lr It—t0|<cr lt—s|<60h;

te XS aried [ )P duct).
lj+lI<k 1, lt—tgl<er
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Since h;1+|ulp—|i|p—2d+ﬁp—BP < rn—d+(6-lil)p hl—d—(ﬂ—lul)p we get,

using among other things Lemma 5.3,

1 .
S ) D) - el ax <
Ix—tol<r
i — |7, (2,8)P
<e X roarea [ du) du(o)
lul<k ls—#1< 120 125
It—tgi<ecr
(2, 2,)P
+c X ple-ar(-litinprd f ]+Id+(ﬁ0|,+ll)p au(o).
lj+lI<k lt—tg<er 1= tol
. 1 .
Since ——— f g(t) du(t)— g(t,) m-ae., r—> 0, if

l‘(B(to,r)) B(g,r)
g € LYu), see e.g. [14, p. 156] and [25], Theorem 2.18, for the
required regularity of u, and since r ¢ < c(u(B(ty,M))7 Y, this
shows that

— [ D) — Bx, )P dx = O(EIR), r— 0, [l <k

Ix—-to|<r

for up-almost all ¢,.

1
Since  obviously = —- f |P,~(X,l‘o) — fi(to)l" dx = O(rP),

|x—t0|<r
r—> 0, for wp-almost all ¢,, it follows, since |[j| <@, that

1 ;
- f IDIf(x) — f].(to)l” dx — 0, r—0, up-almost all ¢

n
Ix—tgl<r

which gives (b) of Theorem 4.1.

0’
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CHAPTER 1III

THE RESTRICTION THEOREM

7. Main Theorem.

7.1. The purpose in this chapter is to prove the following theorem.

THEOREM 7.1. — Let 0<d<n, 1 <p < and
n—d

B=oa— s k<B<k+1,

where k is a nonnegative integer. Let u be a positive measure such
that, for some constants ¢, and r, > 0,
pBx,r)) <c,r?, x ER", r<r,. 7.1

For u € BE(R"), let R; be defined by

. Dj+l
Du(x)= X —@(x—y)'+ Ri(x,y), for |jl <k (7.2)
lj+lI<k I
and put
lall, , . = 2. IID/ul
P.B.p i<k Py (7.3)
IR; (x »IP
ff —L e r(x) du(y)
|,|<k x—yl<1 1X— vl )
Then. forall u € BE(R"),
Naall, g, < cllall, o g s (7.4)

where c is a constant depending only on o, 8, p, d and pu.

Here R;(x,y) is defined at all points where the other terms
in (7.2) are strictly defined. It follows from the assumptions (see 7.4)
that the derivatives D/u, |j| <k, can be strictly defined d-a.e. and
hence u-a.e. (see Section 2.2). If F is a d-set and u a d-measure
on F, the theorem gives, in the notation of the Main Theorem of
Section 1 that the restriction R(u) € Bg (F) and that the restriction
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operator R: BZ(R") — Bg(F) is continuous, which is part B of
the Main Theorem in Section 1.

Remark 7.1. — In Theorem 7.1 we put conditions on the deri-
vatives of wu. It is possible to prove analogous theorems where we
instead put conditions on the differences of w«.

7.2. In the proof of Theorem 7.1 we need the Bessel potentials. A
function u is the Bessel potential of order a, 0 < a, of the func-
tion f€ L?(R") if
u=G,x*f,
where the Bessel kernel G, has Fourier transform
G,(x) = (1 + 4n% [x|?)~2,

The norm of the potential u is denoted by IIuIIp’a and defined

by
Null, , = A1,

The Bessel kernel is a positive, decreasing function of |x|, ana-
lytic on R”\{0}, satisfying, for a number c¢; not depending on x
(seeeg.[5, § 2D

ID/ G, (x)l < ¢, [x|®—V1-n for a<n+|j|, (7.5)

1
ID/ G (x)I <c, log I_x—l’ 0< x| <1, for a=n+|j, (7.5)

D/ G, (x) is finite, continuous at x =0, for a>n+1j|, (7.5")
and, for all derivatives,
ID/ G, (x)] ¢, e, 1< |x| <o, forsome c¢>0. (7.6)
If f€ LP(R") we claim that
D/(G, *xf)=(DIG) xf for |jl<k<gq, (7.7)

in the distribution sense, where the convolutions in the right member
of (7.7) can be written as integrals since D/G, € L'(R") for
I/l < k < a. If the support of f is compact, formula (7.7) is obvious.
However, the formula is true — and, of course, well-known — even
if f does not have compact support. In fact, by writing f = f,+ f,
where f, = f for |x|<r; and f, =f for |x|>r,, we conclude
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that D/(G, +f,) = (D'G,) = f; for i=1,2,|x|<r,, where, for
i = 2, we can differentiate under the integral sign and get a continuous
function for (x| <r7,.

7.3. It is an important fact that the strictly defined function u = G_ * f
coincides with the integral at all points where the integral defining
the Bessel potential is absolutely convergent. We need a version of
this result also for derivatives of potentials.

ProPoSITION 7.1. — Let u = G, = f, f€ LP(R"), a—(n—d)/p>k,
0<d<n 1|<p<o, and k a nonnegative integer. Then D'u,
lil <k, can be strictly defined d-ae. and the integral (D' G,) * f
is absolutely convergent and coincides d-a.e. with the strictly defined
function Du, |j| <k.

Proof. — (Compare [3, p. 13].) By putting Diu = (D/G,) » f
(see (7.7)) and changing the order of integration we obtain, for a point
x where (D’ G,) * f is absolutely convergent,

1
m(B(x,r)) B(:[r) ID7u(y) — (D' Gy) * f) (x)ldy <

1 , ‘
e ———— _ _ I .
< f[’"(B(x”))Bx,,, ID’G,(y—z) — D/ G, (x z)|dy} | f@)ldz.

For z # x, the function in square brackets converges pointwise
to zero, as r —> 0. Hence, if we have dominated convergence, the
right member tends to zero, as r —> 0. We consider first the case
when n—a+|j| > 0. Take a point x where

|£(2)l

In——a+|j|

dz < oo, (7.8)

lz-xl<1 1Z2—X

By a well-known property of Riesz (and Bessel) potentials (see

[16, pp. 287 and 294] or [2, § 4]) this integral is convergent d-a.e.,

since d > n—p(ax—|jl) for |j| <k It follows from (7.5), (7.6) and

(7.8) that (D’ G,) »f is absolutely convergent at x. Furthermore,
by (7.5),

— f ID/ G, (y—2)ldy < ———— — '
m(B(x,r)) s * m(B(x, 7)) gix,r) IJ’—ZI"_Q‘H(I.% 9)
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But this is less than a constant times |x—z|~®~%*/) py the
Frostman mean value theorem [15, p. 27]. We use this estimate when
Ix—z| < 1. When |x—z| > 1 we estimate the left member of (7.9)
by means of (7.6) which works when r is small. Altogether this gives
the desired dominated convergence and completes the proof of the
proposition when n—a+|j| > 0. The case n—a+|jl =0 can be
treated similarly and the case n—oa+|j| <O is trivial because of
(7.5").

7.4. From Proposition 7.1 we can among other things conclude that
D/u, |jI|<k, can be strictly defined d-ae. if u € BS(R") and
a—(m—d)/p > k. In fact, u € B°(R") implies that, for e >0,
u=G,_,*f, where f, €LP(R") (see [4, p. 46]) and therefore
Proposition 7.1 gives the desired result if € is chosen small enough.

8. Lemmas on potentials.

In this section we collect a number of lemmas on potentials
for the proof of Theorem 7.1. The main lemma is Lemma 8.4 which
should be compared to [1], [18, Theorem 2] and [24]. Lemma 8.4
is a weaker form of Theorem 7.1 for potentials.

8.1. We start by the following very simple lemma.

LeMMA 8.1. — Let 0<d < n and let v be a positive measure
such that, for some constants ¢, and ry >0,

v(B(x,r)<c, r*, x €ER", r<r,. 8.1
Then
dv(t)

Py =0@") if d>v, a<r,, and
Ix—tI<a -

a)

du(t
b) f YO _ o@d-m) if d<w, Fo = 0.
ix—fi>a 1X—87

Here O stands for a constant depending on c,, v and d.

Proof. — If we write
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f dv(?) _ j'a dv(B(x,r))
V]

Y Y
Ix—tl<a [x—1¢ r

and make a partial integration we get a). In a similar way b) is proved.
8.2. We next need two lemmas on the Bessel kemel G,.

LemMma 8.2. — For a fixed a, 0 < a < n+k+1, k a nonnegative
integer, a—n not a nonnegative integer, we define H; by

DGy (y)
y 2 )

D/ G, (x) = T
+l<k !

(x=y) + H(x,y). (82)

Then
3 f H,(x—t, y=0)I* dt21/8<01x—yl’"‘“ for |jI<k (83)
. R"

n
s>0, 'y=;-—(n—oz), k<y<k+l,
if ¢ isacertain constant.

Proof. — The proof essentially proceeds by a straightforward
use of the estimates of G, given by (7.5) and (7.6). A complication
is that, due to convergence problems, the calculations have to be
organized in different manners for different «.

By changing y—¢ to ¢ and putting x—y = h, where we assume
h # 0, we write the left member of (8.3) raised to the power s in
the form

5 D/*IG,(f)

j+l<k n

fRn|Di Gy(t+h) — R dt

B Y
(t1<21hl  121>21k]

Estimate of 1. We use Taylor’s formula on the integrand and
get a remainder with derivatives of G, of order k+1 at a point
t+0h, 0<6<1, such that |[t+0h|=[t|— |h] > |t]/2 since
|t| = 2|h|. By means of this and (7.5) we get (¢ denotes different
constants)

h k+1—1j|
nH<c (L—— ]

s Itl"“"‘“‘”) dt, since a < n+k+1
H>21h)
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and thus, e.g. by means of Lemma 8.1,
< c|h*st=e4iD §f p<s(n—at+k+1).
Thus II<clhO-VDs since y < k+1.

Estimate of 1 when 0 <a < n. We estimate each term in the
integrand separately. The estimation of a typical term proceeds in
the following way by means of (7.5)

J

1tI<2|h|

DI*IG,(t)
T

h’|sdt

dt
| ltls(n—a+|j+l|) ’

< thI”" f

1tI1<2|h

if a<n+|j+l.

The last member is, e.g. by Lemma 8.1, less than

clhlllls Ihln—s(u—aﬂjﬂl) — Clhln-—s(n—aHiI)
if |j+l| <k and n > s(n—a+k). We get in a similar way

f ID/ G, (¢+h)IFdt < c | |- s(r—c+ljD)

1tI<2]|h]

if a<n+ijl, lil<k and n>s(n—oatk).
Consequently,
I<c|h s since y >k and a<n.

Estimate of 1 when n<a<n+k+1, a—n not an integer.

For a fixed «, let v be an integer, 1 <v < k+1, such that
ntv—-1 <a<nt+v. We put 8 =n—at+v and observe that
0<6<1. Since a<n+v, we can proceed exactly as we did in
the case o < n, when we want to estimate the terms in the integrand
containing a derivative of G, of order j+I with |j+I| > v or order
j with |j| =2 v. In fact, for these terms we have a < n+|j+I| and
a < n+|j|, respectively. These terms consequently give, exactly
as in the case a <n, a contribution ¢ |k|~Ds in the estimation
of I.

If |j]<v we get, by Taylor’s formula with exact remainder,
for the other terms in the integrand,
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DI*G,(t)

-t hl
| i+§<, I (8.4)
DG, (t+ph)

lj+ti=v i

D/ G (t+h) —

1
= w—lil) [ (1—p)y-1-1 n! dp.
(1]

It should be noted that this formula is true also when the closed
line segment between ¢ and ¢+#4 contains the origin. This follows
since the singularity at the origin of D/*!G(t), |j+I| = v, is of type
{t|%, 8 <1, and consequently integrable along a line segment
through the origin which means that the derivative of order v—1—|j|
of the function p — F(p) = D/ G,(t+ph) is absolutely continuous
in [0,1].

We obtain by (7.5) that the right member of (8.4) is dominated
by

! d
1 P .
clh” ‘/(; ¥ Since a<ntv.

We denote this last integral by A and use the estimate
[t+ph| = |t;+ph), t=(ty,...,t,), h=(",,..., k),
where for a fixed h, i is chosen so that |h;| = |h|/y/n. This gives,
since 0<6<1,

1 d
A< [ == <clnl®, for It <2lhl, & =n—a+v.
o |t;+phy
The terms in the left member of (8.4) consequently give a contri-
bution to I which is bounded by

C|h|" Ihls(u—lil) lhl—&s —_ clhln—s(n—aﬂjl) - clhl('y—-lil)s_

Hence, we get the same estimate of I and by combining this with the
estimate of II we finally obtain the desired estimate (8.3).

Remark 8.1. — The latter method of estimation of I gives, with
some extra effort, a proof of the lemma in the case when a—n is a
nonnegative integer, n > 1, also. We omit the proof of this since
we do not need the lemma in this case — in fact, we need the lemma
for a dense set of a-values only.

8.3. The next lemma is similar to Lemma 8.2 but technically a little
more complicated.
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LemmA 8.3. — Let «, k and H]. be as in Lemma 8.2 and
0 <d < n. Let, for some constants ¢, and ry, > 0,
pB(x,rN) <c, r?, xER", r<r,.
Then, for i< 0,

(D
C ) e -0 duG duipe < e 26T
2i<|x—y|<2i+1 (85)

for tER, |jI<k s3>0, y=%—(n-), k<y<k+l, i
¢ is a certain constant.
Proof. — For a fixed t we put
E, = {(x,y) ER" xR": |y—t| < 4.2, 2" < |x—yp| < 2!} and
E, = {(x,y): ly—t| > 4.2, 2" < |[x—y| < 2"},
and estimate the left member of (8.5) raised to the power s by
DG, (y—t)

D/ G (x—1) —
i<k )

(x—y)| du(x) du@)
=+ =1+1
Ey E,

Estimate of Il. We estimate H; by means of Taylor’s formula
at y—t and get a point y—t+6(x—y), 0<6 <1, so that

n<c ff @10 ¥ DG (—r+0G—y)IF du(x) du(y).
Ey

lj+l1=k+1

2i<|x—y|<2it]

But |y—t+0(x—y)| = |y—t| — |x—y| = |y—t|/2 since |y—t| >
> 2|x—y|. Since a« <n+k+1 we use this combined with (7.5) for
|ly—t| <1 and with (7.6) for |y—t| > 1. After that we perform the
x-integration, from which we get a factor bounded by ¢ 2'¢, and obtain

) o . du(y)

< ¢ isGer1-1j) oid | — =)

I<e2 2 ad<y_ti<1 |y —gsr=atken) (8.6)
+ f e -t du(y){ .
ly—ti>1

The first of the last two integrals is estimated by means of Lemma
8.1,b) to be

O(2i@-stn—ark+1))y if g < s(n—atk+1).
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The second integral is estimated by means of the same type of
calculation as in the proof of Lemma 8.1 which gives — remembering
that, by (2.1), u(B(x,r)) <cr”, r=r, — that the integral is bound-
ed. Together we get

. (d .
I < ¢ 2i@a-s-arli)) = ¢ 2* G700 oo k.

Estimate of 1 when 0<a<n In this estimate we have
x—t] < |x—y| + |ly—t] < 2! + 4.2" = 6.2'. We proceed in the
same way as in the corresponding case in the proof of Lemma 8.2.
For a typical term we get by means of (7.5), since a<n+|j+]|,
fj’ ’”G (y 1)

2 (x—p)!| du(x) du(y)

du(x) dp(y)
Sc 2””' ff (y tls(n a+|,+l|)

By Lemma 8.1 and the assumption on u thlS is dominated by

¢ 2is\ 2i(d-—s(n-a+|i+.ll)) f d“(x)

|x—t1<6-2f
= ¢ 21@d=stn—otiD) if d > s(n—a+|j+I|).
od
Thus I<c¢ 2'(s *r=libs since v > k.

Estimate of 1 when n<a<n+k+1l, a—n not an integer.
Again we proceed as in the proof of Lemma 8.2 with § = n—a+v
where » is an integer, 1 <» < k+1, such that 0 <§ <1. The
terms on which we use Taylor’s formula give a contribution to I which
is dominated by

dp

c zz(V—l/I)s
ly—t+ p(x—p)I°

" du(x) du(y).

The inner mtegral is estimated in the same manner as in the
proof of Lemma 8.2 to be O(2*®). Consequently, the whole expres-
sion is dominated by

¢ 2i(v=1iDs p—issp2id — , i(d+s(y—\j))
By combining this with the contribution to I which we get from

the other terms, and with the estimate of II, we obtain (8.5) and
the lemma is proved.
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8.4. We now come to the main lemma.

LEMMA 8.4. — Let 0<a<n+k+1, k a nonnegative integer,
oa—n not a nonnegative integer, 0 < d < n, 1 < p < oo, and suppose
that

k<a—29 < i,
p

Let u=G, «f, f€LP(R"), and define R; by (7.2). Let p be
a positive measure satisfying (7.1). Then, for a certain constant c,

} ; ~IR(x, »)IP dp(x) du(y) < ¢ 2t aell, o
2ig|xy|<2itl 8.7

. d n—d
for i<, |jl<k,y=—+a—
p p

and lIDfuIIP” < c llull

2

il <k (8.8)

p.a’

Here IIqu,a = Ilfllp is the potential space norm and IID"ullp” the
L?(u) norm.

Proof. — We consider the case p > 1 only; the case p =1 is
formally slightly different and, in fact, somewhat simpler. We first
prove (8.7). We observe that, by (7.2), R,.(x, y) is defined at all
points where D/u(x) and D/*'u(y), |j+1| <k, are strictly defined.
Also, by Proposition 7.1, we can in (8.7) put

R(x,y) = [ H(x—t, y—0) f)dt

where H; is defined by (8.2). Now take a function ¢ defined on
R” x R" such that
’ 1 1
. 1o, )P du(x) dp(y) =1, — + —, = 1.
2'<Ix—y|<2’+l p D

Let 0<a<1. By means of Holder’s inequality we obtain
ff _ Ri(x,y) ¢(x,y) du(x) du(y)|

2i<|x—yi<2i*l

= 1S [ Box—t, y=1) 1) 8(x,) dt du(x) du(y)|
< %ff [Hy(x—t, y— 0l 1£()P dt du(x) du(); " |
' 3fff [H;(x—t, y =)l =9P" |g(x, p)IP" dt dp(x) dn(y)gl/p-
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By using Lemma 8.3 on the first and Lemma 8.2 on the second
of the integrals in the last member we get, remembering the normali-
zation on ¢ , that the left member is less than

I, (2GR 1y DAy 8.9)
d
if "1 =;p;—(n—a), k<vy, <k+l, (8.10)
n
and Y2 = d-ap (n—a), k<7, <k+l. (8.11)

By simplifying (8.9) and using that ||f||p = Ilullp,a, we obtain
(8.7) by the converse of Holder’s inequality if we verify that it
is possible to choose a, 0<a <1, so that (8.10) and (8.11)
hold. Solving for a in the conditions (8.10) and (8.11) we get, when
a < n+k (thecase a > n+ k issimpler),

d d
<—— <ag<—
p(n—a+k+1) p(n—a+k)

n n

d L JAP [ —
an otk ¢ P (—atk+1)

<1,

respectively. It is, consequently, possible to choose a if

d
4
pn—at+k+1) p'n—at+k+1)

| — n d
p'(n—at+k) ph—atk)

and

These last two conditions can be simplified to
n—d
p

which is true by our assumption. Hence (8.7) is proved.

k<oa-—

<k+1

Proof of (8.8). — The proof of (8.8) is, of course, simpler and
does not depend on the lemmas 8.2 and 8.3. By taking a function ¢
such that II¢IIP,’p =1 andanumber a, 0 <a <1, we obtain, for
|7 < k, by means of Holder’s inequality,
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S ) ¢ dutl < [ ID/G(x—) 1) 601 dy dua(x)
< gff DI Gax =3 P dy du|™.
f f IDY Gy (x — )| =97 |p(x)PP" dy dn(x)g v,

We need to estimate the integrals containing the Bessel kernel.
We get

lefGa(x—y)I“” dpu(x) = f + f =1+ 1L

Ix—yI<1/2 Ix—-yl>1/2
By (7.5) and Lemma 8.1

1< f du(x) <c (_;_)d—(n—aﬂil)ap <e

(n—a+|jl)ap =
ix—yl<tz 1X=YI

for a<n+lj|, if
d > (n—a+tl|jDap. (8.13)

For a = n+|j| we use (7.5') and a calculation analogous to the
proof of Lemma 8.1 and for o > n+|j| we use (7.5") to conclude
that I is finite. By (7.6) we get

n<c [ e )
Jx—pI>1/2

which is bounded by a calculation of the kind used to estimate (8.6).
Similarly we obtain that
[ IDiG (x—y)0-97 gy <,
if n> (m—a+ljl) (1-a)p'. (8.14)

By simplifying (8.12) with these estimates we conclude by the
converse of Holder’s inequality that

IDiull, , < ¢ Ifll, = c llul,  ,

if it is possible to choose a, 0 <a < 1, so that (8.13) and (8.14)
hold. Since |j| < k, (8.13) and (8.14) are satisfied if

il <k,

n

a < d and >1-
a (n—a+k)p'

(n—a+k)p

Since these conditions are the same as some of the conditions

on g which we had in the proof of (8.7), it is possible to choose g,
and the proof of Lemma 8.4 is complete.
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9. Proof of Theorem 7.1.

Theorem 7.1 is now proved by means of Lemma 8.4 and the
theory of interpolation spaces. In this section we follow Peetre [24]
who showed how a special case of Theorem 7.1 (k=0, a<n,
[ID7u|| - not included, u a little more special) can be obtained by
means of interpolation theory and an estimate of the type (8.7).

9.1. Let A, and A, be a couple of Banach spaces continuously
embedded in a topological vector space, and B, and B; another
such couple. One introduces certain intermediate spaces

A0p=(AO3A1)8p1 0<0<1, 1<p<°°,

and By, by means of the so called K-method. We refer to [24] and,
for a complete treatment, to [12] or [20] for the basic facts on inter-
polation spaces. As an example we mention, that if we denote by
LP(R") the space of Bessel potentials u = G, *f, f€ LP(R™), with
norm [lull, , = lIfll,, then

(Lzo(R"), LZX(R”))oq = B29(R"), a=(1-0)x, + 0, (9.1)

where BP'9(R") is the usual Besov space with three indexes [20, Ch. 6].
A basic fact which is used below is that if T is a bounded linear
mapping from A, to B,, for » = 0,1, then T is a bounded linear
mapping also from A4, to Bop. We also need the following lemma.

Lemma 9.1 (Peetre [24, Theorem 1.3]). — Let T= O T,

—o0

where T;: A, — B, is a bounded linear operator with norm M, ,
such that M; , < ¢ W@ p=0,1, i integer, where w is a fixed
number, #1, and 0<60 <1. Then T: Ay —> By. is a bounded
linear operator.

We now turn to the proof of Theorem 7.1 throughout using
the notation and assumptions of Theorem 7.1. The more difficult
part in the proof of (7.4) is to take care of the terms in (7.3) involving
R; (this is done in 9.2); in fact the following straightforward inter-
polation will take care of the terms involving D/u. We interpolate
by using (8.8) with a fixed p but with « changed to «,, » =0, 1,
where 0<o, <a<a <n+k+l, a=(1-0) o, +0a, and
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k<a, — (n—d)[p <k+1. (9.2) We get an inequality analogous
to (8.8) for the corresponding intermediate spaces. In the left member
the intermediate space is still L?(u) and in the right member we get,
by (9.1),

(LZO(R”), Lzl(R"))g,p = B??(R") = B2(R").
This gives

IID"uIlp’“ < c |lull for |j| <k. 9.3)

p,a,R"

9.2. Following Peetre we shall use interpolation in two steps to prove
the remaining part of (7.4).

Step 1. — We use Lemma 9.1 with A, = Lﬁp(R”) where @,
satisfies (9.2), o,—n not a non-negative integer,

du(x) du(y)

—1P(Rn n
B, = L”(R" x R", T

, v=0,1, and

T,=T,

L]

where T;,; =0 if >0 and,for i<0,

R,(x, .
(T, ju) (x,) = TJLF%% if 20 < x—yl <21

and (T, ;u) (x,»y) = 0 otherwise. According to (8.7)
-d
—6)

z(oz,,—np—

IT; jully, < c llull,, 2 = c llull,, 2/€@v=,

v=0,1, |jI<k, since B = a— (n—d)/p. Since 0 = (a—ay)/(o;—0x),
the norm M, , in Lemma 9.1 satisfies

M, <c2@®=¢i-v =01, if w=2%"",

i,v

We can thus use Lemma 9.1 to conclude that
12X Ty jully, < e llull, , il <k
i

But By.=B, =B, and by (9.1), A, = BP'(R"). Hence

R; p ‘
200 %dﬂm du()) " < e lul

, 1 '
ek { 1xyi<1 1% 8P (R

%.4)
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Step 2. — We now interpolate by using (9.4) with « changed
to @, and B to B,=a, - (n—d)/p, v=0,1, where f, shall
satisfy the same condition as B in Theorem 7.1, &, < a <o, and
a=(1-0)a, + 0a,. We get an inequality analogous to (9.4) for the
corresponding intermediate spaces. In the right member we get the
intermediate space [20, Ch 6]

(BL:'(R™), BZ:'(R™)g, = BZP(R™) = BL(R™).

The intermediate space in the left member is obtained by means
of the Stein-Weiss interpolation theorem which gives intermediate
spaces between LP-spaces with different weights [20, Ch. 5]. This
gives, since B = B,(1—0) + B,0, that (9.4) is true with Bz"(R") in
the right member changed to BS(R"). If we combine this with (9.3)
we see that (7.4) and by that Theorem 7.1 is proved.
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