PACIFIC JOURNAL OF MATHEMATICS
Vol. 131, No. 2, 1988

SEPARATION PROPERTIES AND EXACT
RADON-NIKODYM DERIVATIVES
FOR BOUNDED FINITELY ADDITIVE MEASURES

WAYNE C. BELL AND JOHN W. HAGOOD

Necessary and sufficient conditions for a p-continuous, bounded
finitely additive measure to have an exact Radon-Nikodym derivative are
obtained in terms of a new separation property intermediate between
disjointness and mutual singularity.

1. Introduction. In the classical Radon-Nikodym theorem, it is
proved that for countably additive real valued measures on a o-field of sets,
the class of measures that are absolutely continuous with respect to a fixed
measure p is precisely the set of measures having a representation of the
form [fdp for a p-integrable function f. For bounded finitely additive
measures on a field, these sets do not in general coincide. In this setting
Radon-Nikodym theorems can have one of two goals: to characterize the
absolute continuity class of p or to provide necessary and sufficient
conditions for a measure to have an exact Radon-Nikodym derivative
with respect to p. In the history of the Radon-Nikodym theorem for
bounded finitely additive scalar measures, the characterization of absolute
continuity was first to receive attention. Bochner [3] proved that in order
for » to be absolutely continuous with respect to p, it is necessary and
sufficient that » be the limit in variation norm of a sequence of integrals
of p-simple functions. Variations of Bochner’s theorem, all providing
characterizations of absolute continuity in terms of limits of sequences of
integrals, have been obtained for a variety of settings by Darst and Green
[5], Fefferman [7], and Luxemburg [9], among others. However, none of
these provide an exact Radon-Nikodym derivative.

The first successful characterization of those bounded finitely additive
real valued measures that have an exact Radon-Nikodym derivative with
respect to u was given by Maynard [10]. In addition to absolute continu-
ity, the necessary and sufficient conditions he obtained require certain
intricate behavior of the average range function 4,( E) on the field, where
A, (E) is the set of ratios »(F)/u(F) for FC E, u(F)# 0, which
involves exhaustions of p by related classes of sets. Maynard was able to
simplify his conditions for those p which admit an exhaustive Hahn
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decomposition. He also suggested that the lack of suitable decompositions
of the space was the reason that the classical Radon-Nikodym theorem
did not extend to the finitely additive case.

In this paper, we introduce a separation property intermediate be-
tween disjointness and mutual singularity which generalizes Maynard’s
exhaustive Hahn decomposition. The two notions agree in the case where
the measures to be separated are the positive and negative parts of a
measure. This permits us to address the existence of exact Radon-Niko-
dym derivatives using separation properties without reference to the
average range. The measures » which have exact Radon-Nikodym deriva-
tives with respect to a fixed bounded finitely additive real valued measure
p are characterized in terms of absolute continuity and the separation
property. Finally, using this result, we characterize those p for which the
classical Radon-Nikodym theorem holds. Subsequently, one of the authors
[8] has shown that these measures also provide a characterization of those
L, spaces that are complete.

Throughout this paper, Z is a field of subsets of a nonempty set S
and a measure is a bounded finitely additive function mapping 2 into R.
Notations and definitions concerning the integral considered below follow
Dunford and Schwartz [6, III] except that |u| denotes the total variation of
the measure p and |f| denotes the function |f(-)|. The notation [ f € 4] is
shorthand for {s € S| f(s) € A}. Lattice theoretic properties may be
found in [2], [4], or [12]. The symbol A is used for minimum both
pointwise for functions and in the lattice theoretic sense for measures.
More historical background of the problem is given in [10]. Most of the
results of this paper were presented in [1].

2. Separation properties. Recall that measures n and § are said to
be disjoint if |n| A |8] = 0 and mutually singular if there exists E € 2
such that n(E) = 8(S ~ E) = 0. It is well known that a pair of measures
may be disjoint without being mutually singular.

DEFINITION 2.1. Suppose 7, 8 and » are measures on a field =. We
say that n and & are separated if there exist increasing sequences { V) }
and {W,) in = such that lim,, _ Jl(¥,) = |n|(S), lim, _, |8k W,) = |3\ S),
and |n((W,) = |86((V,) = 0 for each n. In this case {V,} and {W,} is a
separation of n and 8. A separation of »* and v~ is a Hahn separation of
V.

It is easy to see that the sequences in 2.1 may be chosen so that
vV, N W, = @& for each n and we will do so without mention.
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It is not difficult to construct proofs and examples showing that
separation is strictly weaker than mutual singularity and strictly stronger
than disjointness.

If X is a o-field, then separation is equivalent to mutual singularity
even if the measures are not countably additive. On the other hand even if
2 is a o-field and one of the measures is countably additive, disjointness
does not imply separation.

REMARKS. (1) Separation is a generalization of the notion of an
exhaustive Hahn decomposition due to Maynard [10] which in our
terminology is a Hahn separation.

(2) Rickart [11] has considered a type of one-sided separation relative
to a fixed o-ideal in a o-field which produces the Lebesgue decomposition
when the ideal consists of the zero sets of a positive countably additive
measure. This is related to separation in the following way. Given an ideal
J in a field 2 and a positive measure p one may define the measure pu; by
u,(E) = sup{pu(E N A)|A € J} for E € Z. One may then describe our
separation in terms of ideals: positive measures 1 and & are separated if
and only if there are ideals J and I suchthat JN T = {@},(n +8),=1
and (n + 8), = 4.

That separation is a useful analogue of mutual singularity in the
present setting is indicated by the theorem below.

THEOREM 2.2. Let f and g be integrable functions with respect to a
measure w. Then [fdu and [ gdp. define separated measures if and only if
|f1 A |g| is a p-null function.

Proof. 1t suffices to prove the theorem assuming f and g are non-
negative functions and p is a positive measure.

(—) Suppose that [fdp and [gdp are separated by {V,} and { W, }
respectively. Note that f A g is p-integrable as it is p-measurable and
bounded by f. Then for each n > 1,

[rrgdu=[ frgdu+ [ frgdu+[  fAgdp

< an gdp + fW"fdu + f;nW”cf+ gdp < fV:fdu + fW gdu.
Since

lim [ fdp= lim f gdp =0, fngdu=0.
v we s

h— o0 n— oo

Hence, f A g is a p-null function.
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(<) Now assume that f A g is a p-null function. It is no loss of
generality to assume that fA g=0since (f—fA g A(g—fAg) =0,
[fdp= [(f—=fAg)dpand [gdp= [(g—fA g)dp.

Select sequences of p-integrable simple functions { f,} and {g,}
determining f and g respectively (following [6, I11.2.17]) in such a way
that u*[|f — f,| = 1/2"1 < 1/2"*  and p*[|g — g,| = 1/2"] < 1/2""! for
each n. Choose E, €2 so that u(S~E)<1/2" and S~E, D
[(If = £l 2 1/2"1U[|g — g, = 1/2". Then E, c[|f-f]<1/2"]n
[lg — g, < 1/2"]. Define, for each n, the following sets in =:

A,=E,N[f,21/2"] n[g, <1/,2"],
Bn = En n[gn Z 1/2”] rw[»f‘ﬂ < 1/2"],
C= E,nlf, <12 nlg, <1727,
D,=E,n[f,21/2"] n[g,=1/2"].

Now s € E, N [f, > 1/2"] implies that f(s) = £,(s) = (f,(s) = /(s))
>1/2"—1/2" = 0. A similar statement holds for g and g, replacing f
and f, respectively. Thus 4, C [f> 0], B,C[g> 0] and D, C [f > 0]
N[g>0]. But fA g=0 implies that [f>0]N[g>0]= & so that
D, = & for each n.

Let V,=Uj;_ A4, and W,=Uj_,B,. Then {V,} and {W,} are
increasing sequences in 2 satisfying V, " W, C [f> 0] N[g> 0] = 2.

Next, for any positive integer n, E, C V, U W, U C, so that

S=V,uwW,uC,U(S~E,)

fsfd,usfyfd,u+fwfdu+fcfd/u+/s~E fdy.

Now fx, =0 so that f, fdp =0 and since fx. < 1/2"7",
lim, ,  [c fdp=0. Finally, [fdp < p and since p(S ~ E,) <1/2",
lim, ,  f[s_g fdp=0.Thus [gfdp =Tlim,_ [, fdp.

That [¢gdp = lim, [, gdp is entirely similar, proving that {V,}
and { W,} is a separation for [ fdu and [ gdp.

Further properties of separated measures required in the next section
are developed below.

and

LEMMA 2.3. Let 1 and 8 be a pair of measures separated by {V,} and
{W,} respectively. Then

(a) if v and 8" are measures satisfying v << m and 8’ < 8, then v/
and 8’ are separated by {V,} and { W, } respectively;
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(b) if W=U>_ W, then [x,,d(n + 8) exists and is 8. Furthermore,
(n + 8)*(W) = ().

Proof. The proof of (a) is routine. To prove (b), assume without loss
of generality that n and § are positive measures.

The functions x, are (n + 8)-integrable simple functions whose
limit in (7 + &)-measure is x , since for any n and a > 0

(n+8)*[lxw — xu,) > a] = (n+8)* (W~ W,)
<(n+8)(s~(V,uw,))
<n(S~V,)+8(S~W,).

Also, for n > m,
[ 1xu, = xu,1d(n + 8) = (W, ~ W,,) + 8(W, ~ W,)

=8(W,~ W,) <8(S~W,).

Thus, x,, is (n + 8)-integrable.
Now for E € Z,

8(E) = lim 8(EnW)=hmij (n +8)

n— oo n—> o0

</XW (n+96)< hm/Xs v, d(n + 8)

n— o0

= lim (n+8)(E~V,)

n— oo

= lim (n+8)(EN W,) + lim (n+8)(E ~ (V, U W,))

= lim §(EN W,)+ lim (n+8)(S~ (V,U W,)) =8(E).

n— o0 n— o0

Hence, 6 = [x,, d(n + 6).
Since

[ xwdn+8)<(n+8)"(Enw)< [ xs_yd(n+9)

for each n, the above argument also proves that (g + §)*(E N W) =
JeXwd(n + 8)=8(E)forE € 3.
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3. Freudenthal projections. The manner in which p will be decom-
posed involves certain lattice theoretic properties of the space ba(ZX)
consisting of bounded finitely additive measures on a field 2 which we
describe briefly below and refer the reader to [2], [4], and [12] for further
details.

Suppose 7, A and p are positive measures. Then 7 is a component of
p if m A (g —n) = 0. The p-continuous (¢ — & definition) part of A is
given by the projection of A onto p: P,(A) = sup{A A ku|k € N}. The
mapping P, can be extended linearly to all of ba(Z) and P,(A) is a
component of A.

NortATION. Let » and p be a pair of measures on X satisfying » < p
and let x be a real number. Then p** and p*~ (»** and »*7) denote the
measures P,_,+(p) and P, _,,\-(p) (P, _y+(v) and P,_,,)-(¥)) re-
spectively. Furthermore, define p* and »* by p* = p — p*"— p*~ and
v =p—p*t—p*,

More precise notation would indicate that the measures defined above
depend on the ordered pair (», n), but since no confusion should result
where the notation is used, this cumbersome detail is omitted.

REMARK. Since p is a weak order unit in the order complete vector
lattice of p-continuous elements of ba(Z), the functions p*~ form a
Freudenthal resolution of the unity (relative to »). Further details may be
found in [2, p. 362]. As a special case of a result given there it follows that
any p-continuous » may be written as a type of Stieltjes integral relative to
the variable x. Projections of this type were used in [9, Th. 3.3] to obtain a
Bochner type characterization of absolute continuity.

LemMA 3.1. Suppose that v and p are positive measures on 2, v <
and 0 < x < y. Then

(@ p—P(p)<p<p’7 lim,_op*"=p— P(p) and lim,_,  p*~
=K

b)0< v <»,lim, v "=0and lim,_, v’ =y

(©) v* "< xp 7, v* = xp* and xp* < v

(@ if w =0, then p"— p* = p** A p’" and v**— p’*
=p*tA P

(&) x(p¥"A W) S VTA VTS (T A )

(f) p© = »* = 0 except for at most a countable set of real numbers z,
and

® (v — xp)" < gt < (v — xp)* and (v — xp)” < P <
(v — xp)".
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Proof. We prove (e) only, as an illustration, since the other parts
follow from similar properties of projections and ba(Z). The proof
requires the following property of projections [4, p. 105]: whenever 7 and
§ are positive measures,

Pyns(c) =P (+) A Py(o).
Then
0< P(v—yu)'((p - x,u)+) = P(v—y#)’[P(WX#)*(V - x“)]
= Py n oy (7 = x)
= Py (1) AP (9) = X[ Py (1) A Py ()]

=p" AP = x[p A ]

and therefore x(p”~ A p**) < »?~ A »**. The other inequality is obtained
similarly.

4. An exact Radon-Nikodym theorem. We will need the following
technical lemma.

LEMMA 4.1. Let v and p. be positive measures on Z satisfying

(a) » < p and

(b) there is a sequence {x,}%_, of positive real numbers, such that
v — X, has a Hahn separation for each n. Then sequences {V'}, and
(W), separating (v — x,u)~ and (v — x,pn)" respectively can be chosen
so that whenever x,, < x,,U*  W" C U2, W™

The sequences can be constructed inductively using elementary set
theoretic operations. The details are left to the reader.

We are now ready to prove the Radon-Nikodym theorem for bounded
finitely additive measures.

THEOREM 4.2. Let v be a measure and pu a positive measure on a field
2. Then there exists a p-integrable function f such that v(E) = (. fdp for
all E € X if and only if

(a) v < p and

(b) » — xu has a Hahn separation for each x # 0.

Proof. (=) Let v = [fdu for a p-integrable function f. Then » < p
is a known result [6].
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Now, for x #0, v —xp= [fdu— [xdu= [(f— x)dp. Hence,
(v —xp)*= [(f—x)"dp and (v — xp)"= [(f — x)” dp. Since
(f=x)"A(f—x)"=0,(v — xp)" and (» — xp)~ are separated by The-
orem 2.2.

(<) Suppose that » < p and » — xp has a Hahn separation for each
x # 0. For the time being, assume that » is positive.

Let {x,}%_, be a dense sequence in R* for which p* = »* = 0 for
every n. As in Lemma 4.1, obtain separations {V;"} and {W;"} for
(v — x,p)” and (» — x,pu)* such that U2, W c U%, W™ whenever x,,
< x,.Since p*~ << (v — x,u)” and p* T < (v — x,p)*, {V;"} and { W}
is a separation for p*»~ and p* ™" respectively by Lemma 2.3. Let x, = 0,
W, = S and, for each n > 1, set W, = U2, W". Then W, C W, whenever
x,, < x,. Define functions f, for each n > 1 and f by f,(s) = max{x,|
s€ W,, k <n}and f(s) = sup{x,|s € W,}. Note that f, increases with
nand0 < f < f.

f,, is w-integrable and [f,dp < v. Fix n > 1 and assume without loss
of generality that x, < x, ., fork =1,2,...,n — 1. Then

n—1 n—1

= Z X Xw, ~w,, T XnXw, = Z xk(ka - XW,(H) + X, Xw,
k=1 k=1

which, being a linear combination of p-integrable functions (Lemma 2.3)
is itself p-integrable.
Since [z Xy, dp = p**"(E) by Lemma 2.3

n—1

ff,,du = X x (Tt = pet) + x, st
k=1

n—1
< Z (ka+_ Vx"“+) + p¥nt= Vx1+S v.
k=1
f is w-integrable and [ fdp = v. Since [f,du < v < p, the indefinite
integrals [ f, du are uniformly absolutely continuous with respect to p and
since p is bounded, it remains to show that f, — f in p-measure to obtain
the p-integrability of f. The equality [ fdpu = » will then follow once the
convergence [ f, du — v in variation is established.
Let € > 0 and choose N so that p™*(S) < &£ and »**(S) < &. Select

M > N such that {x, x,,...,x,,} intersects every interval of length e
contained in [0, xy]. Let G = {x,|x, < x, and 0 < kK < M }. Relabel the
elements of G using { yg, y1,..., ¥, } Where xo =0=y, <y; < -+ <y,

= xyand set B, = W, if y, = x,. Then
(1) p»*(S) < eand »»*(S) <,
()0 <y,q —y<efork=0,1,...,p—1,and
(i) B, 2 By, fork=0,1,...,p - 1.
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Now let n > M. For any s € B, ~ B,, there is an i, 0 < i < p, such
that s € B, ~ B,,;. Then y < f,,(s) < f,(s) < f(s) < y,,1; hence 0 <
f(s) = f,(s) < & Therefore [|f — f,| = €] C B, so that p*[|f — f,| = €] <
p*(B,) = (p» + p»")*(B,) = p*»"(S) < e by Lemma 3.1 and p* = 0.
Thus f, — f in p-measure, proving the p-integrability of f.

Again, let n > M in the set-up above. For k =1,2,...,p — 1, let
P =p* = phnt oy o= pit—pha® and A4, =B, ~ B,,, =1 By
Lemma 3.1, yp, <v, <y by, k=12,...,p— 1. Note that v =
YP_1y, + v»* 4+ »n~ and similarly for p. Also,

fXA’*d“:/XBkd“_fXBk+1d“:“’Vk+“‘ “Yk+1+= L.

Put h=X{21 yixa, + YpX 5, Thus h is p-integrable and 0 < h < fy,
< f,. Furthermore, [hdy = Z}Z{ yup, + y,u"?". Forany E € 2,

0<ly = [ fudu|(5) = #(8) = [ frdu < 5(5) = [
sgﬁwwwwwwwm—gymm
< iéyk““k(s) - ZX:‘,B’IJ‘%(S) + ”y"+(S) + v (S)

p—1
< Z (Vir1 = V)i (S) + & + yph=(S)
k=1

-1
< e u(S)+e+ ewn(S)
k=1
<ep(S) +e.
Thus [f,dp — v in variation, completing the proof when » is a positive
measure.

Now let » be a signed measure such that » < p and » — xp has a
Hahn separation for each x # 0. For x >0 fixed, v —xp=»"—
xp—v =@ = xu)" =[(r"— xp) "+ »7]. Since 0 < (v*—xp)* <,
("= xp)"A » =0 so that (»*— xp)"A[(»"— xu) "+ »7] = 0. By the
uniqueness of the Jordan decomposition, (v — xp)*= (»*— xpu)* and
(v — xp)"= (»"— xp)"+ »~. These by assumption are separated and
hence (v"— xp)* and (»*— xp)~ are separated. Similarly »*— »~+ xp
has a Hahn separation for each x > 0 which leads to a separation of
(v~ = xp)" and (v~ — xp)~. By the proof above, »* and »~ can be
represented as indefinite integrals with respect to p whose difference is
then ».



246 WAYNE C. BELL AND JOHN W. HAGOOD

COROLLARY 4.3. Let v be a measure and u a positive measure on a
o-field 3. Then there exists a p-integrable function f such that v(E) = [ fdu
for all E € Z if and only if

(@) r <p,

(b) v — xu has a Hahn decomposition for each x # 0.

Thus, in the case of o-fields, Maynard’s suggestion that the classical
Radon-Nikodym fails to hold in the finitely additive case because of the
lack of Hahn decompositions is confirmed.

ReEMARK. If, in addition to 2 being a o-field, || < kp for some
k € R, then the representing function f can be obtained as a uniform
limit of simple functions on Z. This leads to the following observation,
similar to one given in [9, 48]: » may be represented by a uniform limit of
simple functions on £ if and only if » — xp has a Hahn decomposition
for each x # 0. The following example shows that this does not hold on
arbitrary fields. Let = be the field of finite subsets of N and their
complements. Let a, be the 0-1 valued measure at »n for each ». Let

= nX=:1 %an and »v= ), %(1 + %)an.

Then v = [ fdp where f(k) =1+ (—1)*/k for every k, while » — 1 - p
does not have a Hahn decomposition.

n=1

The conclusions in Theorem 4.2 remain valid when p is a signed
measure which has a Hahn separation, but when no such separation exists,
condition (b) is not necessary for the existence of f. Take for example a
signed measure p which does not have a Hahn separation and let » = p.
Then v = [1dp, yet » — xu has no Hahn separation for x # 1. The
modification required for the case where p is a signed measure is con-
tained in the theorem below. This makes use of the signed projection onto
p: Pry(A) = P+(A) — P-(M). Note that Py, (v — xp) = P, (v) — x|pl.

THEOREM 4.4. Let v and p be measures on a field =. Then there exists
a p-integrable function f such that v(E) = [ fdu for all E € 2 if and only
if

(a) v < p and

(b) P, (v — xp) has a Hahn separation for each x # 0.

Proof. The identities P, = P}, and P, ([fd|u|) = [fdp together
with an application of Theorem 4.2 to P, (v) and |p| produce the
conclusion.
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We can now characterize the measures p for which v < p is equiva-
lent to » = [ fdu for some p-integrable function f.

COROLLARY 4.5. Let p be a measure on a field (respectively, o-field)
2. Then a necessary and sufficient condition on u for every measure v << p.
to take the form v = [ fdu for some p-integrable function f is that each pair
of disjoint components of || be separated (respectively, mutually singular).

Proof. We first prove the theorem assuming p > 0. Suppose each pair
of disjoint components of p are separated. Then for » < p and x # 0,
p** and p*~ are disjoint components of p and therefore are separated. By
Lemmas 2.3 and 3.1g, the associated separation provides a Hahn separa-
tion for » — xp and Theorem 4.2 applies.

On the other hand, if p has disjoint components n and & which are
not separated, then § and p — § cannot be separated. Set » = p + 28.
Then v < p, yet » — 2p = 8§ — (p — 8) does not have a Hahn separation.

For the case where p is a signed measure, we use the fact that if there
exists a p-integrable function 4 such that |u| = [hdp, then p = [hd|p|
and conversely. If such a function 4 exists, we may assume it is bounded,
in which case, whenever » < p, there exists a p-integrable function f
such that » = [fdp if and only if there exists a p-integrable function g
such that v = [ gd|u|(g = fh).

Thus, it remains to show that either condition implies the existence of
a function A such that [hdyu = |u|or [hd|p| = p.

Suppose that disjoint components of |u| can be separated. Then by
the proof above and p < |u|, p = [hd|p| for some p-integrable function
h.

Next, assume that each measure » << u can be expressed as an
indefinite integral with respect to p. Then |p| < p so |u| = [hdp for
some p-integrable function 4. This completes the proof.

Finally, we note that the classical Radon-Nikodym theorem for real
valued countably additive measures on a o-field is an immediate conse-
quence of these results since in that setting all of the measures in question
have Hahn decompositions and hence condition (b) is trivially satisfied.
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