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Abstract. In this paper, we introduce AC* and ACG*-type properties and then, using these
conditions along with other concepts, define two Denjoy-type integrals of a function with values
in a locally convex topological vector space (LCTVS). We show, among others, that these newly
defined integrals are included in the SH integral, a version of the Henstock integral, for LCTVS-
valued functions.
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1. Introduction

The Henstock-Kurzweil (HK) integral, developed independently by Ralph Henstock
and Jaroslav Kurzweil, is known to generalize the Lebesgue integral. This integral uses
partitions called d-fine partitions in its definition making it a Riemann-type integral. Thus,
the HK integral is much simpler to deal with than the Lebesgue integral which requires
a considerable understanding of measure theory to fully grasp its definition.

In the real-valued case, the HK integral is known to satisfy Henstock’s lemma [15].
However, this property does not necessarily hold in the Banach-valued case (see [2]).
Thus, for non-real-valued functions, some stronger versions of the H K integral had been
introduced. In [2], Cao defined the HL integral for Banach-valued functions. Paluga and
Canoy [9] introduced the Henstock-Kurzweil (HK) and the SH integrals for functions
taking values in a topological vector space. From their respective definitions, it is clear
that for functions taking values in a locally convex topological vector spaces, the family
of SH integrable functions is contained in the family of H K integrable functions (see [9]).
For functions with values in a locally convex topological vector space (LCTVS), Maza et
al. [6] recently defined an SL-type integral (an integral which uses a Strong-Lusin-type
condition) and showed that this integral is equivalent to the SH integral.
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Other concepts that also played important roles in integration theory are the AC* and
ACG* properties. The notion of ACG* dates back to Lusin and Khintchine ([5], [4]).
Alternative definitions of AC* and ACG* are given by Lee and Vyborney in [16] and
[14], where they used this slightly modified definition of ACG* to characterize the H K-
integral. More specifically, they showed that a function f : [a,b] — R is H K-integrable
on [a,b] if and only if there exists an ACG*-function on [a,b] such that F'(t) = f(t)
almost everywhere. In 1995, following Lee’s alternative definitions of AC* and ACG*,
Canoy and Navarro [1] defined a Denjoy-type integral for Banach-valued functions and
in 1998 Skvortsov and Solodov [12] adopted such definition and called that integral the
Denjoy-Bochner integral. In this paper, following these earlier definitions, we introduce
AC* and ACG*-type properties for LCTVS-valued functions and, subsequently, define
two Denjoy-type integrals. Further, we show among others, that one of these integrals is
included in the other and that both are included in the SH-integral. It is shown that for
functions taking values in a Banach space, every Denjoy-Bochner integrable function is
Denjoy integrable.

Recall that a topological vector space X is a real vector space together with a Hausdorff
topology 7 such that the scalar multiplication and the vector addition associated with X
are continuous with respect to 7 (see [10]). Continuity of the vector addition would then
imply that for every open set U, there are open sets V7 and V5 such that V; + Vo C U.
More generally, for every #-nbd U (an open set containing the zero vector 6 of X) and
n € N there are #-nbds Vi, Vs, ..., V,, such that Vi + Vo + -+ V,, C U (see [3] and [10]).
Given two topological spaces X and Y, a function F : X — Y is continuous if F~*(U) is
open in X whenever U is open in Y [3].

A set A C X, where X is a topological vector space, is absorbing if for every x € X,
there exists ¢t > 0 such that x € tA; it is convex if for every z,y € A and 0 < t < 1,
tr+(1—t)y € A; it is balanced if «A C A for every |a| < 1. A sequence (1)} ; of positive
real numbers is unitary if ;" ;7 = 1. A set A is convez if for every unitary sequence
(ri)_;, we have > " | (riA) C A. A topological vector space X is said to be locally convex
if there is a local base consisting of convex sets in X. It is known that every locally convex
topological vector space has a local base at 6 consisting of absorbing, balanced, and convex
sets.

A function p : X — R is a seminorm if for all u,v € X and k € R, we have (7)
(sub-additivity) p(u + v) < p(u) 4+ p(v) and (ii) (absolute homogene.ity) p(ku) = |k|p(u).
A family of seminorms {pq}a is called separated (or separating) if whenever p,(xz) = 0
holds for all «, then x is necessarily the zero vector 6.

For a given absorbing set A C X, the Minkowski functional of A on X is defined by
Qy(x) =inf{\ > 0: 2 € M\A} for every z € X. If U C X is a balanced, absorbing and
convex set, then U = {z € X : Py(x) < 1} and Py is a semi-norm on X. Also, for any
V C X, @y (z) = L@y (z) for all positive real numbers r and z € X (see [11]). For any
given absorbing sets A and B with A C B C X, ®p(t) < ®4(t) for all t € X. One may
refer to [10] for the definition, the earlier mentioned results, and a detailed discussion of
the Minkowski functional.

A function 6 : [a,b] — RT is called a gauge [14]. A finite collection D = {[u;,v;] :
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1 < i < n} of non-overlapping closed sub-intervals of [a, ] is called a partial partition of
[a, b]. If the union of the intervals in D is equal to [a, b], then D is called partition of |a, b].
A finite collection of ordered pairs {(Ii, ti) }?:1 of non-overlapping closed sub-intervals of
[a,b] and real numbers is called a d-fine partition of [a,b] if {I;}}_, is a partition of [a, b]
and t; € I; C (ti — 5(ti),ti + (S(tz)) for each 7 € {1, 2,... ,’I’L}.

In what follows, X is a locally convex topological vector space.

Definition 1. [8] A function f : [a,b] — X is Henstock integrable or HK-integrable on
[a,b], if there is an a € X such that for any 0-nbd U there is a gauge § on [a,b] such that
for any §-fine partition P = {([x;—1,x;],t;) : 1 <i <n} of [a,b], we have

n

> (wi—zi1)f(ti) —a €U

i=1
b
In this case, we write f € H([a,b],X) and (H)/ f=a.

Definition 2. [9] A function f : [a,b] — X is strongly Henstock integrable or SH-integrable
on [a,b] if there is a function F : [a,b] — X, called the primitive of f, and for every 0-nbd
U, there exists a gauge 6 such that for any d-fine partition D = {([us,v;],t;) : 1 <1i < n},
there exist 0-nbds Uy, Us, ..., Uy such that > | U; C U and F(v;)—F(u;)— f(t;)(vi—w;) €
U; for eachi € {1,2,...,n}. In this case, we may write f € SH([a,b], X). The difference
F(b) — F(a) is the SH-integral of f on [a,b]. In symbols, we write

b
(SH)/a f=F(@®) - F(a).

From the above definitions, it is easy to show that every SH integrable function is
HK integrable.

Definition 3. [7] A function F : [a,b] — X is said to be absolutely continuous on [a,b]
(or F is AC on [a,b]) if for every 0-nbd U, there exists an n > 0 such that for any partial
partition D = {[u;,v;] : 1 < i < n} of [a,b] with Y (v; —w;) <1, there exist 6-nbds
Ui,Us, ..., Uy, such that Y Uy CU and F(v;) — F(u;) € U; for eachi € {1,2,...,n}.

Definition 4. function F : [a,b] — X is said to be AC*(E), where E C [a,b], if for every
0-nbd U, there exists an n > 0 such that for any partial partition D = {[u;,v;] : 1 <i < n}
of [a,b] with u; or v; € E and Y ;| (v; — u;) <, there exist -nbds Uy, Us, ..., U, such
that i Ui CU and F(v;) — F(u;) € U; for each i € {1,2,...,n}.

Definition 5. A function F : [a,b] — X is said to be ACG* on [a,b] if there exists a
collection {E;}32, of subsets of [a,b] with [a,b] = ;2 E; such that F is AC*(E;) for each
ieN.

Definition 6. [9] Let F : [a,b] — X be a function and let t € [a,b]. Then F is differ-
entiable at t (F'(t) is the derivative of F at t) if for every 6-nbd U, there is a § > 0 for
which F(v) — F(u) — F'(t)(v — u) € (v —u)U whenever t € [u,v] C [a,b] and |v —u| < 4.



R. E. Maza, S. R. Canoy, Jr. / Eur. J. Pure Appl. Math, 14 (4) (2021), 1169-1183 1172

Definition 7. A function f : [a,b] — X is said to be Denjoy integrable (D*-integrable)
on |a,b] if there is a function F : [a,b] — X, called the Denjoy primitive of f, which is
ACG* on [a,b] and F'(t) = f(t) almost everywhere on [a,b]. In this case, F(b) — F(a) is
the Denjoy integral of f on [a,b] and write

b
() [ 1=F0) - Fla)

Definition 8. A function f : [a,b] — X is said to be weak Denjoy integrable (wD*-
integrable) on [a,b] if there is a function F : [a,b] — X, called the weak Denjoy primitive
of f, which is ACG* on [a,b] and A(U, F, f) has measure zero for all §-nbds U, where
A(U,F, f)={t € [a,b] : Y6 > 0,3F[u,v] C [a,b] with t € [u,v] and |[v —u| < ¢
such that F(v) — F(u) — f(t)(v —u) ¢ (v—u)U}.

We denote the weak Denjoy integral of f on [a,b] by

b
(wD") / f=F®) - Fla).

For a Banach space X, the concepts of AC* and ACG* are defined in the following
way.

Definition 9. [1, 12] A function F : [a,b] — X is said to be AC*(E), where E C [a, ],
for every € > 0, there exists a 0 > 0 such that for any partial partition D = {[u;,v;] : 1
i <n} of [a,b] with u; orv; € E and Y ;i (vi —w;) < 8§, D0 [|F(vi) — F(u;)|| <e.

if
<

Definition 10. [1, 12] A function F : [a,b] — X is said to be ACG* on [a,b] if there
exists a collection {E;}°, of subsets of [a,b] with [a,b] = J;2, E; such that F is AC*(E;)
for each i € N.

Definition 11. [12] A function f : [a,b] — X is said to be Denjoy-Bochner integrable
(D.B-integrable) on [a,b] if there is an ACG*-function F : [a,b] — X such that F'(t) =

f(t) almost everywhere on [a,b].

2. Results

Remark 1. The conditions AC' and AC* are equivalent when E = [a,b]. Every absolutely
continuous function on [a,b] is also ACG* on [a,].

Example 1. Any function of the form L(t) = tu+ v is ACG* on |a,b] where u,v € X is
absolutely continuous (so also ACG* on [a,b]). In particular, every constant function is

ACG* on [a,b].

To see this, let V be a given 6-nbd. Let U C V be an absorbing, balanced and convex
f-nbd. Then there exists n > 0 such that ru € U for all » € R with |r| < 7. Let
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D = {[z;,yi] : 1 < i < n} be a partial partition of [a,b] with > 7" | (y; — ;) = n* < 7.
Then u € n%U and (y; — z;)u € U; = Y50 for each i € {1,2,,...,n}. Thus,

L(yi) — L(z;) = yiu + v — (vju+v) = (y; — i)u

Yi — X4
*

U=U,forallie{l,2,---,n}.

Since Y 14 % =1 and U is convex, » ., %U = > ,U; CU. Therefore, L is
absolutely continuous on [a, b]. Using the above definition, the following result follows.

Theorem 1. Let A, B C [a,b].
(1) IfAC B and F : [a,b] = X is AC*(B), then F is AC*(A).

)
(13) If F : [a,b] = X is AC*(A) and c € R, then cF is AC*(A).
(t91) If G, H : [a,b] - X are AC*(A), then G+ H is AC*(A).

)

(tv) If F : [a,b] = X is both AC*(A) and AC*(B), then F is AC*(AU B).

Proof.
(¢) This is immediate from Definition 4.

(13) The case ¢ = 0 is clear. Suppose ¢ # 0. For any 6-nbd U, there exists n > 0 such
that for any partial partition D = {[u;,v;] : 1 <i < n} of [a, b] with u; or v; in A and
(D) >, (vi — u;) <, there exist -nbds V1, Va,..., V, with Y V; C %U for which
F(v;) — F(u;) € Vi for 1 <i <n. Set U; = ¢V for each i € {1,2,--- ,n}. Then U, is
a @-nbd for 1 <i < mnsuch that > U; =>"",¢cV; CU and c¢F(v;) — cF(w;) € U;
for 1 <+i <mn. Thus, cF is AC*(A).

(791) Let U be a #-nbd U and let V and W be 6-nbds such that V + W C U. Since G
is AC*(A), there exists 1 > 0 such that for any given a partial partition {[u;, v;] :
1 <i < m} of [a,b] with u; or v; in A and > ", (v; — w;) < 1, there exist f-nbds
Vi, Va,..., Vi such that 37" V; €V and G(v;) — G(w;) € Vifor 1 < i < n. Similarly,
there exists 1y > 0 such that for any partial partition {[u},v]] : 1 < i < n} of [a, ]
with w} or v} in A and > ", (v] — u}) < 12, there exist §-nbds Wy, Wy, ..., W, such
that > 7", W; C W and H(v;) — H(u;) € W; for 1 < i < n. Let n = min{m,n2}.
Suppose {[z;,y;] : 1 < i < k} is a partial partition of [a,b] with z; or y; in A such
that Zle(yi — ;) < 7. Since n < m and n < 19, there exist collections {V/}%_,
and {W/}¥_| of f-nbds such that Zle V/CV, Zle W! CW and G(y;) — G(z;) €
V/, H(y;) — H(x;) € W/ for 1 <i <n. Then 3.F (V; + W;) CV + W C U and for
each i € {1,2,--- ,n},

F(vi) + G(vi) — (F(ug) + G(wi)) = F(vi) — Fug) + G(vy) — G(ug) € Vi + Wi

Therefore, F' + G is AC*(A).



R. E. Maza, S. R. Canoy, Jr. / Eur. J. Pure Appl. Math, 14 (4) (2021), 1169-1183 1174

(iv) Let U be a #-nbd and let V and W be #-nbds with V + W C U. Since F is
AC*(A), there exists 71 > 0 such that for any partial partition {[u;,v;] : 1 <i < m}
with w; or v; in A and Y ;" (v; — u;) < m1, there exist 6-nbds Vi, Va,...,V;, with
Yo, Vi €V osuch that F(v;) — F(u;) € Vi for 1 < i < n. Likewise, because F is
AC*(B), there exists 1y > 0 such that for any partial partition {[u},v]] : 1 <i<n}
with «} or v} in A and >, (v} — u}) < 12, there exist 6-nbds Wy, W, ..., W, with
Yoy Wi € W such that F(y;) — F(z;) € W, for 1 <4 < n. Let n = min{n,n2}.
Suppose D = {[z;,y;] : 1 < i < k} is a partial partition of [a,b] with z; or y; €
AU B and Zle(vi —u;) < mn. Let Dy = {[x;,yi] € D : =z or y; € A} and
Dy = {[zi,yi] € D\ Dy : z; ory; € B}. If Dy = @ or Dy = &, then we are done.
So suppose that D1 # @ and Dy # &. By relabeling the elements of Dy and Do,
we may write D1 = {[a;,b;] : 1 < i < k1} and Dy = {[a;,b;-] : 1 < j < ko} where
k = k1 + ko. Then by assumption, there exist collections {Vi}fil and {Wi}§i1 of §-
nbds such that S, V; € V and 322, W; € W for which F(b;) — F(a;) € V; for each
ie€{1,2,---,ki1} and F(b,) —F(a}) € W; for each i € {1,2,--- ,ko}. Let Vi, 4; = Wj
for each j € {1,2,...,k2}. Then Vi, Va,..., Vi,, Viy+1s - - - s Vg +ky—1, Vi are 6-nbds
and Zle Vi= Zfil Vi + Zfil W; CV +W CU. Therefore, F is AC*(AU B).

O

Remark 2. If a function F is ACG* on [a,b], then [a,b] is the union of sets in some
collection {Y;}2, of subsets of [a,b] for which F is AC*(Y;) for each i € N. We may
assume that the sets are disjoint. In fact, the collection {Z;}5°, is mutually disjoint and
satisfies the condition for ACG* where Z; =Y; \ (Yl UYoU---U Yifl) cy;.

The next result follows from (ii)and (7i7) of Theorem 1.

Theorem 2. Let F,G : [a,b] - X be ACG* on [a,b] and let c € R. Then cF and F + G
are ACG* on [a,b).

Theorem 3. If F': [a,b] = X is an ACG* function, then F is continuous.

Proof. Let U be an open set in X. Let ¢ € F~1(U). Since F is ACG*, there exists a
countable collection { E;}2°, of subsets of [a, b] whose union is [a, b] such that F is AC*(E;)
for each i € N. Let ¢ € Ej for some k € N. Clearly, U — F(c) is a #-nbd. Let W be a
balanced #-nbd such that W C U — F(c) and let ) be a positive number associated with
F, W, E}, according to the definition of AC*. Let = € [a,b] be such that |z — c| < 7
and x # ¢. Then D = {[z,c]} or D = {[c, x|} is a partial partition of [a,b] depending on
whether ¢ > x or ¢ < x. By assumption, there exists a 6-nbd V with V' C W such that
F(c¢)—F(z) e Vor F(z)—F(c) € V. Since W is balanced, F(z) — F(c) € W CU — F(¢).
Hence, z € F~1(U), implying that (c —n,c+n) C F~Y(U). Therefore, F' is continuous on
[a, b]. O

The next two results can also be proved using the definitions.
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Theorem 4. Let A C [¢,d] C [a,b] and F : [a,b] — X be AC*(A). Then the restriction
Flie.q of F' to[e,d] is AC*(A). In particular, if F' is ACG™ on |a,b], then F|q is ACG*
on [c,d].

Theorem 5. Let F\G, f,g : [a,b] = X be functions. Then each of following holds:
(1) {t €fa,b]: F'(t) # F(1)} = Uppa v AU, F, f).
(1i) A(U,cF,cf) = A(%U, F, f) for each 0-nbd U and 0 # ¢ € R.

(tit) A(U,F+G,f+g) C A(%U, F, fiu A(%U, G, g) for each convex 0-nbd U.

Theorem 6. Let F : [a,b] - X be ACG* on [a,b] and let f : [a,b] — X be the zero
function. If A(U, F, f) is of measure zero for all -nbds U, then F is a constant function.

Proof. Let a < ¢ < b. Since F is ACG* on [a,b], F|[a,c] is ACG* on [a,c|]. This
implies that there is a disjoint countable collection {Y;}32, of subsets of [a, ¢] such that
[a,c] = U2, Y; and F is AC*(Y;) for each i € N. Let U be a given §-nbd. Then there
exist an absorbing, balanced and convex #-nbd V such that (c—a+1)V C U. Note that if
t € [a,c]\A(V, Fla,] flja,)); then there exists Jo(t) > 0 such that F'(v) — F(u) € (v—u)V
whenever t € [u,v] C [a,c] and [v —u| < do(t). Let A; = A(V, Fl4.q, fl[a,q) N Yi for each
i € N. Then F|, is AC*(A;) for each i € N. Thus, for each i € N, there exist n; > 0
such that for every partial partition D = {[u;,v;] : 1 < j < n} of [a, ] with u; or vj in 4;
and Z?:l(vj — uj) < 1;, there exist §-nbds V;1,Via,...,Vin, with Z?’:l Vij € %V and
F(vj) — F(u;) € V;j for all 1 < j < n;. Now, by the definition of A;, m(A4;) = 0 for all
i € N where m is the Lebesgue measure. Hence, there exists a collection {G;}?; of open
sets with A; C G; and m(G;) < n; for each ¢ € N. Thus, for every t € A; there is a real
number 6;(t) such that (¢ —0;(t),t+0;(t)) C G;. Define §(t) = do(t) if t € [a, ]\ A(V, F, f)
and §(t) = 0;(t) if t € A; for some ¢ > 1. Let D = {([zj,y;],t;) : 1 < j < k} be a
d-fine partition of [a,b]. Then the set of intervals in D is a disjoint union of D; and
Dy where Dy = {[zj,y;] : ([x,y5],4;) € D and t; € [a,c] \ AV, Fli, flja,q)} and
Dy = {[:L‘j,yj] : ([l‘j,yj],tj) € D and t;j € A(VaF|[a,c]af|[a,c])}- If [ml,yl] € Dy, then
[zi,9:] € (ti — 0(t:),t; + 6(ti)) because D is d-fine. Since t; € [a,c] \ A(V, Fliq.qs flia,q)
F(yi) — F(x;) € (yi —x)V. If [z3,y5) € Do, then t; € A; for exactly one j > 1 with
(@i, yi] € (6 — 0(ts), ti + 0(ts)) = (ti — 0;(ti), ti + 6;(t;)) € G;. Here, we may assume
that z; € Aj or y; € A; (otherwise, we replace [z;,y;] with the intervals [x;,t;] and
[ti,yi]). Hence, the union of the non-overlapping intervals [z;, ;] with t; € A; is contained
in G;. This implies that ZtieA]- (yi —x;) < m*(G;) < n;. Thus, there exist §-nbds
Vi1, Vig, ..o, Vin, with 307, Vi € 2LV and F(y;)—F(x;) € Vj, for eachi € {1,2,...,n;}.
Let K = {i € {1,2,...,k} : t; € [a,c] \ A(V, Flig,), flia,))} and S = {j € N : t; €
Aj for some i € {1,2,...,k}}. Consequently, by convexity of V,

Fle)=Fla)= Y (Fly)—-Fl@)+ Y (Fly)-F(x))

[x:,y:]€D1 [z;,y:]€D2

eN -z +> %V

icK jes
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Clec=a)V+V_C(c—a+1)VCU

Since U was arbitrarily chosen, F'(a) = F'(c). Therefore, F' is a constant function. O

3. The Denjoy and Weak Denjoy Integrals

Theorem 7. Let f : [a,b] — X be weak Denjoy integrable on [a,b]. Then the weak Denjoy
integral of f is unique.

Proof. Let F1 and F> be weak Denjoy primitives of f. Since F} and F3 are ACG* on
[a,b], F1 — F3 is ACG* on [a, b] by Theorem 2. Let U be a 6-nbd and let V be a balancedd-
nbds with V 4+ V C U. Then both A(V, Fy, f) and A(V, Fs, f) have measure zero. Let
t € A(U, Fy — F»,0) where 0 is the zero function on [a,b]. Suppose t ¢ A(V, Fy, f) U
A(V, Fy, f). Then there exists 6 > 0 such that Fy(v) — Fi(u) — f(t)(v —u) € (v—u)V
and Fy(v) — Fo(u) — f(t)(v —u) € (v —u)V = —(v —u)V (since V is balanced) whenever
t € [u,v] C[a,b] and |v —u| < d. It follows that

Fi(v) = Fi(u) — (Fa2(v) — Fa(u)) = Fi(v) = Fi(u) — f(0)(v —u)
— (Fa() = Fa(w) — f(t)(0 — w))
cEw—u)V+@w—-—uVC(v—ul.
This implies that ¢t ¢ A(U, F} — F5,0), contrary to our assumption. Hence, A(U, F} —
F>,0) € A(V, Fy, f) UA(V, Fy, f). Consequently, A(U, F1 — F»,0) has measure zero for

alld-nbdss U. By Theorem 6, there is @ € X such that F; — Fo = « on [a,b], that is,
Fi(b) — Fi(a) = F»(b) + a — (Fy(a) + ) = F5(b) — F(a). This proves the assertion. [J

Similarly, the Denjoy integral of a function, if it exists, is also unique. Further, it can
easily be proved that Denjoy integrability implies weak Denjoy integrability.

Theorem 8. If f : [a,b] — X is Denjoy integrable on |a,b], then its Denjoy integral is
unique.

Theorem 9. If f : [a,b] — X is Denjoy integrable on |a,b], then it is weak Denjoy
integrable on [a,b]. Moreover, their primitives and integrals coincide.

Example 2. The constant function f(t) = « for all t € [a,b], where a € X, is Denjoy
integrable on [a,b] and

(D*)/abf:(b—a)a.

Indeed, F(t) =t -« for all t € [a,b] is absolutely continuous and F'(t) = a = f(t) on
[a,b]. Hence, by Remark 1, F' is a primitive of f and

b
(D*)/ f=F0b)—F(a)=b-a—a-a=(b—a)o.
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Theorem 10. Let f, g : [a,b] — X be weak Denjoy integrable functions and ¢ € R. Then
each of the following statements holds.

(i) cf is weak Denjoy integrable and
b b
(wD*) / (cf)=c- (wD*)/ f.
(i) f + g is weak Denjoy integrable and

(wD*)/:(f+g)= (wD*)/abH(wD*)/abg.

Proof. Let F' and G be weak Denjoy primitives of f and g, respectively.
(7) By Theorem 2, cF' is ACG* on [a,b]. The result is clear if ¢ = 0. So suppose ¢ # 0.
Then A(U, cF,cf) = A(LU, F, f) by Theorem 5(ii). Since A(1U, F, f) has measure zero
for all -nbds U, A(U, cF, cf) has measure zero for all §-nbds U. Hence, cf is weak Denjoy
integrable with primitive ¢F' on [a,b]. Furthermore,

b b
(wD*) /a (¢f) = cF(b) — cF(a) = ¢ (wD") /a f.

(7i) The function F' + G is ACG* on [a,b] by Theorem 2. Let U be a given #-nbd and let
V C U be a convex §-nbd. Then A(V, F+G, f+g) C A3V, F, f)JUA(3V, G, g) by Theorem
5(iit). Since both A(%V, F, f) and A(%V, G, g) have measure zero, A(V,F + G, f + g) is
of measure zero. Thus, A(U, F + G, f 4+ g) has measure zero, implying that f + g is weak
Denjoy integrable with primitive F'+ G on [a, b] and

b b b
(wD*)/a (f+g):(F+G)(b)—(F+G)(a):(wD*)/a f+(wD*)/a f O

Remark 3. An analog of Theorem 10 holds for the Denjoy integral and the proof is easy.
For the next result, one may also refer to [6].

Theorem 11. Let f : [a,b] — X. If f = 0 almost everywhere, then f is SH-integrable
and (SH) [* f=9.

Proof. We show that F' : [a,b] — X defined by F(t) = 0 is an SH primitive of f.
Let V be a 6-nbd. Let U be an absorbing, balanced, and convex #-nbd with U C V. Let
S={telab]: f(t)# 0} and E, = {t € S: f(t) € kU\ (k— 1)U} for each positive
integer k. Then the collection {E;}°, is pairwise disjoint. Let ¢ € S. Then f(t) # 6.
Since U is absorbing, there is a positive integer r such that f(¢) € rU. We may choose
r to be the smallest positive integer with this property. Thus, f(t) € E,, showing that
S C U2, E;. Since U2 E; € S, S = ;2 Ei. Also, m(S) = 0 implies that m(Ey) = 0
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for each positive integer k. Thus, for each positive integer k, there exists an open set Gy
such that Ej C Gy and m(Gy) < ﬁ Set §(t) = 1if t € [a,b]\ S and let 6(¢) > 0 be a real
number such that (t — 0(t),t + d(t)) C Gi, if t € Ey. Let D = {([uj, vi],t;) : 1 < i < n}
be a d-fine partition of [a,b]. Let Dy be the elements in D for which the tags are not in S
and let Dy = {([ui,vi],t;) € D : t; € Ey} for each positive integer k. Then @y (f(t)) < j
and [u;, v;] C (t; —d(t;), ti +0(t;)) C G for each t € E;. Hence, J{[u;,v;] : t; € E;} C Gj.
So, ZtieEj (vi —u;) <m(Gj) < j% Consequently,

(D) @y (= ft) (v —u) < (D) @u(— ft)(v—u))
= (D)>_ oy (- ft)(v—uw)
+(D\ Do) > @u( — f(t:)(vi — u;))

= (D\ Do) Y _®u(— f(t)(v—u))

< Z > (vi —u)®u(—f(t:)

Lete =1—(D)> @y (—f(t)(v—u)) > 0. Foreachi € {1,2,...,n}, let r; = @y (—f(t;)(vi—
u;i)) + . Because U is balanced,

F(vi) = Fui) — f(ti)(vi —u;) = 0 — 0 — f(t:)(vi — u;)
= —f(ti)(vi — Uz) S TZ‘U.

Note that Y7 r; = > | (Pu(—f(t;)(vi—u;))+ <) = 1. Since U is convex, Y1, (r;U)

n

U. Thus, f is SH-integrable and (SH) f;f =F(b)—F(a)=60-0=90.

LN

Theorem 12. If f : [a,b] — X is weak Denjoy integrable on [a,b], then it is SH integrable
on la,bl.

Proof. Let F : [a,b] — X be a weak Denjoy primitive of f. Let U be a #-nbd and
let V' be an absorbing, balanced and convex #-nbd such that (2 +b— a)V C U. Let
fo=f 1aw,ry)- Since f weak Denjoy integrable on [a,b], A(V, F, f) is of measure zero.
Hence, fo(t) = 6 almost everywhere on [a,b]. By Theorem 11, there is a gauge dy such
that for every dp-fine partition D = {([u;, vi],t;) : 1 < i < n} of [a,b], there exist f-nbds
Ui, U, ..., U, with >>" U; €V and —fo(t;)(vi — u;) € U;. Now, since F is ACG* on
[a,b], there is a disjoint collection {Y;}52, of subsets of [a,b] with [a,b] = |J;2,Y; such
that F' is AC*(Y;) for all i« € N. For each i € N, let E; = A(U,F, f)NY;. Then F is
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AC*(E;) and E; is of measure zero for all i € N. By definition, for each i € N, there
is an 7; > 0 such that for every partial partition D = {[uj,v;] : 1 < j < n} of [a,]
with u; or v; € E; and 2?21 (vj — uj) < n;, there exist -nbds Uy, Us, ..., U, such that
> i Uj € 5V and F(vj) — F(u;) € Uj for 1 < j < n. Also, since m(E;) =0 for all i € N,
there is a collection {G;}2; of open sets such that E; C G; and m(G;) < n; for all i € N.
Ift € A(V,F, f), then t € E; C G; for some j € N. In this case, we choose d;(t) > 0 be
such that (t — 01(¢),t + 61(t)) € G;. If t € [a,b] \ A(V, F, f), then let 2(¢) > 0 such that
F(v)—F(u) — f(t)(v—u) € (v—u)V whenever t € [u,v] C (t — d2(t),t + J2(t)). Define §
as follows:

5(t) = min{do(t),01(t)} ift € A(V,F, f)
02(1) otherwise.

Let D = {([u;,v],t;) : 1 < j < n} be a d-fine partition of [a,b]. Then D = D; U Dy where
Dy = {([uj,v;],t;) : t; € AV, F, f)} and Dy = {([uj,v,],t;) : tj € [a,b] \ AV, F, f)}. Let
S={ieN:t; € B forsome 1 < j < n}. For each i € S, let D1; = {([uj,vj],t;) €
Dy : t; € E;}. Then Dy = (J;cgD1,4. Since Dy is a dp-fine partial partition of [a,b],
there exist §-nbds V;; such that > . o(D)> V;; € V and —f(t;)(v; —u;) € Vi  for
([uj,v],t5) € Dig. Also, for each i € S, we have J, cp,(uj,v5) S Gi implying that
(D1,i) Y>(vj — uj) < m;. Hence, there are §-nbds Us ; such that (D1;)> U ; C 5V and
F(vj) = F(u;) € U for ([uj,v;],t;) € D1;. Consequently, F(v;)—F(uj)— f(t:)(vj —u;) €
Uij+Vi; for ([uj,vj],tj) € Dy;. Let K = {] € {1,2, e ,n} 1t € [a, b]\A(V, F, f)} Then
F(v) = F(uj)— f(tj)(vj—u;) € (vj—u;)V foreach j € K and ), x(v; —u;)V C (b—a)V.
Let W;; = U; ; + Vi j for ([uj,v5],t;) € D1 and ¢ € S; and W; = (v; — u;)V for j € K.
Then F(v;) — F(uj) — f(tj)(v; — u;) € Wj for each 1 < j <n and

Z(Dl,i) Z Wi ; + Z W; = Z(DLZ‘) Z(Ui,j +Vij)+ Z(vj —uj)V

i€s jeK i€s jeK
1
- ; gv + ;(Du) Z Vij+(b—a)V

CVHVH(b-aVC@2+b—a)V CU.

Therefore, f is SH integrable on |[a, b]. O

One difficulty that one may encounter in showing the converse (if it were true) of
Theorem 12 is in dealing with the “differentiabilty” aspect. In the Banach-valued case,
the proof in moving from the strong Henstock integral to D,B uses the condition of the
Henstock Lemma (which the strong Henstock integral possesses) to prove differentiability.
However, the S H-integral defined in this paper does not possess a similar property.

We now show that for functions taking values in a Banach space X, the Denjoy-Bochner
integral defined by Solodov in [12] is stronger than the Denjoy integral.

Theorem 13. Let X be a Banach space. If f : a,b] — X is D.B-integrable, then it is
D*-integrable.
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Proof. Suppose that f is D,B-integrable on [a,b]. Let F' be an ACG*-function such
that F'(t) = f(t) a.e. on [a,b]. Let {E;}32, be a collection of subsets of [a,b] with
[a,b] = U2, E; such that F is AC*(E;) for each i € N. Let U be a #-neighborhood.
Then there exists € > 0 such that B. C U. Let k € N. Since F' is AC*(E}), there exists
a 0 > 0 such that for any partial partition D = {([ui,v],t;) : 1 < i < n} of [a,b] with
u; € Ep or v; € By, and Y i (v; —u;) < 6, we have Y " | ||F(v;) — F(u;)|| < e. Choose
positive numbers €1, €a, ..., €, such that ||F(v;) — F(u;)|| < € for each i € {1,2,...,n}
and €1+ e+ ...+ €, <€ Let Uy = B, ={z € X : ||z < ¢} for each i € {1,2,...,n}.
Then > U; € Bc C U and F(v;) — F(u;) € U; for each ¢ € {1,2,...,n}. Hence, F
is AC*(E})) in the sense of Definition 4. Therefore, F' is an ACG*-function in the sense
of Definition 5. Next, let E = {t' € [a,b] : F'(t) = f(t)}. Let V be a #-neighborhood
and let € > 0 such that B C V. By assumption, there exists § > 0 such that that
|- [F(v) — F(u) — F'(t)(v — u)]|| < € whenever t € [u,v]NE C [a,b]NE and v —u| < 6.
This implies that - [F(v) —F(u)— F'(t)(v—u)] € Be C V or F(v)—F(u)—F'(t)(v—u) €
(v —u)V whenever ¢t € [u,v]NE C [a,b] N E and |v —u| < §. This shows that f is D*-
integrable. O

We point out that the difficulty in showing the converse of Theorem 13, if it were
true, lies in showing that AC™ in the sense of Definition 4 implies AC* in the sense of
Definition 9. Indeed, if the norm of the sum of vectors is strictly smaller than some positive
number, the sum of the norms of the vectors cannot be forced to be strictly smaller than
the same positive number. It seems that a weaker version of the D,B-integral for Banach-
valued functions (possibly not yet defined) may be equivalent to the D*-integral. This still
remains to be investigated and seen.

Solodov in [13] gave a characterization of the strong Henstock integral using ACG*-
functions (the Denjoy-Bochner integral). The next result is somehow related to that work
of Solodov. However, as our example will show, the converse of this result is not true.
Further, note that this result is immediate from Theorem 9 and Theorem 12.

Theorem 14. If f : [a,b] — X is Denjoy integrable on |a,b], then it is SH integrable on
[a, b].

Example 3. To see that the converse of Theorem 9 and Theorem 14 are not true, consider
the space F[0,1] of all real-valued functions on [0,1]. We will construct a separated family
of semi-norms on F[0,1] from which a locally convex topology on F[0,1] exists (see [10]).
For each o € [0, 1], let po(f) = |f(c)| for all f € F[0,1] and let P = {pq : « € [0,1]}. For
1,9 € FI0,1] and c € R, pa(f +9) = [f(a) + 9(@)] < f(@)] + |g(@)] = pu(f) + palg) and
palcf) = |lef(a)] = lelpa(f). If pa(f) = 0 for all a € [0,1], then f is the zero function.
Hence, P is a separating family of semi-norms. In this space, the set Vo, = {x € F[0,1] :
pa(x) < 1} is an absorbing, balanced and convex 6-nbd for o € [0,1] and n € N. The
finite intersections of sets of this form is a local base at 0 for the topology on F[0,1] (see

[10])).
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Next, define h: [0,1] — F|[0,1] by h(t) = e; where e is a function on [0, 1] given by

(z) = 1, forxz=t
= 0, forxz#t.

Consider the function © : [0,1] — F[0, 1] that maps each number in [0,1] to the zero func-
tion on [0,1]. Clearly, © is an ACG* function. Since A(V,0,h) C A(U,©,h) whenever
U CV, it is enough to prove that A(U,©, h) has measure zero for any local base U at 6 to
show that h is weak Dengjoy integrable (hence, also SH -integrable by Theorem 12). Now,
giwen a local base U at 0, U is a finite intersection of some sets of the form Vi, n, for
1<i<k. Let p €10,1]. If B is distinct from «; for each 1 <i < k, then we may choose
d > 0 to be sufficiently small so that a; ¢ (B — 6,8+ 6) for each 1 <1i <k. Then

pa; (O(v) = O(u) = h(B)(v —u)) =0

whenever 0 < u < g <v<1lwithv—u<d§and 1l < i < k. This certainly implies
that B ¢ A(U,0,h). So, A(U,0,h) C {a; : 1 < i <k} and A(U,0,h) has a measure
zero. Therefore, h is weak Denjoy integrable with weak Denjoy primitive ©. By Theorem
5, observe that

1= |J AVam©,n)C |J AWUO,h)C[01]
a€[0,1],neN 6-nbd U

1s the set at which the derivative of © does not exist. Thus, h is not Denjoy integrable.

4. Conclusion

Although it is likely that the H K and the SH integrals coincide, showing the possible
equivalence is not the focus of this present paper. We thus leave to the interested readers
the task of showing whether or not these integrals are equivalent.

In this paper, AC* and ACG™ properties have been introduced for LCTVS-valued func-
tions. The ACG* property together with the concepts of differentiability and A(U, F, f),
where U is a 6-nbd and F and f are LCTVS-valued functions, have been used to de-
fine two Denjoy-type integrals. When X is a Banach space, the Denjoy-Bochner integral
defined by Solodov is included in the Denjoy integral. It shown that these Denjoy-type
integrals are included in the SH-integral. However, as shown in the paper, there exists a
weak Denjoy integrable (also an S H-integrable) function which is not Denjoy integrable.
It may be worthwhile to investigate whether or not the converse of Theorem 12 is true.
The authors conjecture that the converse of that result is not true.
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