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If F is a continuous function on the real line and f = F’ is its distributional derivative, then

the continuous primitive integral of distribution f is | Z f = F(b) — F(a). This integral contains
the Lebesgue, Henstock-Kurzweil, and wide Denjoy integrals. Under the Alexiewicz norm, the
space of integrable distributions is a Banach space. We define the convolution f * g(x) = [%_f(x -

y)g(y)dy for f an integrable distribution and g a function of bounded variation or an L! function.
Usual properties of convolutions are shown to hold: commutativity, associativity, commutation
with translation. For g of bounded variation, f * g is uniformly continuous and we have the
estimate [|f * gll . < Iflllgllzy, where |[fIl = sup,|f,f] is the Alexiewicz norm. This supremum
is taken over all intervals I C R. When g € L', the estimate is || f * g|| < [|f||l|gll,- There are results
on differentiation and integration of convolutions. A type of Fubini theorem is proved for the
continuous primitive integral.

Copyright © 2009 Erik Talvila. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

1. Introduction and Notation

The convolution of two functions f and g on the real line is f * g(x) = [*_f(x - y)g(y)dy.
Convolutions play an important role in pure and applied mathematics in Fourier analysis,
approximation theory, differential equations, integral equations, and many other areas. In this
paper, we consider convolutions for the continuous primitive integral. This integral extends
the Lebesgue, Henstock-Kurzweil, and wide Denjoy integrals on the real line and has a very
simple definition in terms of distributional derivatives.

Some of the main results for Lebesgue integral convolutions are that the convolution
defines a Banach algebra on L' and * : L' x L' — L! such that ||f = gll; < [Ifll,llgll,- The
convolution is commutative, associative, and commutes with translations. If f € L! and g €
C", then fx g€ C"and (f * g)(") (x) = f * g™ (x). Convolutions also have the approximation
property thatif f € [P (1 < p < o0) and g € L!, then | f x g - afll, — Oast — 0, where
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g(x) = g(x/t)/tand a = [©_g. When f is bounded and continuous, there is a similar result
for p = oo. For these results see, for example, [1]; see [2] for related results with the Henstock-
Kurzweil integral. Using the Alexiewicz norm, all of these results have generalizations to
continuous primitive integrals that are proven in what follows.

We now define the continuous primitive integral. For this, we need some notation
for distributions. The space of test functions is @ = C*(R) = {¢ : R — R | ¢ €
C*(R) and supp(¢) is compact}. The support of function ¢ is the closure of the set on which
¢ does not vanish and is denoted supp(¢). Under usual pointwise operations, D is a linear
space over field R. In ®, we have a notion of convergence. If {¢,} C 9, then ¢, — 0 as
n — oo if there is a compact set K C R such that for each n, supp(¢,) C K, and for each
m > 0, we have 4);"’) — 0 uniformly on K as n — oo. The distributions are denoted ®' and
are the continuous linear functionals on ®. For T € @' and ¢ € 9, we write (T, $) € R. For
¢, peDand a,be R, wehave (T, ap+by) = a(T,¢)+b(T,¢). Moreover, if ¢, — 0in D, then
(T,¢n) — 0inR. Linear operations are defined in @' by (aS + bT, $) = a(S,$) + b(T, $) for
STeD;abeRandpeD.If f e L] ,then (Tf,¢) = [ f(x)P(x)dx defines a distribution
Tr € 9. The integral exists as a Lebesgue integral. All distributions have derivatives of all
orders that are themselves distributions. For T € " and ¢ € 9, the distributional derivative of T
is T' where (T, ¢) = —(T,¢'). This is also called the weak derivative. If p : R — R is a function
that is differentiable in the pointwise sense at x € R, then we write its derivative as p'(x). If
p is a C* bijection such that p'(x) #0 for any x € R, then the composition with distribution
T is defined by (Top,p) = (T, (pop™t)/(p' op™')) for all ¢ € D. Translations are a special
case. For x € R, define the translation T, on distribution T € @' by (7T, $) = (T, 7_¢p) for test
function ¢ € D, where 7,¢(y) = $(y — x). All of the results on distributions we use can be
found in [3].

The following Banach space will be of importance: Bc = {F : R — R | F €
CO(R), F(-~w0) = 0,F(0) € R}. We use the notation F(-o0) = lim,_,_F(x) and F(c) =
lim, , o F (x). The extended real line is denoted by R = [-o0, o0]. The space B¢ then consists of
functions continuous on R with a limit of 0 at —co. We denote the functions that are continuous
on R that have real limits at +00 by C°(R). Hence, B¢ is properly contained in C°(R), which is
itself properly contained in the space of uniformly continuous functions on R. The space B¢ is
a Banach space under the uniform norm; ||F||, = sup, .z |F(x)| = max z|F (x)| for F € Bc. The
continuous primitive integral is defined by taking B¢ as the space of primitives. The space of
integrable distributionsis #c = {f € ' | f = F' for F € Bc}. If f € o#4¢, then jZf = F(b)-F(a)
for a,b € R. The distributional differential equation T’ = 0 has only constant solutions so the
primitive F € B¢ satisfying F' = f is unique. Integrable distributions are then tempered and
of order one. This integral, including a discussion of extensions to R”, is described in [4]. A
more general integral is obtained by taking the primitives to be regulated functions, that is,
functions with a left and right limit at each point, see [5].

Examples of distributions in <#c are Ty for functions f that have a finite Lebesgue,
Henstock-Kurzweil, or wide Denjoy integral. We identify function f with the distribution T}.
Pointwise function values can be recovered from T at points of continuity of f by evaluating
the limit (T¢, ¢,,) for a delta sequence converging to x € R. This is a sequence of test functions
{pn} C D such that for each n, ¢, > 0, f:oci)n = 1, and the support of ¢, tends to {x} as
n — co. Note that if F € C°(R) is an increasing function with F'(x) = 0 for almost all x € R,
then the Lebesgue integral fZF’(x)dx = 0 but F' € #4¢c and jZP’ = F(b) — F(a). For another
example of a distribution in /¢, let F € C° (R) be continuous and nowhere differentiable in
the pointwise sense. Then F’ € /¢ and jZF’ = F(b) - F(a) forall a,b € R.
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The space <4 is a Banach space under the Alexiewicz norm; || f|| = sup;glf, fl, where
the supremum is taken over all intervals I C R. An equivalent norm is || f||' = supxe]RU’_cQo fl.
The continuous primitive integral contains the Lebesgue, Henstock-Kurzweil, and wide
Denjoy integrals since their primitives are continuous functions. These three spaces of
functions are not complete under the Alexiewicz norm and in fact <4 is their completion.
The lack of a Banach space has hampered application of the Henstock-Kurzweil integral to
problems outside of real analysis. As we will see in what follows, the Banach space /¢ is a
suitable setting for applications of nonabsolute integration.

We will also need to use functions of bounded variation. Let g : R — R. The variation
of gis Vg = sup Y, |g(xi) — g(yi)| where the supremum is taken over all disjoint intervals
{(xi,vi)}. The functions of bounded variation are denoted BU = {g: R — R | Vg < oo}. This is
a Banach space under the norm ||g|5, = [g(~o0)| + V g. Equivalent norms are ||g|| , + Vg and
|g(a)| + Vg for each a € R. Functions of bounded variation have a left and right limit at each
point in R and limits at +oo, so, as above, we will define g(+o0) = lim,_, 15, g(x).

If g € Ll , then the essential variation of g is ess var g = sup [* g¢', where the
supremum is taken over all ¢ € D with [|¢|| < 1. Then EBU = {g € LllOC | ess var ¢ < oo}.
This is a Banach space under the norm ||g||,5, = ess sup|g| + ess var g. Let 0 < y < 1. For
g : R — R, define g (x) = (1 - y)g(x—) + yg(x+). For left continuity, y = 0 and for right
continuity y = 1. The functions of normalized bounded variation are N/BU, = (g, | ¢ € BU}. If
g € EBU, then ess var g = inf Vh such that h = g almost everywhere. For each 0 < y < 1,
there is exactly one function h € ABU, such that ¢ = h almost everywhere. In this case,
ess var ¢ = Vh. Changing g on a set of measure zero does not affect its essential variation.
Each function of essential bounded variation has a distributional derivative that is a signed
Radon measure. This will be denoted p, where (g, ¢) = —(g,¢') = —J’f’w g9 = ngb dpg for
allp € D.

We will see that * : #c x BU — C°(R) and that ||f * 8lls < IfINIgll;e- Similarly for
g € EBU. Convolutions for f € o4c and g € L! will be defined using sequences in BU N L!
that converge to g in the L' norm. It will be shown that * : /¢ x L! — o4 and that || f * g|| <

111l

Convolutions can be defined for distributions in several different ways.

Definition 1.1. Let S,T € @' and ¢, ¢ € D. Define dN)(x) =¢(—x): Q) (T, ¢) = (T, P =), (ii)
foreach x € R, let T * ¢s(x) = (T, 7oep); (iii) (S*T,¢) = (S(x),(T(y), p(x + y))).

In (i), * : ' xD — P This definition also applies to other spaces of test functions
and their duals, such as the Schwartz space of rapidly decreasing functions or the compactly
supported distributions. In (ii), * : @ x ® — C%. In [1], it is shown that definitions
(i) and (ii) are equivalent. In (iii), * : @' x @' — 9D'. However, this definition requires
restrictions on the supports of S and T. It suffices that one of these distributions has compact
support. Other conditions on the supports can be imposed (see [3, 6]). This definition
is an instance of the tensor product, (S ® T,®) = (S(x),(T(y), P(x,y))), where now
® € D(R?).

Under (i), T*¢ is in C*. It satisfies (T*¢)*xp = Tx(p*@), T (Txp) = (T T)*¢p = T*(Tx(p),
and (T * ¢s)™ = Txg™ = T™ xg. Under (iii), with appropriate support restrictions, S*T is in
@', It is commutative and associative, commutes with translations, and satisfies (S * T)(") =
S™ « T = S+ T™. It is weakly continuous in 9, that is, if T, — Tin®, then T, *¢g — T * ¢
in @ see [1, 3, 6, 7] for additional properties of convolutions of distributions.
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Although elements of ¢ are distributions, we show in this paper that their behavior
as convolutions is more like that of integrable functions.
An appendix contains the proof of a type of Fubini theorem.

2. Convolution in /. x BU

In this section, we prove basic results for the convolution when f € /¢ and g € BU. Under
these conditions, f * g is commutative, continuous on R, and commutes with translations.
It can be estimated in the uniform norm in terms of the Alexiewicz and BU norms. There is
also an associative property. We first need the result that BU forms the space of multipliers
for Ac, that is, if f € ¢, then fg € o4¢ for all g € BU. The integral [, f g is defined using the
integration by parts formula in the appendix. The Holder inequality (A.5) shows that BU is
the dual space of Ac.

We define the convolution of f € #c and g € BU as f x g(x) = [* (f o ry)g, where
rx(t) = x — t. We write this as f * g(x) = [*_f(x - y)g(y)dy.

Theorem 2.1. Let f € Ac and let g € BU. Then (a) f * g exists on R. (b) Let f x g =
g f. (o) Let If xgll,, < IfZ, flinfrlgl + I fIVg < IflIgllpy- (d) Assume fxg € C'(R),
limy_iof * g(x) = g(0)[* f. (e) If h € L', then f x (g*h) = (f xg) xh € C'(R).
(f) Let x,z € R, then ,(f * g)(x) = (12f) * g(x) = (f * 7.8)(x). (g) Foreach f € Ac, define
®; : BU — CY(R) by ®¢[g] = f * g. Then @ is a bounded linear operator and ||®@¢| < ||f]].
There exists a nonzero distribution f € Ac such that || ®f|| = | f|. For each g € BU, define
Yo:hc — C(R) by Wo[f] = f*g Then ¥ is a bounded linear operator and ||¥|| < ||gll 5. There
exists a nonzero function g € BU such that ||| = ||gllzy- (h) supp(f *g) C supp(f) +supp(g).

Proof. (a) Existence is given via the integration by parts formula (A.1) in the appendix. (b)
See [4, Theorem 11] for a change of variables theorem that can be used with y — x —y. (c)
This inequality follows from the Holder inequality (A.5). (d) Let x,t € R. From (c), we have

|fxg® - fxg)| <|ft=) = flx=)lIglzo
= ”f(t— x=") —f(')"”8"730 (2.1)

—0 ast— x.

The last line follows from continuity in the Alexiewicz norm [4, Theorem 22]. Hence,
f * g is uniformly continuous on R. Also, it follows that lim,_ " f(y)g(x — y)dy =
[Z flimy . og(x — y)dy = g(o0)[”_f. The limit x — oo can be taken under the integral
sign since g(x — y) is of uniform bounded variation, that is, V,erg(x — y) = Vg. Theorem 22
in [4] then applies. Similarly, as x — —co. (e) First show g * h € BU. Let {(s;, t;)} be disjoint
intervals in R. Then

Slg+hts)-g+ht) < X [ |g(si-v) - (-1l h(y)ldy
* (2.2)

= me 2lg(si-y) - g(ti-y)l[h(y)|dy.
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Hence, V(g * h) < Vg ||h||;. The interchange of sum and integral follows from the Fubini-
Tonelli theorem. Now (d) shows f * (g x h) € C° (R). Write

frlgem=[ )| g-y-2hedzay

= f h(z)f_ f(y)g(x-y-z)dydz @3)

= (f*g) *h(x).

We can interchange orders of integration using Proposition A.3. For (ii) in Proposition A.3,
the function z — Vyerg(x — ¥ — 2)h(z) = Vg h(z) is in L! for each fixed x € R. Since g is
of bounded variation, it is bounded so |g(x — v — z)h(z)| < ||gll_,|h(z)| and condition (iii)
is satisfied. (f) This follows from a linear change of variables as in (a). (g) From (c), we
have [|@y[| = Sup”gHBU:1||f*g||oo < Sup”g”BU:l”f””g“BU = lIfll. Let f > Obein L' If g = 1,
then ||glly = 1 and f * g(x) = J*_f s0 @]l = lIfll = lIfl. To prove [¥,]l < ligllp, note
that || Wl = Sup||f”=1||f*g||oo < Supufuﬂllfllllgllm = llglizy- Let § = X(o.0)- Then [[¥g| =
sup il f * gl = Sup||f\|:1supxeRUfoof| =1 = [|gllzy- (h) Suppose x ¢ supp(f) + supp(g)-
Note that we can write f * g(x) = f’m g(x —y)dF(y) in terms of a Henstock-Stieltjes integral,
see [4] for details. This integral is approximated by Riemann sums 3 ¢(x - z,)[F(t,) -
F(t,-1)] where z,, € [t,-1,t4], —00 =ty < t; < -+ <ty = oo and there is a gauge function y
mapping R to the open intervals in R such that [t,1,t,] C y(2,). If z, & supp(f), then since
R\ supp(f) is open, there is an open interval z, C I C R\ supp(f). We can take y such that
[th-1,t,] CIforalll1 <mn < N. Also, F is constant on each interval in R \ supp(f). Therefore,
g(x—z,)[F(ty) = F(tn-1)] = 0 and only tags z, € supp(f) can contribute to the Riemann sum.
However, for all z, € supp(f), we have x — z, ¢ supp(g) so g(x — z,)[F(t,) — F(t,-1)] = 0. It
follows that f * g(x) = 0. O

Similar results are proven for f € L? in [1, Section 8.2].

If we use the equivalent norm || f||" = sup, . |[*__f], then ||®¢|| = || f||'. Also, integration
by parts gives [|®f| < || fII'. Now, given f € ¢, let § = x(0,00)- Then ||gll5 = 1, and f * g(x) =
[*_f-Hence, |If x gll, = lIfIl'and ||| = ||f||'. We can have strict inequality in ¥ | < [|g]lz-
For example, let ¢ = y(o), then ||g]|5, = 2 but integration by parts shows f * ¢ = 0 for each
f € Ac.

Remark 2.2. If f € HAc and g € EBU, one can use Definition A.2 to define f * g(x) = f * gy (x)
where g, = ¢ almost everywhere and g, € /ABU,. All of the results in Theorem 2.1 and the
rest of this paper have analogues. Note that f * g(x) = F(c0)gy(-o0) + F * .

Proposition 2.3. The three definitions of convolution for distributions in Definition 1.1 are
compatible with f x g for f € HAc and g € BU.

Proof. Let f € Ac, g € BU,and ¢, ¢g € D. Definition 1.1(i) gives

G d) =[5 pw-xpmdvax= [ [ rep-Dp@)drdy = (f g,
(2.4)
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Since ¢ € BU and ¢ € L!, Proposition A.3 justifies the interchange of integrals.
Definition 1.1(ii) gives

o) = [ Sy = £ oo @9
Definition 1.1(iii) gives
g pexr ) = [ F0[ gpes vy

= Jw f(y)fw g(x—y)p(x)dxdy
e . (2.6)

[ o[ rgex-wydxax
={f*8¢)

The interchange of integrals is accomplished using Proposition A.3 since g € BU and ¢ €
L. O

The locally integrable distributions are defined as &#c(loc) = {f € & | f = F
for some F € C°(R)}. Let f € #Ac(loc) and let g € BU with support in the compact interval
[a,b]. By the Hake theorem [4, Theorem 25], f * g(x) exists if and only if the limits of

fif(x -y)g(y)dy existas @ — —oo and p — oo. This gives
b x-a
frgx)= f f(x-y)g(y)dy = f S Wglr-y)dy. (2.7)

There are analogues of the results in Theorem 2.1. For example, |f * g(x)| < |f§:g flinfiaplgl +
Ilf X1x=bx-a]llViap1§- There are also versions where the supports are taken to be semi-infinite
intervals.

We can also define the distributions with bounded primitive as #c(bd) = {f € @' |
f = F' for some bounded F € C°(R) with F(0) = 0}. Let f € #c(bd) and let F be its unique
primitive. If g € BU such that g(+o0) =0, then

a— —oo
p—oo

P
Frg) = Jim [ £(x=1)g(n)y

p
i [P - K- )+ [ Fe-pagn)] @9

p—oo

[" -z = [ Fedst-y).

It follows that || f * g||, < |IF|l,Vg.
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It is possible to formulate other existence criteria. For example, if f(x) = log |x|sin(x)
and g(x) = |x|™ for some 0 < a < 1, then f and g are not in ¢, BU or L? forany 1 < p < oo
but f * g exists on R because f,g € L _and if F(x) = [} f, then limy|~ . F (x)g(x) = 0.

The following example shows that f * g needs not to be of bounded variation and
hence not absolutely continuous. Let § = y(0,.0). For f € o#c, we have f % g(x) = [*_f = F(x),
where F € Bc is the primitive of f. However, F needs not to be of bounded variation or even
of local bounded variation. For example, let f(x) = sin(x7?) — 2x~2 cos(x~2) and let F be its
primitive in Bc. Finally, although f * g is continuous, it needs not to be integrable over R. For
example, let g = 1, then f x g(x) = [*_fand [©_f * g only exists if [*_f =0.

3. Convolution in /¢ x L!

We now extend the convolution f * g to f € #c and g € L!. Since there are functions in L'
that are not of bounded variation, there are distributions f € o/c and functions g € L' such
that the integral | f’m f(x —y)g(y)dy does not exist. The convolution is then defined as the
limit in || - || of a sequence f * g, for g, € BU N L! such that g, — g in the L! norm. This is
possible since BUNL! is dense in L!. We also give an equivalent definition using the fact that
L' is dense in /. Take a sequence { f,} C L! such that || f, — f|| — 0. Then f % g is the limit in
|- Il of fn * g. In this more general setting of convolution defined in &/c x L!, we now have an
Alexiewicz norm estimate for f * g in terms of estimates of f in the Alexiewicz norm and g
in the L! norm. There is associativity with L! functions and commutativity with translations.

Definition 3.1. Let f € H#c and let g € L'. Let {g,} C BUN L' such that ||g, — gll, — 0. Define
f * g as the unique element in <#c such that ||f * g, — f * g|| — 0.

To see that the definition makes sense, first note that BUNL! is dense in L! since step functions
are dense in L!. Hence, the required sequence {g;} exists. Let [a, ] C R be a compact interval.
Let F € Bc be the primitive of f. Then

f if * gn()dx = fﬁfif (¥)gn(x — y)dy dx

(3.1)
. ’
[ s [ six-waxay
_ f "t [0 g dy
o'y X (32)
= —j_wF(y) d [Ia_ygn]
_ r’ F(y)[3:(B-y) - gu(a-y)]dy
= (33)

= IZ <fﬂzf > 8n(y)dy.
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The interchange of orders of integration in (3.1) is accomplished with Proposition A.3 using
8(x,y) = gu(x — y)X[ap (x). Integration by parts gives (3.2) since limyﬁwjg:ign =0.As F

Y

is continuous and the function y fﬁ :y

gn is absolutely continuous, we get (3.3). Taking the
supremum over a, f € R gives

17+ gall < £l nll,- (34)

We now have

I1f % &m = fx&all = 1f * (gm = &) < Il gm = &nlly (3.5)

and { f*g,} is a Cauchy sequence in «#¢. Since 4 is complete, this sequence has a limit in «#¢
which we denote f * g. The definition does not depend on the choice of sequence {g,}, thus if
{hn} C BUNL! such that llhn - g||1 — 0, then || f*gn—f*hn|l < || fII(llgn — g”1+”hn - g”1) — 0
asn — oo. The previous calculation also shows that if ¢ € BUNL!, then the integral definition
fxg(x) =" f(x-y)g(y)dy and the limit definition agree.

Definition 3.2. Let f € Ac and let ¢ € L!. Let {f,} C L! such that ||f, — f|| — 0. Define f * g
as the unique element in «/¢ such that || f, * g — f * g|| — 0.

To show this definition makes sense, first show L! is dense in c.
Proposition 3.3. L! is dense in Ac.

Proof. Let AC(R) be the functions that are absolutely continuous on each compact interval
and which are of bounded variation on the real line. Then, f € L! if and only if there exists
F € AC(R) such that F'(x) = f(x) for almost all x € R. Let f € ¢ be given. Let F € B¢ be
its primitive. For € > 0, take M > 0 such that |[F(x)| < € for x < =M and |F(x) — F(o0)| < €
for x > M. Due to the Weierstrass approximation theorem, there is a continuous function
P:R — R such that P(x) = F(-M) for x < -M, P(x) = F(M) for x > M, |P(x) - F(x)| < €
for [x| < M and P is a polynomial on [-M, M]. Hence, P € AC(R) and ||P' - fll < 3e. O

In Definition 3.2, the required sequence {f,} C L! exists. Let [a, ] C R be a compact
interval. Then, by the usual Fubini-Tonelli theorem in L,

j if n* g(x)dx = J‘Zf:fn(x ~y)g(y)dy dx

y (3.6)
= f g(y)f fu(x —y)dx dy.
Take the supremum over a, § € R and use the L' — L® Holder inequality to get
1o * gl < 1Ml 1l (37)

It now follows that {f,, * g} is a Cauchy sequence. It then converges to an element of 4c.
However, (3.7) also shows that this limit is independent of the choice of {f,}. To see that
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Definitions 3.1 and 3.2 agree, take {f,} C L' with ||f, - f| — 0and {g,} C BUN L' with
”gn - g”1 — 0. Then

foxg=Ffrgull=1(fn=f)*g-f*(gn-9)ll
< (fa=£)*gll+11f * (8 =)l (3.8)
<A fa=fUlglly + £ 8n = gl

Letting n — oo shows that the limits of f,, * g in Definition 3.2 and f * g, in Definition 3.1 are
the same.

Theorem 3.4. Let f € HAcand g € L'. Define f * g as in Definition 3.1. Then (a)|| f * gl < || fIllIgll;-
(b) Let he L. Then (fxg)xh= f*(g*h) € Ac. (c)Foreachz € R, 7.(f x ) = (1.f) x g =
(f % 728). (d) For each f € Ac, define @y : L' — oAc by D¢[g] = f * g. Then @y is a bounded
linear operator and ||@|| < || f||. There exists a nonzero distribution f € HAc such that |®@¢| = || f]].
For each g € L, define Wq : Ac — oAc by Wo[f] = f * g Then Wy is a bounded linear operator
and [|[We| < ||gll;- There exists a nonzero function g € L' such that IWell = [Igllzy- (e) Define
g(x) = g(x/t)/tfor t > 0. We have a = [*_gi(x)dx = [*_g. Then ||f x gt — af|| — Oast — 0.
(f) Let supp(f * g) C supp(f) +supp(g).

Proof. Let {g,} be as in Definition 3.1. (a) Since ||f * gull — |If * gll, (3.4) shows ||f = g|| <
lI£1llgll,- (b) Let {h,} C BUNL! such that ||, — k||, — 0.Then (f * g) * h := ¢ € o#c such that
l(f * ) *x hy, —¢|| — 0.Since g h € L!, there is {p,} C BUN L' such that ||p, — g * k||, — 0.
Then f * (g * h) := 7 € S#c such that || f * p, — ]| — 0. Now,

& =nll <I[(f &) * hu =&l + [ f *pu =l

(3.9)
+ | (f * &) * hu = (f * gn) * bl + || (f * n) * hn = f *pu|-

Using (3.4),

[|(f % g) % ha— (f % gn) * ha|

(3.10)
=[1If = (g = g)] *hall < I fIlllgn = glly I1ally — 0 as n— oo.

Finally, use Theorem 2.1(e) and (3.4) to write

| (f % gn) * hu = f 5 pul|
= ||f * (gn* hu—pu) || (3.11)
<A gn = gl Imally + |8l I = Blly + ||lpn — g % B||,) — 0 as n— oo.

(c) The Alexiewicz norm is invariant under translation [4, Theorem 28] so 7.(f * ) € Hc.
Use Theorem 2.1(f) to write ”Tz(f*g)_Tz(f*gn)” = ”f*g_f*gn” = ”Tz(f*g)_(Tzf)*gn)” =

IT=(f*g)— f*(T2n)||. Translation invariance of the L' norm completes the proof. (d) From (a),
we have ||®¢|| = sup”gulzlnf * gl < SupHng:l”f””g”l = || f||.- We get equality by considering f
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and g to be positive functions in L'. To prove ||¥,|| < ||g]|;, note that ||| = sup) -l f * gl <
sup, f”:1|| flliglly = ligll;- We get equality by considering f and g to be positive functions in
L'. (e) First consider g € BUN L. We have

fraw= [ se-nz() L[ re-msay @12)

For-co<a<pf<oo,

p
(e s -a slax| = |[ [ 1r0e- ) - seolsayas

(3.13)

O;Ii [f(x~ty) —f(X)]g(y)dxdy’

<[ s - Azl
<21l

(3.14)

By dominated convergence, we can take the limit t — 0 inside the integral (3.14). Continuity
of f in the Alexiewicz norm then shows ||f * ¢ —af| — Oast — 0.

Now take a sequence {g™} c BU N L! such that ||g™ - g||, — 0. Define gt(") (x) =
g™ (x/t)/tand a™ = [* ¢ (x)dx. We have

If«gi-afll <||f g - af|| +||fx & - frg| + e f -af|. 15

By the inequality in (a), || f * g = f * &ill < I fllllg” = gill,- Whereas,

=l = [l ) s e sl =0 wen e e

and [|a"™ f — af|| = [a®™ - a|||f] = |g™ - gl lIfll. Given € > 0 fix n large enough so that
If % g™ — fxgll+la®™f - af|| < e Now lett — 0in (3.15).
The interchange of order of integration in (3.13) is justified as follows. A change of
variables and Proposition A.3 give
) —ydx
t

d
y)dey,

[ re-wysravar=[ [ rns(*

= f:fif(y)g<x -
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Q

fij‘if(x_ty)g(y)dxdy=J‘J‘:f(x) g _> X(a- y/ﬂ—y)(x)dxd—y

t

IQ

d
(7 )X (0T dx

) Y gy,

=J iof(x)g

[ [ 8(%5

(3.17)

Note that fﬁfiof(x)g(y)dy dx = [, fﬁf(x)g(y)dx dy by Corollary A 4. (f) This follows from
the equivalence of Definitions 1.1 and 3.1, proved in Proposition 3.5, see [6, Theorems 5.4-2
and 5.3-1]. O

Young’s inequality states that || f * g||p < ||f||’g||g||1 when f € LP forsome 1 < p < oo
and g € L'. Part (a) of Theorem 3.4 extends this to f € <. see [1] for other results when
felLr.

The fact that convolution is linear in both arguments, together with (b), shows that <4
is an L'-module over the L! convolution algebra, see [8] for the definition. It does not appear
that «/¢ is a Banach algebra under convolution.

We now show that Definition 1.1(iii) and the aforementioned definitions agree.

Proposition 3.5. Let f € HAc, g € L', and ¢ € D. Define F(y) = [¥_f and G(x) = [*_g.
Definitions 1.1 and 3.1 both give

(Frad)=[ 10| s@ptrsydxay
” - (3.18)

= ”:F (y)Gx)§' (x +y)dx dy.

Proof. Let ®(y) = [©_g(x)¢p(x + y)dx. Then ® € C*(R) and ¥'(y) = fwoog(x)¢’(x + y)dx.
Also, [* | (y)ldy < [Z_|g()If 1§ (x + y)|dy dx < lIgll,lI¢'ll,, so @ € AC(R). Dominated
convergence then shows | hm‘ybw(b(y) 0. Integration by parts now gives (3.18).

Let {g,} C BU N L' such that ||g, - gll;, — 0. Since convergence in || - || implies
convergence in @', we have

(f*g ¢)=lim (f*gn )

n—oo

lim Hio f(y)gn(x~y)p(x)dy dx (3.19)

lim fmwf (y)fwwgn (x -~ y)p(x)dx dy.

n—oo

Proposition A.3 allows interchange of the iterated integrals. Define @, (y) = [*_gu(x)$(x +
y)dx. Then, V@, < [|g.|l,[19'll; < (lgll; + 1)I¢'ll, for large enough n. Hence, ®,, is of uniform
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bounded variation. Theorem 22 in [4], then gives (f * g, ¢) = [*_f(y)lim,_ o ®,(y) dy =
[Z f)[7 g(x - y)$(x)dx dy. The last step follows since ||g, — gll; — 0. 0O

If ¢ € L'\ BU, then f * ¢ needs not to be continuous or bounded. For example, take
1/2 < a < 1and let f(x) = g(x) = x ™y (x). Then, f € L' C o#c and g € L'\ BU.
We have f * g(x) = 0 for x < 0. For 0 < x < 1, we have f * g(x) = [jy*(x —y)"dy =
X124y a1 - y) *dy = x'24T%(1 — ) /T(2 - 2a). Hence, f * g is not continuous at 0. If
1/2 < a <1, then f * g is unbounded at 0.

As another example, consider f(x) = sin(orx)/log|x| and g(x) = x(o,1)(x). Then f €
¢ and for each 1 < p < oo, we have g € BUNLP. And,

_(* sin(7y)
f*xglx) = ’[x1 log(y) dy forx>2
_ cos(ar(x—1)) cos(rx) _J‘ COS(ﬂ'y) B _ 2cos(rx) a5 % — o0
mlog(x—-1)  arlog(x) 1 ylog? (y) arlog(x) '
(3.20)

Therefore, by Theorem 2.1(d), f * g € C°(R), and limy|_ o, f * g(x) = 0 but for each 1 < p < o,
we have f x g¢ LP.

4. Differentiation and Integration

If g is sufficiently smooth, then the pointwise derivative is (f x g)'(x) = f * g’(x). Recall the
definition AC(R) of primitives of L! functions given in the proof of Proposition 3.3. In the
following theorem, we require pointwise derivatives of g to exist at each point in R.

Theorem 4.1. Let f € 4c, n € N, and g% € AC(R) for each 0 < k < n. Then f x g € C*(R) and
(f *2)™(x) = f * g™ (x) for each x € R.

Proof. First consider n = 1. Let x € R. Then

() =tim [ £() [g it Pd L de )]dy. (@.1)

To take the limit inside the integral we can show that the bracketed term in the integrand is
of uniform bounded variation for 0 < |h| < 1. Let h#0. Since ¢ € AC(R) it follows that the
variation is given by the Lebesgue integrals

VyeR[g(Hh—y) —g(x—y)]

h

< fo; 18" (v)|dy + Iw

-0

] h_ _ ! _
g (x+ y})l g (x-y) dy (42)

gx+h-y)-gx-y)
( ,)l CY) gyl
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Since ¢’ € AC(R), we have ¢" € L'. The second integral on the right of (4.2) gives the
L! derivative of ¢’ in the limit h — 0; see [1, page 246]. Hence, in (4.1), we can use [4,
Theorem 22] to take the limit under the integral sign. This then gives (f * g)'(x) = f * ¢'(x).
Theorem 2.1(d) now shows (f * )’ € C°(R). Induction on n completes the proof. O

For similar results when f € L!, see [1, Proposition 8.10].

Note that ¢’ € AC(R) does not imply ¢ € AC(R). For example, g(x) = x. The
conditions ¢¥) € BU for 0 < k < n + 1 imply those in Theorem 4.1. To see this, it suffices
to consider n = 1. If ¢, ¢"” € BU, then g" exists at each point and is bounded. Hence, the
Lebesgue integral g'(x) = ¢'(0) + [;&"(y)dy exists for each x € R and g is absolutely
continuous. Since g’ € BU, we then have g’ € AC(R). Similarly, for n > 1. The example
g(x) = |x|™ sin(1/[1+x%]) shows that the AC(R) condition in the theorem is weaker than the
aforementioned BU condition since g, ¢’ € AC(R) but ¢"(0) does not exist so g” ¢ BU.

We found that when g € BUNL!, then f x g € o#c. We can compute the distributional
derivative (F * §)' = f * g, where F is a primitive of f.

Proposition 4.2. Let F € C°(R) and write f = F' € HAc. Let g € BUNL'. Then F + g € C°(R) and
(Fxg) =f*xgedc.

Proof. Let x,t € R. Then by the usual Holder inequality,
|F*g(x) - F*g(t)l

foo [F(x-y) - F(t-y)]g(y)dy

—o0

<|IF(x--)-F(t-)l.llgll; — 0 ast— x since F is uniformly continuous on R.
4.3)

Hence, F * g is continuous on R. Dominated convergence shows that lim,_, .o F * g(x) =
F(xo0)[” g. Therefore, F x g € C°(R).
Let ¢ € D. Then

((Fxg),¢)=~(Fxg¢)
= —”ZF (x-y)g(y)¢' (x)dy dx (4.4)
_ -f: g(y)fip(x ~ )¢ (x)dxdy (Fubini-Tonelli theorem).
Integrate by parts and use the change of variables x - x +  to get
((Fx)9)= [ s[ sepesyyaxdy

= J‘io f(x)J‘iO g(y)¢(x+y)dydx (by Proposition A.3)
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[ s@[ sv-vemayax

= fio ¢(v) J‘io f(x)g(y - x)dxdy (by Proposition A.3)
=(f*89)
(4.5)

This gives an alternate definition of f * g for f € #c and g € L'.

Theorem 4.3. Let f € ¢, let F € Bc be the primitive of f and let ¢ € L'. Define f * g as in
Definition 3.1. Then (F x g)' = f * g € HAc.

Proof. Let —oo < a < p < oo. Let {g,} € BUNL! such that ||g, — g|l, — 0. By Proposition 4.2,
we have

K(P xg) = Fxg(p) - Fxg(a) = IZF(}/) [8(B-y) - g(a-y)|dy. (4.6)

Asin (3.3), Iif *gn=[" F(y)[ga(B-y) - gn(a —y)]dy. Hence,

K[(F*g)'—f*gn]

| B0 -8~ 1) - (-0 -sua-a| @)

<NIFll (g (B =) = gu(B =) I, + lIg(a~-) = gula=)]l;)
=2[[fIlllg= - gll;-

Therefore, [|(F* g)' = f * gull < 2lfllllgn — gll, = Oasn — co. O
The following theorem and its corollary give results on integrating convolutions.

Theorem 4.4. Let f € Ac and let g € LY. Define F(x) = [*_ f and G(x) = [*_g. Then, f xG €
CO(R) and f * G(x) = F * g(x) forall x € R.

Proof. Since G € AC(R), Theorem 2.1(d) shows f*xGeC° (R). We have

o x-y
fr6 =[] s@azdy

| rxcann@s@dzdy
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| rxcamn @@y

= f g(Z)f f(y)dydz
=F x g(x).
(4.8)
Proposition A.3 justifies the interchange of orders of integration. O

Corollary 4.5. Note that the following hold: (a)f x g = (F* )" = (f * G)',(b) forall —coc < a < p <
oo,onehasfﬁf*g:]—"*g(ﬁ)—F*g(zx) =f*xG(p) - fxG(p).

Hence, the convolution f * g can be evaluated by taking the distributional derivative
of the Lebesgue integral F * g. Since f * G € C°(R), when f € ¢ and G € BU, we can use
the equation f * ¢ = (f * G)' to define f x g for f € #c and g = G’ for G € BU. In this case,
g will be a signed Radon measure. As G(x) = [*_ g and this integral is a regulated primitive
integral [5], we will save this case for discussion elsewhere.

Appendix

The integration by parts formula is as follows. If f € &#c and g € BU, it gives the integral of
fg in terms of a Henstock-Stieltjes integral:

[oe]

[ fe=Porgten- | rag, (A1)

—0o0

see [4] and [9, page 199].
We have the following corollary for functions of essential bounded variation.

Corollary A.1. Let F € CO(R). Let g € EBU. Fix 0 < y < 1. Tuke 8y € NBUy such that g, = g
almost everywhere. Let pq be the signed Radon measure given by g'. Then [ Fdgy, = [* Fdu,.

Proof. The distributional derivative of g is (g, ¢) = —(g,¢') = —[~_g¢' = [~ ¢ du, for all
¢ € D. Note that g, is unique and pg = pg . Suppose ¢ € D with supp(¢) C [A, B] C R. Then,
using integration by parts for the Henstock-Stieltjes integral:

B B o)
(3:9) = [ 89 =B - g4 - [ pag - ¢dg
A A e (A.2)

(g ) = dug ==[ pene
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Let F € CO(R). There is a uniformly bounded sequence {¢,} C D such that ¢, — F
pointwise on R. By dominated convergence,

limf ¢bn dgy = f Fdg = limJ’ ¢n dpg = I F dug,. (A.3)

Corollary A.1 now justifies the following definition.

Definition A.2. Let f € #c and let F € B¢ be its primitive. Let g € £BU. Fix 0 < y < 1 and take
gy € NBU, such that g, = g almost everywhere. Define

[ rs=sre [ Fan-|" sg. (A4)

Since limits at infinity are not affected by the choice of y, the definition is independent of y.
The Holder inequality is

| ss|<|[ slintlst+ 170V < D7 Mgl (A5)
and is valid for all f € «4c and g € BU. For g € EBU, we replace g with g,. This gives
| sl <|[ slntlsd = 11V < 1A enos (A6

see [2, Lemma 24] for a proof using the Henstock-Kurzweil integral. The same proof works
for the continuous primitive integral.

Fubini theorem has been established in [10] for the continuous primitive integral on
compact intervals. This says that if a double integral exists in the plane, then the two iterated
integrals exist and are equal. Of more utility for the case at hand is to show directly that
iterated integrals are equal without resorting to the double integral. The following theorem
extends a type of Fubini theorem proved in [11, page 58] for the wide Denjoy integral on
compact intervals.

Proposition A.3. Let f € oAc. Let g : R xR — R be measurable. Assume (i) for each x € R the
function y w— g(x,y) is in BU; (ii) the function x — Vyer g(x,y) is in L'; (iii) there is M € L!
such that for each y € R, one has |g(x,y)| < M(x). Then the iterated integrals exist and are equal,
[0 f g y)dy dx = [7 7 f(y)g(x, y)dx dy.

Proof. Let F € B¢ be the primitive of f. For each x € R, we have

J‘ f(v)g(x,y)dy = F(o0)g(x, ) —f F(y)dag(x,y), (A7)

-0 —
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where d,(x, y) indicates a Henstock-Stieltjes integral with respect to y. Then,
H f(y)g(x,y)dy dx = F(oo)f g(x,00)dx — H F(y)dag(x,y)dx. (A.8)

The integral fiooo g(x,00) dx exists due to condition (iii). The iterated integral in (A.8)
converges absolutely since

U J :F (y)dag (x,y)dx

< I:UZF (y) dag(x,y)

dx < IIFIIOO_[ Vyerg (x, y)dx.
(A.9)

Now, show the function y — [©_¢(x,y)dx is in BU. Let {(s;, ;) } |, be disjoint intervals
in R. Then

n
i=1

J-oo g(x,s;)dx — J‘:Dg(x, t;)dx

—o0

< Zj |g(x/ Si) - g(xr ti)ldx
i=1Y —%©

= _[w ilg(x, si) - g(x,ti)|dx (A.10)

—% =1

S’[ Vyer g(x,y)dx.

The interchange of summation and integration follows from condition (ii) and the usual
Fubini-Tonelli theorem. Hence, the function y — [* ¢(x,y)dx is in BU and the iterated

integral [*_f(y)[”_g(x,y)dx dy exists.
Integrate by parts

fif (y)fmwg(x, y)dxdy (A11)

~Fe)| gt [ F@d|[ sComax]. (A12)

In (A.11), we have lirnyﬁcoffoOO g(x,y)dx = ffow g(x,0)dx due to dominated convergence
and condition (iii). To complete the proof, we need to show that the integrals in (A.8)
and (A.12) are equal. First, consider the case when F = y(,) for an interval (a,b) C R.
Then (A.8) becomes jfowfidzg(x,y)dx = [ [g(x,b) - g(x,a)]dx. Moreover, now (A.12)
becomes _[Zd[jiom g(x,y)dx] = [*_g(x,b)dx—[*_g(x,a)dx. Hence, when F is a step function,
F(y) = XL cixn(y) for some n € N, disjoint intervals {I;};_; and real numbers {c;}i.;, we
have the desired equality of (A.8) and (A.12). However, F € B¢ is uniformly continuous on
R, that is, for each € > 0, there is § > 0 such that for all 0 < |x—y| < 6,wehave |F(x)-F(y)| <¢,
for all x < —=1/6, we have |F(x)| < ¢ and for all x > 1/8, we have |F(x) — F(o0)| < €. It then
follows from the compactness of R that the step functions are dense in B¢. Hence, there is
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a sequence of step functions {on} such that |F — on||,, — 0.In (A.8), we have

]\}@WJ‘J‘i}ooN (y)dag(x,y)dx = J‘J‘i’lf(y)dzg(x, y)dx. (A.13)

The N limit can be brought inside the x integral using dominated convergence and (ii) since
|jf°m0N (y)Ad28(x, y)| < (IF|l o, +1) Vyer g(x,y) forlarge enough N. The N limit can be brought
inside the y integral using dominated convergence since |on (y)| < (||F||,+1) for large enough
N.In (A.12), we have

Jin [*oxd|[” senas] = [ red|[" semar. @

The N limit can be brought inside the y integral since {0y} converges to F uniformly on R
and d[[”_g(x,y)dx] is a finite-signed measure. O

Corollary A.4. If f has compact support, one can replace (iii) with (iv): for each y € supp(f) the
function x — g(x,y) isin L.
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