SEQUENTIAL DENSITY TECHNIQUES FOR AN APPROXIMATE
RADON-NIKODYM THEOREM

R. del Campo and E. de Amo

Abstract: We deal with the problem of approximate representation of linear functionals and show how
the sequential density techniques may be used for solution.
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1. Introduction

Recently, in the context of the Daniell (continuous) integrals, sufficient conditions were given in [1]
for obtaining by a constructive method an “exact” Radon—-Nikodym derivative v; i.e., J(h) = I(hv) for
an absolutely I-continuous linear functional J and all A in B. At the same time, without continuity
conditions (a functional analog of the case of a finitely additive measure), and in the spirit of the paper
by C. Fefferman [2], it was shown that AC(I) C R(I), i.e., the set of all absolutely I-continuous linear
functionals is (strictly) included in the set of all approximately I-representable linear functionals (see [3]).
In the initial paper by de Amo, Chitescu, and Diaz Carrillo [3], the hypothesis 1 € B (i.e., B is a unital
algebra) still plays a crucial role. This result was generalized more recently to the context of a Riesz
algebra by Giinzler in [4]. Some ideas and notation come from this paper, although the techniques are
quite different.

In this work, we give an approximate Radon—Nikodym theorem by a new procedure which falls
naturally into three parts: We first prove a basic representation theorem for certain continuous functionals
(Theorem 3.1) and then, with the aid of a sequential density property (Corollary 4.2), we deduce that
AC(I) C R(I) (see Theorem 5.2) in a straight way which makes natural the role that the hypothesis of
this result has played until now.

We make stress upon the naturalness and originality in proving Theorem 5.2: the completeness
property for dual spaces provides convergence in the norm of operators where there was only pointwise
convergence, and this is what allows us to obtain Theorem 5.2 as a natural extension of Theorem 3.1
via Corollary 4.2.

2. Preliminaries

Throughout this paper R will be the reals; N, the naturals; &, the empty set; X will be an arbitrary
nonempty set, and B C RX, an algebra of functions on X (i.e., a vector lattice or Riesz space closed
under the pointwise product: uwv € B for all u,v € B). Let +B := {h € B : h > 0} be the positive cone
of X. Moreover h* :=hV 0 and h™ := (—h) A0 (and so |h| = ht + k7).

Let B’ be the set of all linear functionals on B, and we consider the partial order of B’ given by

J>0& J(h) >0, he+B.

We let B® denote the class of all linear functionals bounded on each interval [u,v] := {x € B : u <
x < v}, for u,v € B, u < v (“relativement bornée” in [5, p. 35], “order bounded” in [6, p. 150], “interval
bounded” in (7, p. 169]), which is a Riesz space under the pointwise operations and order induced from B’.

A Loomis algebra system or Loomis system is a triple (X, B,I) where X # & is an abstract set,
B C RX is an algebra of functions with pointwise operations and I : B — R is a positive (i.e., I(h) > 0,
h € +B) linear functional.



For our purpose, we need the following formula (see [5]) for the meet T'A S of two bounded linear
functionals T" and S:

(T VAN S)(h) = inf{T(hl) + S(hz) thi,ho € +B,h1 + hy = h} Vh € +B.

From now on I : B — R will denote a positive linear functional on B. This functional induces the
following seminorms on B: I1(h) := I(|h|) and Iz(h) := \/I(h?) Vh € B.

The advantage of the seminorm I lies in the fact that it proceeds from the semi-inner product ¢
defined on B by ¢(h, g) := I(hg) Yh,g € B and, therefore, it satisfies the Cauchy—Schwarz inequality:

[I(hg)| < I(h)I2(9) Vh,g € B.
These seminorms yield the corresponding spaces of all continuous linear functionals on B:

Ci(I):={J € B':IM e RVh € B |J(h)| < MI;(h)};
Cy(I):={J € B':3IM e RVh € B |J(h)| < ML(h)},

which are the dual spaces of (B, I;) and (B, I2). The elements in Ci(I) and Ca(I) are called I;- and
Ir-continuous functionals. Note that for positive J, Ij-continuity is equivalent to J < M1 for some
M > 0. The I;-continuity is generalized by the following definition (see [3, Example 1]):

DEFINITION 2.1. For a given (X, B,I) Loomis system, J € B’ is said to be absolutely continuous
with respect to I, which is denoted by J < I, if

(Ve>0Vhe+B 30 >0Vke+B)k<h, I(k) <d=|J(k)| <e.

Put AC(I):= {J € B': J < I}.

It is easy to show that C1(I) C AC(I) C B°. In fact, they are (order) ideals in B® and AC(I) is
even a band (with the notions in [8, p. 93]), but for our purposes we only need to know that they are
Riesz subspaces of B°.

Moreover, there is no general inclusion relation between C1(I) and Cy(I) (see Examples 6.3 and 6.5
at the end of this paper).

Finally, we consider the spaces SR(I) and R(I), which were introduced in [3], of strongly and
approximately I-representable functions, respectively:

SR(I):={I,: g € B}, where I,(h) := I(gh) Vh € B;
R(I):={J € B :3v, € BVhe B L, (h) — J(h)}.

Obviously, SR(I) C R(I). With this notation, an exact Radon-Nikodym theorem would claim that
AC(I) = SR(I). In [3, Example 2] it is seen that we cannot expect in general more than AC(I) C R(I)
(even on assuming that 1 € B).

3. A Representation Theorem for C2(I)

In this section we prove a first approximate representation theorem for the class Cy(I) of all Ir-
continuous functionals via the classical Riesz—Fréchet theorem on Hilbert spaces. This is a modified
version of Proposition 1 in [3].

Theorem 3.1. Let (X, B, I) be a Loomis system and let J € B’. If J is Is-continuous then J is ap-
proximately I-representable and, moreover, the approximate derivative of J is an Is-Cauchy sequence, i.e.,
for each J € Ca(I) there exists an Is-Cauchy sequence {v,} C B such that J(h) = lim,_,o I(hv,) Yh € B.
In particular, Co(I) C R(I).

PROOF. Put K :={h € B: I5(h) = 0}. By passing to equivalence classes in B modulo K, we obtain
the quotient space B := B/K under the induced norm I(h) := I(h) Vh € h. In fact, B is a prehilbertian
space under the inner product w(u, 0) = I(uv) Yu € 4, v € .



The prehilbertian space (E, ;b) can be completed to a Hilbert space (B,1), and each element in B
can be identified with its image in B, thus yielding the natural inclusion B C B.

Hence, for each h € B there exists an I,-Cauchy sequence {fzn} in B such that h, — h in B, and
the inner product in B is given by:

D, 0) = lim (i, op) = lim I(upv,) Vi, € B.
n—oo n—oo

Take J € 02( ). Then there exists M > 0 such that |J(h)| < MIy(h) VYh € B. It follows that the

functional J : B — R given by J (h) := J(h) Yh € h is well defined and, moreover,
[7(R)| = | T (h)] < MIz(h) = MIy(h).

Therefore, J is a linear and continuous functional on B and we may extend J uniquely to a linear and

continuous functional J : B — R on the completion B of B. Now, the Riesz—Fréchet theorem guarantees

the existence of one, and only one, element ¥ € B such that J(h) = ¥(h,v) Vh € B. In particular, there
exists an I>-Cauchy sequence {v,} in B such that

J(h) = J(h) = J(h) = P(h,v) = lim O(h,0,) = lim I(hv,) YheB. O

n—oo
4. Sequential Density of Cy(I) in AC(I)

This section with no technique external to our context is devoted to a direct proof of a result that
is the cornerstone among the papers such as [3,4], in order to prove their respective representation
theorems. It is possible to obtain this property via a classical result in the context of Riesz space theory
(as a consequence of [5, Corollary II1.1.5]), on assuming that AC(I) is the band generated by I in B (see
[5, p. 37]). The advantage of the proof we give here (based upon the ideas of [9]) lies in the fact that we
do not have to use the general theory (we avoid any result on bands), and so we are able to deduce this
result in the context of function spaces.

Theorem 4.1. Let (X, B,I) be a Loomis system and J € +AC(I). Then
J(h) = li_1>n (JAmI)(h) Yhe +B.

PROOF. Let h € +B and € > 0. Since J < I, there exists § > 0 such that
(VMge+B)g<h, I(g) <d=J(g) <e/2. (1)
Put k := ()andn>k Then
[J(h) = (J AnD)(h)| = J(h) = (J AnI)(h) < J(h) = (J AKI)(h).
Moreover, by the formula
(J ARD(R) = inf{J(h1) + kI(h2) : hu, ho € +B, hy + hy = h}

there exist hy and hy such that (J AKI)(h) +§ > J(h1) + kI(hs).

So,

[J(h) = (J AnI)(h)| < J(h) — (J/\kf)(h) J(h) = (J(h1) + kI(h2) — €/2)
= J(ha) — kI(hg) + /2.

Therefore, it is enough to show that g < h implies J(g) — kI(g) < £/2 to complete the proof.

If I(g) < 6, by (1), then

J(h) e J(h) €

J(g9) —kI(g) = J(9) — ——1(g9) < §—T5<§—J(h) <
If I(g) > § then

J(h I(g I(g
99) = k1) = 30) ~ 7 1(a) = 30) — 7 (Tn) <7 (9 g>h)
and I(g) > 6 and h > g lead to
J(g) —kI(g) <J(g—g)=0<¢e/2. [
Theorem 4.1 says that for each J € +AC(I), there exists a sequence J,, := mI A J, m € N, in

+C1(I) such that J,, — J pointwise. (Note that .J,, € C1(I) because J, < mI and J > 0.) Therefore,
C1(I) is sequentially dense in AC(I):

l\D\(‘f)



Corollary 4.2. VJ € AC(I) H{Jn} C C1(1) Vh € B Jpn(h) — J(h).
The sequential density property is the most important fact for us rather than the explicit form

of the sequence {J,,}. This viewpoint clarifies our techniques and enables us to solve the problem of
approximate representation in a natural context.

5. Representability of Absolutely Continuous Functionals

We are now in a position to deduce the approximate Radon—Nikodym Theorem 5.2 from Theorem 3.1
and Corollary 4.2. We call attention upon the completeness property of Cy(I) which is, merely, the dual
space of B equipped with the Iy-norm.

For these (a priori independent) results to be properly combined, it seems natural to impose the
relation Cy(I) C Cy(I) which is a weakening of the condition 1 € B as showed by the next lemma.

Lemma 5.1. Let (X, B,I) be a Loomis system with 1 € B. Then Cy(I) C Ca(I).
PROOF. Let J be in Ci(I). Given h € B, there exists M > 0 such that

[J(h)] < MIy(h) = MI(|h]) = MI(1 |h]) < MI5(1) Ix(|h]) = MoI(h),

where My := M1I5(1) and we have used the Cauchy—Schwarz inequality. Thus, J € Cy(I), and then
Ci(I) CCy(I). O

The converse of Lemma 5.1 is false as shown by Example 6.3. As a consequence, the following
theorem strictly generalizes that in [3, p. 446].

Theorem 5.2 (An Approximate Radon-Nikodym Theorem). Let (X, B,I) be a Loomis system

verifying C1(I) C Cy(I). Then AC(I) C R(I); i.e.,
J<I = Hvp} CBVYheBJ(h)= lim I(hvy).
m—0o0

PRrOOF. Consider J in AC(I). By Corollary 4.2 there exists a sequence {J,,} in C1(I) such that
Jm — J pointwise. Using the hypothesis, the fact that J,,, € C1(I) C Cs(I) for each m € N, and applying
Theorem 3.1, we see that there exists an I>-Cauchy sequence {v,(n)}nen in B such that I, ) — Jm
pointwise. By |- || we denote the dual norm for I in C(I), i.e., the canonical norm of operators on Ca([).
In fact, I, () converges to Jy, in this norm. (Note that Jp,, and I, (,) are in C3(I) for all m € N.) Take
e > 0. There exists ny such that Vp,q > ng I2(vm(p) — vm(q)) < . Now, if p,q > ng and h € B with
I>(h) < 1, it follows that

‘(Ivm(p) - Ivm(q))(h’)| = |Ivm(p)(h) - Ivm(q)(h)‘ = ‘I(h Um(p)) - I(h Um(Q))|
= (R [vm(p) — vm(@)])| < T2(h) Lo(vm(p) — vm(q)) < T2(vm(p) — vm(q)) <€

so that [|1,,, () — Lu,.(qll <&, i-e., for each m fixed in N, {I,, (n)}nen is a Cauchy sequence in the Banach
(normed complete) space (C2(1), | - ||) (which is the dual space of (B, I2)). Hence {1, )} converges to
some element in (C2(1),]| - |[). Moreover, I, () — Jim pointwise. Therefore, I, ) — Jm in the norm
I of Ca(1).

Now, for each m € N, we consider n,, € N such that ||I,  (n,) — Jmll < 1/m and put um, =
Um(nm) Ym € N. So that ||, — Jn| < 1/m.

Given h € B and € > 0, let m; € N such that Ym > my ||I,,, — Jm|| I2(h) < €/2, and Jp,(h) — J(h)
implies that there exists too mg € N such that Ym > mqy |Jp,(h) — J(h)| < €/2.

Putting m > max{mi, ms}, we deduce finally that

[ J(h) = I(umh)| < |J(h) = Jm(R)| + [Jm(h) = L, (h)]
< |J(h) = Im (W) + | S — Lu,, I2(h) <e/2+e/2=¢

ie., I(umh) = J(h) Vh € B. O



6. Comments and Examples

This section is devoted to clarify, both at a theoretical and a practical level, the comprehension of
the conditions in Theorem 5.2, by establishing the relation between C1(I) C C2(I) and the existence of
Ir-approximate I-units. For the benefit of the reader, some examples, mostly given in [4], are included.

A sequence {u,} in B is an Iy-approzimate I-unit if I(unh) — I(h) Vh € B and sup,,cy I2(un) < oo.
If we put

Ry(I) :={J € B : v, € B; sup Ix(v,,) < 00,1, (h) — J(h) Vh € B}

neN

then the existence of Is-approximate I-units is equivalent to I € Ry(I).

Lemma 6.1. Let (X, B,I) be a Loomis system. Then the following are equivalent:
(i) C1(I) € Co(1),
(ii) Ie CQ(I),
(iii) Iy < M1y for some M > 0.
PrROOF. (i) = (ii) I € C1(I) because |I(h)| < I(|h|) Vh € B, and then, by (i), I € C2(I).
(ii) = (iii) There exists M > 0 such that |I(h)] < MIy(h) Vh € B. Therefore, if h € +B then
Iy (h) = I(h) = [I(h)| < MI5(h) and for arbitrary h € B
Ii(h) = I(|h]) = Ii(h™ +27) < L(AF) + (A7)
< MIy(h") + MIy(h™) < 2M I(|h]) = 2M Iy(h).
(iii) = (i) Let J € C1(I). There exists M’ > 0 such that |J(h)| < M'I1(h) < M'MIy(h) Vh € B,
and this gives J € Cy(I). O
Proposition 6.2. Let (X, B,I) be a Loomis system with I € Ry(I). Then C1(I) C Ca(I).
PROOF. If I € Ry(I) then there exists {u,} in B with Is(u,) < M Vn € N such that I(u,h) — I(h).
By the Cauchy—Schwarz inequality,
so that, by taking limits, it follows that |I(h)| < MI3(h) Vh € B and hence I € Cy(I). Now, Lemma 6.1
says that C1(I) C Co(I). O
This result makes easier to check the hypotheses of Theorem 5.2, as showed by the following
EXAMPLE 6.3. Let B := Cj([0,1]) be the space of continuous functions f : [0,1] — R such that
F(0)=f(1) =0 and I(f) := [ f(t)dt Vf € B.

Note that, putting LP := LP([0, 1]), with the Lebesgue measure, BC L* C L C L' and I = || - |1,
I, = ||-||2 restricted to B. Let u € B be piecewise-linear and equal to 1 on [1, 2], and u,, := (nu)A1 € B,
n € N.

Since u,, is an Iy-approximate [-unit, Proposition 6.2 gives C1(I) C Cy(I). Therefore, we can apply
Theorem 5.2 and so AC(I) C R(I).

In fact, if we define 7 : L' — B’ mapping g to m(g) := I,, where I, : B — R is given by 7(g)(f) =
I,(f) =1I(gf) Vf € B, then it can be proved that

SR(I) =n(B) c C1(I) = n(L>®) C Co(I) = w(L?) c AC(I) = n(L})

and all inclusions are strict. In particular, the inclusion C1(I) C Co(I) is strict.

However, the existence of Ip-approximate I-units is not equivalent to the inclusion C1(I) C Ca(I),
as the following example shows:

EXAMPLE 6.4. Take the basic function system B = I*(N) = {z : N = R, Y} 22 < oo}, and
the linear functional I(z) = Z;’il Bjzj, * € B, and fixed 8 € ' with 3; > 0. Here SR(I) = ©(8I?) C
C1(I) = n(BI%°) C Cy(I) = 7(+/BI?), and there is no Ir-approximate I-units.



Finally, we give an example showing that Cy(I) C Cy([]) is not true in general.
EXAMPLE 6.5. We now consider B = I}(N) = {z : N - R, 37, || < oo} and the integral

I(z) =372, #; Vo € B. In this case SR(I) = 7(1') € Co(I) = 7(1?) c C1(I) = 7(I*°), and all inclusions
are strict.

® N
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