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ABSTRACT. We define the packing integral (a kind of non-absolutely conver-
gent integral) with respect to distributions of arbitrary order. Then we show
that singular integrals can be interpreted as packing integrals with respect to
generating distributions. This allows us to consider singular integrals beyond
L.

1. INTRODUCTION

This paper is a part of the program to study new nonabsolutely integrals with
respect to distributions and distribution-like objects. These integrals are basically
of Henstock—Kurzweil type [7], [9]. We study the so called packing integral [8],
which coincides with the UC' integral introduced in [10]. The packing integral with
respect to the so-called metric distributions fits well in the setting of metric spaces.

As shown in [10], the one-dimensional packing integral contains the Denjoy-
Perron integral [5], [11]. For an exposition of the Denjoy-Perron integral see [12].
Let us recall that the Denjoy-Perron integral, also called the restricted Denjoy
integral, coincides with the Henstock-Kurzweil integral and with the M C-integral
introduced in [2].

We postpone the definition of the packing integral to Section 3. Roughly speak-
ing, to test that a distribution F is an indefinite packing integral of a function f
with respect to G, we estimate how far is (F, ¢) from f(z)(G, ¢) if ¢ is supported
in a small ball around x and ||¢|| < 1. Diverse variations of the concept arise de-
pending on the choice of the norm || - ||. In [10], [8], we have considered a specific
first order norm. In this paper we introduce the packing integrals adapted to higher
order distributions, this means that we consider seminorms of higher order to mea-
sure test functions. For this goal we need a more subtle partition of unity than in
[10]. The main result is then that this integral makes a sense, this means that it
is unique, see Theorem 5.1. Concerning the existence, the higher order seminorms
we consider, the wider is the class of integrable functions, and this contains all
Lebesgue integrable functions already for the order 0, Theorem 6.1.

In Section 7 we use packing integrals to give an alternative sense to certain
singular integrals. Indeed, if 77 is the distribution which associates the singular
integral with a test function, the integral with respect to T~ serves as the general
singular integral.
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2. PRELIMINARIES

The ball with center at « and radius r is denoted by B(z,r), especially B =
B(0,1). We write |E| for the Lebesgue measure of a set E.
We use the barred integral symbol for integral averages, this means

][Efdu=ﬁ/Efdu-

The principal value integral of a function g over a set £ C R™ is defined as

(p~V-)/ 9(y) dy = lim 9(y) dy.

E =0 JE\B(0,¢)

We say that the principal value integral of g converges if the limit exists and is
finite.

The total differential of the k-th order consists of all k-th order partial derivatives,
we denote it by D¥.

If Q C R™ is an open set, D(Q) is the class of all infinitely differentiable func-
tions supported in Q (so-called “test functions”). Then D’'(Q2) is the family of all
distributions on €. The action of a distribution 7 on a test function ¢ is denoted
by (T, ¢).

We use the symbol C for a generic constant which can change at each occurence.

3. THE DEFINITIONS OF INTEGRAL

3.1. Packing integral. We follow the ideas from [10] and [8], but we consider
general seminorms of arbitrary order. Denote B = B(0,1). Let Q@ C R™ be a
bounded open set. Let & be a system of continuous seminorms on D(B). We
assume that for each finite subsystem &’ of & there exists p € &2 which majorizes
every p' € #'. Forpe &£, x € Q and r > 0 with B(x,r) C Q we write

Ker(y) = o + 1Y, y € B,
Do (9) = PP oK), ¢ € D(B(x,r)),

P (T) =suw{(T, ) : ¢ € D(B(w,7), Polp) <1}, T € D(Q),

Here we identify D(B(x,r)) with {¢ € D(Q): spty C B(z,r)}. Let F be a dis-
tribution on  and JZ : Q — D'(Q) be a distribution-valued function. A func-
tion § : © — (0,00) is termed a gauge. A finite system (B(z;,r;)%, of balls is
called a packing in Q if the balls B(x;,r;) are pairwise disjoint and contained in
Q,i=1,...,m. (The number m of balls is finite but not limited.) We say that
the packing is 0-fine if r; < §(x;), i =1,...,m. We say that F is an indefinite £-
packing integral, of F if there exist 7 € (0,1) and p € & such that for each € > 0
there exists a gauge ¢ : Q@ — (0,00) such that for each J-fine packing (B(x;, 7)1,
in Q we have

D D (F— A (2)) <e.
i=1
We denote the indefinite integral of . by [d#. If # has the form J7(x) =

f(x)G, where f is a function on Q and G is a distribution independent of x, we call
the process as integration of f with respect to G; the resulting integral is denoted

by [ fdg.
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Remark 3.1. 1. It is easy to observe that the class of all distribution valued
functions on €2 is a linear space and the operator of indefinite integration is linear.

2. If p is a Radon measure on R”™ and f € L'(u), the task to integrate f with
respect to u corresponds to integration of the distribution valued function

(H(x),0) = | flx)oly)duly),

R

whereas the resulting indefinite integral should be

(Frp) = - F@)ely) duly).

3.2. Definite integral. There is a variety of “definite integrals” associated with
our indefinite integral. Once found an indefinite integral F, we need to “evaluate”
(F,1). Since ¢ = 1 is not a legitimate test function, it leads us to choose one of
the many possibilities how to define the limit process ¢ — 1.

Thus, a definition of a definite integral is a two step process: we combine a version
of indefinite integral with a kind of the limit process. Apparently, the first step is
the one which is more difficult. Therefore, in this paper, we focus our attention to
this first step and we do not study the definite integrals.

We include only one example for illustration. We can say that a number I € R
is a definite integral of J# : R™ — D'(R") if there exists an indefinite integral F
of ## and for each sequence (¢;); of test functions such that sptp; C B(0, j) and
©;(0) =1 we have

(Po,;(¢;)); is bounded for each p € & = (F, ;) — I.

4. PARTITION OF UNITY

In this section, we consider the concrete family of seminorms

(1) 2 ={p, p, p@ .},
where
(2) P (¢) = ID*¢|ls, ¢ € D(B).

It is evident that p®*) majorizes pU) if j < k.
We need a careful partition of unity corresponding to a covering.

Theorem 4.1. There exists a sequence Cy of constants with the following prop-
erty. Suppose that (B;)", be a finite pairwise disjoint system of balls in R™,
B, = B(x;,ri), and G = |J; B(x;,5r;). Then there exists a system w; of func-
tions on R™ such that

(a) wie DR"),i=1,...,m,

(b) w; >0,i=1,...,m,

(c) sptw; C B(x“ 10’1‘1) i=1,...,m,

(d) xG <Ywi <1,

(e) pL 10T1(wz)<C’k, i1=1,...,m, keN.
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Proof. We may assume that vy > ro > -+ > r,,. Let n € D(R™) be a fixed function
such that sptn C B(0,10) and n =1 on B(0,5). Set

,(/Ji =1- no K’;iriv

pi = Y1ipa -y,

w1 = 1- P1,

Wi = Pi—1 — Pis i:2,3,....

Then ¢; = 0 on B(z;,5r;), ¥, = 1 on R™\ B(x;, 10r;), the properties (a),...,(d) are
evidently satisfied and it remains to prove the estimate (e). We fix ¢ € {1,...,m}.
‘We need to show that there exists a constant C}, such that

pgz)’qu(l —pq) < %Clv
We decompose
{a,....g=U 1
j=1
where
I = {z e{l,....q}: 27, <r;i < 2jrq}.

Denote

&G=1lve =12

i€l

Then there is 8 € N such that

pq =&1&2...8p.

Given z € R", let I;(x) be the set of indices i € I; for which = € B(z;, 10r;).
From the assumption that the balls B(x;,r;) are pairwise disjoint we infer that
the number of indices in I;(x) is limited by a constant N depending only on the

dimension n. A simple scaling argument shows that there exist constants Cy, . .., Ck
such that

| D*¢]l00 < Cs(2774) 7%, s=0,....k, j=1,...,5.

(Here and in the sequel we do not mention dependence of constants on the dimension
and on the choice of the function n). We find a constant A = Ay > 0 such that

Cy<A™®, s=0,....k,
so that
(3) [D%¢]|lo0 <2775(Ar,)™%, s=0,....k, j=1,...,6
We claim that
(4 D& L)oo S (1 =279 (Arg) ™, s=0,....k, a=12,...
We prove the claim by induction. For a =1 it has the form

ID*(é1)|loo < (L =271 (Ary)™,  s=0,...,k,
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this is just (3). Assume that j > 1 and the claim is true for « = j — 1, then by the
Leibniz rule we compute

1D (6 .. &-1)E) |oo<z( )|D €1 &)l DY

Using the binomial rule we snnphfy the estimate as

iy _ink _
ID*(& . &) lloe < (1 —277F1) 4 277) (Ary) 7",
which proves (4) for « = j and s = k. Similarly we obtain the estimate of
D?#(&...&) with 0 < s < k. It follows that

Piq),mrq(l —pg) <10A7F

as required. O

5. UNIQUENESS OF THE INTEGRAL

In this section, let & be the family of seminorms (1), (2). where p;, are defined
by (2).

Theorem 5.1. Let Q C R™ be an open set and 4 : Q — D'(Q) be a distribution-
valued function. Then there exists at most one indefinite &2-packing integral of

H.

Proof. By linearity, it is enough to prove that 0 is the only indefinite integral of
A = 0. Let F be an indefinite integral of 0 and n € D(R™). We need to show that
(F,n) = 0. Since the support of 7 is compact, we may assume that || < co. Let
p € & and T be as in the definition of integral. Choose € > 0 and find a gauge § as
in the definition of integral. With each x € sptn we associate a ball B(z,r;) such
that B(x,10r,) C Q, r, < §(z) and

(5) p;,lOrw (]:) S Cp;,r'rx (]:) + 57«2’

(such r, exists, see [8]). Using Vitali covering technique and compactness of spt 7,
we select a finite pairwise disjoint system (B;)™,, B; = B(z;,1;), such that r; = r,
(¢t =1,...,m), and B(w;,5r;) cover sptn. If (w;)!, is a partition of unity as in
Theorem 4.1 we obtain

[(Foml = [ (F )| <

i=1

m

bup p»LZ,lOu nwsi meLJOrl(Jr)
i=1

i=

Now by (5) we have

m

Zp;,lOn < CZ(pw TTL + ET?) S 06(1 + |Q|)
i=1

By the property (e) in Theorem 4.1 and the special choice of p = p(¥), there exists
a constant C(k,n) such that for each i = 1,...,m we have

p:ri,l[)m (77%) < C(k7n)p$i,10ri (w1> < CkC(k,’l?)
It follows that (F,n) = 0. O
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6. ABSOLUTELY CONVERGENT INTEGRATION

We consider the distribution
@) = | e dn).

Recall that a.e. point 2 € R" is a Lebesgue point for f € L'(Q, u1), this means

lim [f(y) = f(@)| duly) = 0,

r—04 B(z,r)
see [6, 1.7].

Theorem 6.1. Suppose that P contains a seminorm p with p > p®. Let Q C
R™ be an open set, y be a Radon measure on Q and f € Li (Q,u). Then the
distribution

Fo)= [ fedn. oD@
is an indefinite P -packing integral of f with respect to G with T = 1.

Proof. Given € > 0, we define a gauge ¢ according to the following rules: Let L be
the set of all y-Lebesgue points for f and Ey, = {x € Q\ L: |f(x)| < k}.

Let (Ug)r be a sequence of open sets of finite y-measure such that x(Uy) > 0 and
Q= Uk. Let V be a open set containing the p-null set 2\ L with the property

that
/ £ duly) < e
\%

and W be open sets containing Ej such that pu(Wi) < 55, k= 1,2,....
If x € LN Uy, we choose §(z) > 0 such that B(z,d(x)) C Uy and

e
0<r<d = B($7r)|f(y) f(@)]du(y) < 2%k (UL w(Uy)

Then, if 0 < 7 < §(x) and ¢ € D(Q) with spt p € B(x,r) and p(9(p) < 1, we have

p(B(z,r))
281 (Uy)
If © € Ej, we choose d(z) > 0 such that B(z,d(x)) C V N Wy. Then, if
0 <7 < &(x) and ¢ € D(R) with spty € B(z,r) and p©(p) < 1, we have

Fswoal=|[  Gw e ew ) <

F—swG el =| [, (76) = 1) o) duty)
<e / F @) duy) + ku(B(z, 7).
B(z,r)

Now, it is clear to observe that for each J-fine packing (B(x;,7;)); of Q we have

S8t (F = F@0) < [ 1) duty +ZE“ ) +Zk\m|<3€
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7. SINGULAR INTEGRAL

We demonstrate the power of the integral we just defined on the classical example
of the singular integral with Calderén—Zygmund kernel. We do not pursue the
maximal possible generality, and therefore we settle for the smooth homegeneous
kernel while noting that many other cases may be handled in analogous fashion.
Let us take a C* function ® defined on the unit sphere S”~! of mean value 0 with
respect to the surface measure.

We consider the kernel .

K(z) =z _"@(—).
(@) = | "0

We imagine the singular integral operator T as the convolution Tf = K * f.
However, this convolution usually does not make sense as Lebesgue integral. We
write

I f = flx—y)K(y)dy,
(6) Be(0,¢)
T°f=(v.) | fle-y)K(y)dy=lmTf.
Rn e—0
The definition
Tf:x—T*f

gives a sense to the singular integral at least if f € D(R™). In this case the principal
value integral converges for each © € R™. The operator is then shown to be apriori
LP bounded for 1 < p < oo and of the weak type 1 — 1. This boundedness allows
to extend the operator T to all LP functions. The extension, however, does not
guarantee the convergence of the principal value. To avoid a misunderstanding, we
use the symbol T* f exclusively for the principal value integral (6).

The standard method to prove the convergence of the principal value is to con-
sider the maximal singular operator

T* f(x) = sup |[TE f|.
e>0

This operator is well defined for any function f in L' and is of the weak type 1 — 1.
From this fact it is then possible to obtain the convergence of the principal value
T* f almost everywhere by a simple argument. The seminal papers in the theory
are [3] and [4], for overview see [13].

The principal value integral acts a distribution

(T*, ) =T".

Moreover, given f € L'(R") and 2 € R" such that the singular integral T f exists,
we define the distribution F* as

(F0) =T (feo).
This definition is correct according to the following lemma.
Lemma 7.1. Let f € LY(R"), x € R™ and r > 0. Suppose that the principal

value integral T f converges and that x is a Lebesgue point for f. Let p € D(R"),
spt o C B(z,r). Then T*(fy) exists and

7% () — F(@)T%0| < Cr|[V]oe sup f F(y) — f(2)|dy
(7) 0<p<rJB(a.p)

+ Cllgllo|T*f = T f1-
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Proof. We start from the estimate

. L e s@lay < oot [ [ s-s@lay) do
i —J\z r su —f(r
e [ sl s f i) -s@)

0<p<r

see [1, Lemma 3.1.1]. The right part of (8) is finite as z is a Lebesgue point for f.
Hence

[ o=@l <li@l [ oyt
(9) R™ B(z,r)
L Cr sup ][ F@) - F@)]dy + " / )] dy.
0<p=rJ B(z,p) R™
Since

(10) |K(z —y)(p(y) — (@) < ClIVelloly — 2| [K(z—y)| < C|Velloolz -yl ™,

the integral T%((¢ — ¢(x))f) has a sense even as the Lebesgue integral. Thus,

f = T%(pf) is a sum of distributions ¢ — T*((¢ — ¢(x))f) and ¢ — @(x)T* f.
Let xp be the characteristic function of B = B(z,r). Then

1) T*(f) = f(@)T%p = T*((f — f(x))exB)

=T((f = f(@))(¢ — (x))xB) + o(@)T*((f = f(z))xB)-
Byd(10)7 the integral T ((f — f(x))(¢—p(x))xp) converges as the Lebesgue integral
an

(12) [T*((f = f(2))(¢ = @(x))xB)| < Crl|Velleo sup ]{9( )If(y)—f(w)Idy-

0<p<r

For the second term in (11) we first observe that T*yp = 0 by definition of the
kernel (the mean value requirement on ®). Hence

(13)  TH(f = f@)xB) =T"(fxp) =T"f =T*(fxpe) =T°f =T} f.
From (11), (12) and (13) we obtain the required estimate (7). O

Theorem 7.2. Let & be a system of seminorms on D(B) containing a seminorm
p with p > pY) (see (1) for the notation). Let f € L'. Then for almost every
z € R™, the distribution F7 is the indefinite &-packing integral of f with respect
to T7 with 7 = 1.

Proof. We choose z such that z is a Lebesgue point for f and the principal value
integral 7% f converges. Given ¢ > 0, by Theorem 6.1 there exists a gauge 0 :
R™\ {z} — (0,00) such that for each d-fine packing (B(x;, 7)), in R™ \ {z} we
have

Zp;‘mn (F* = f(xi)T?) <e.
i=1

Moreover, we may assume that é(z) < |z — 2| for each z € R™\ {z}. We define §(z)
such that
s | |f) - f@ldy <2
0<r<é(z)J B(z,r)
and

sup |I7f—T*f] <e.
0<r<é
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Consider a d-fine packing (B(x;, 7)), in R”. Then at most one of the balls
B(z;,7;) contains z and in this case this is a ball B(z,r) with r < §(z). For such a
ball B(z,7) and ¢ € D(R™) with sptp C B(z,r) we have

(FZ=f()T7, ¢) < Cer|[Veloo + Cel[#loo
by the definition of §(z) and Lemma 7.1. Since
[elloe +7lIVelloo < Cp, (),

we have
P, (F7 = f(2)T7) < Ce.

Hence for any J-fine packing as above we obtain
> P (FF = f@)T?) < (14 C)e.
i=1

O

Remark 7.3. We have just proved that the singular integral defined by z — F~
makes sense for all L' functions. However, it is clear that there is much more than
L' functions which are integrable in this sense. For example, if

sin %

fla) = —=

T

and the singular kernel is just 1/z, then the integral F* has sense for z # 0, and
thus for a.e. z € R. Indeed, the integrand

- 1
sin =5
z(z —x)

has two singularities; the singularity at x = 0 can be handled via Theorem 7.2,
whereas the singularity at = 2z does not bother for non-absolutely convergent
integrals of Denjoy-Perron type and their generalizations.

REFERENCES

[1] D. R. Adams and L. I. Hedberg. Function spaces and potential theory, volume 314 of
Grundlehren der Mathematischen Wissenschaften [Fundamental Principles of Mathemati-
cal Sciences]. Springer-Verlag, Berlin, 1996.

[2] H. Bendové and J. Maly. An elementary way to introduce a Perron-like integral. Ann. Acad.
Sci. Fenn. Math., 36(1):153-164, 2011.

[3] A. P. Calderon and A. Zygmund. On the existence of certain singular integrals. Acta Math.,
88:85-139, 1952.

[4] A. P. Calderén and A. Zygmund. On singular integrals. Amer. J. Math., 78:289-309, 1956.

[5] A. Denjoy. Une extension de l'intégrale de M. Lebesgue. C. R. Acad. Sci. Paris Sér. I Math.,
154:859-862, 1912.

[6] L. C. Evans and R. F. Gariepy. Measure theory and fine properties of functions. Studies in
Advanced Mathematics. CRC Press, Boca Raton, FL, 1992.

[7] R. Henstock. Definitions of Riemann type of the variational integrals. Proc. London Math.
Soc. (8), 11:402-418, 1961.

[8] K. Kuncova and J. Maly. Non-absolutely convergent integrals in metric spaces. Preprint
MATH-KMA-2012/407. Charles University in Prague. Available online
http://www.karlin.mff.cuni.cz/kma-preprints/, 2012.

[9] J. Kurzweil. Generalized ordinary differential equations and continuous dependence on a
parameter. Czechoslovak Math. J., 7 (82):418-449, 1957.



10 PETR HONZIK AND JAN MALY

[10] J. Maly. Nonabsolutely convergent integrals with respect to distributions. Preprint MATH-
KMA-2011/374. Charles University in Prague. Available online
http://www.karlin.mff.cuni.cz/kma-preprints/, 2011.

[11] O. Perron. Uber den Integralbegriff. Sitzungsber. Heidelberg Akad. Wiss., A16:1-16, 1914.
[12] S. Saks. Theory of the integral. Second revised edition. English translation by L. C. Young.
With two additional notes by Stefan Banach. Dover Publications Inc., New York, 1964.

[13] E. M. Stein. Singular integrals and differentiability properties of functions. Princeton Math-
ematical Series, No. 30. Princeton University Press, Princeton, N.J., 1970.

E-mail address: honzikpe@karlin.mff.cuni.cz
E-mail address: maly@karlin.mff.cuni.cz

DEPARTMENT OF MATHEMATICAL ANALYSIS, CHARLES UNIVERSITY, SOKOLOVSKA 83, 186 75
PrAHA 8, CZECH REPUBLIC



