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CONSTRUCTION AND PROPERTIES
OF QUASI-LINEAR FUNCTIONALS

@ORJAN JOHANSEN AND ALF B. RUSTAD

ABSTRACT. Quasi-linear functionals are shown to be uniformly continuous and
decomposable into a difference of two quasi-integrals. A predual space for
the quasi-linear functionals inducing the weak*-topology is given. General
constructions of quasi-linear functionals by solid set-functions and g-functions
are given.

1. INTRODUCTION

The theory of topological measures (formerly called quasi-measures) originated
in [I] and was shown there to represent quasi-states (for definitions see the basic
results section). The notion of a signed topological measure in a compact Hausdorff
space was introduced in [6] and was shown there to represent bounded quasi-linear
functionals. Basic properties such as continuity and decomposition of signed topo-
logical measures remained open problems. In this article we show that quasi-linear
functionals are indeed uniformly continuous, countably additive, and they decom-
pose into a difference of topological measures in so-called g-spaces. We also present
a predual space for the quasi-linear functionals as a direct limit. This turns the
topology of pointwise convergence into a weak*-topology.

Solid set-functions have become the main tool for constructing topological mea-
sures, hence it would be desirable to have a similar concept for signed topological
measures. It turns out that this is possible, but the definition of a signed solid
set-function is more complex than for the unsigned case. The g-functions were in-
troduced in [4] as an alternative construction technique for topological measures; a
discussion on signed g-functions is contained in the last section.

2. BASIC DEFINITIONS AND RESULTS

Throughout the article, we will let X denote a compact Hausdorff space. We
will let O(X) and C(X) denote the open and closed subsets of X, respectively.
Furthermore, we put A(X) = O(X)UC(X). When there is no confusion concerning
the space in question, we will omit the space from the notation.

Notation 1. Whenever U € O, we let limgcy f(C) denote the limit (if any) of
cec

the net f(C) with index set {C' € C : C C U}, ordered by inclusion. Conversely,
whenever C' € C, we let limccy f(U) denote the limit of f(U) with index set
Ueo
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2736 @ORJAN JOHANSEN AND ALF B. RUSTAD

{U € O : C C U}, ordered by reverse inclusion. (Here f(C) may be any suitable
expression in C.) Subfamilies of C and O may be specified to restrict the index set
further.

Definition 2. A real valued function p on A is called a signed topological measure
if the following hold:
(1) If Ay, ..., Ay, Wi A € A, then (-, A;) =Y pA; (where | indicates
disjoint union).
(2) There is a constant M < oo such that whenever A € A, |uA| < M.
(3) For any open set U
p(U) = lim u(C).

ccu
cec

Combining (1) and (2), we may also define

n

il = sup{) _ |udil - {Ai}izy © A disjoint}.

i=1

Remark 3. Our definition is different from the definition in [6], but it is straight-
forward to prove that the two are equivalent. Our definition is however more
convenient for the results presented here.

We denote the set of all signed topological measures in X by Qgs(X). The
collection of (non-negative) topological measures will be denoted Q(X).

The topological measures originated in [I]. It was proved in [8] that topological
measures are countably additive. Their definition only differs from that of regular
Borel measures by their domain of definition. Still, they are a vastly larger class of
set functions with a rich mathematical structure.

The integral with respect to a signed topological measure is defined for all
continuous functions f € C(X). Let p € Qs(X), f € C(X). Then defining
pr(A) = u(f~1(A4)); A € A(R) yields a signed regular Borel measure pf in R.
(In general, such a combination with a continuous function maps topological mea-
sures to topological measures. However, in one-dimensional spaces it was shown in
[7] that all signed topological measures extend uniquely to signed Borel measures.)

Definition 4. Let pu € Qg(X) and f € C(X). Then we define

u(f) = / wdpig (),

where yi¢ is the signed Borel measure given by pus(A) = u(f~1(A)); A € AR).

In the study of topological measures and their integrals the singly generated
subalgebras of C'(X) play a crucial part. For f € C(X) let Af denote the uniformly
closed subalgebra generated by f and the constant functions. By the spectral
theorem this algebra is isomorphic to the collection of continuous functions on the
range of f.

Definition 5. A function p : C(X) — R is called a (bounded) quasi-linear func-
tional if it is a linear functional on Ay for every f € C'(X) and there is an M < oo
such that p(f) < M ||f||, for all f € C(X). We define ||p|| as the smallest such M.
If p is positive (i.e. p(f) > 0 whenever f > 0) we call p a quasi-integral.
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The quasi-linear functionals and signed topological measures have been shown
to be in one-to-one isometric correspondence through the integral (cf. [6]). Accord-
ingly we will not distinguish between the two and denote both by Q¢(X). Similarly
we will denote both the collection of quasi-integrals and the collection of topological
measures by Q(X).

Definition 6. Let A be a subset of X. By a co-component of A we mean a
(connnected) component of X\ A. If A has connected complement we call A co-
connected. If A and its complement are both connected we will call the set solid.
A restriction to solid sets will be denoted with a subscript s (e.g. Cs will denote
the compact solid sets). A restriction to connected sets will similarly be denoted
with a subscript c.

The solid sets play an important role in the theory of topological measures. For
many spaces they constitute a small and manageable family of sets which totally
determines a topological measure. This is illustrated by the solid set-functions,
which were introduced in [3] and whose properties were investigated there. In
particular, the solid set-functions are invaluable tools for constructing topological
measures.

Throughout the remainder of this section we will assume that X is connected
and locally connected. We include some definitions and results from [3] below:

Proposition 7. The following properties hold for X :

(1) Let K e C, U € O and K C U. If either K or U is connected, then there
isasetVeO, suchthat KCV CcVcCU.

(2) Let K € C.. Then each connected component of V.= X\K belongs to Os.

(3) Let K € C5, U € O and K C U. Then there is a set V € Oy such that
KcvcvcUu.

Definition 8. A partition of X is a collection of mutually disjoint , non-void sets
{A;}ier C As, where at most finitely many of the sets A; are closed, and such that
X = U;er Ai- The number of closed sets in a partition P is called the order of P.
Partitions of order 1 (i.e. a set and its complement) are called trivial.

Definition 9. A partition {A4;};cs is irreducible if the following two conditions
hold:

(1) Uier.a,ec Ai is not co-connected.

(2) For any proper subset I' C {i € I : A; € C}, U, Ai is co-connected.

iel’

Definition 10. Let n denote the maximal order of any irreducible partition of X.
If n is finite, define the genus of X to be ¢ = n — 1. If X only permits trivial
partitions we call X a g-space and set g = 0.

Remark 11. The genus requirement was treated in [3] and [9]. When X has genus
zero, then a partition of X into solid sets can have at most two members. This
property is shared by a large class of spaces (e.g. when X is simply connected).

Proposition 12. Let 7 = {C;}}_; C Cs (n > 1) be a family of disjoint sets
such that U?:1 Cj is not co-connected. Then F has a subfamily F' such that each
connected component U; (i € I) of U = X\ che}‘/ C; belongs to Oy, and F' U
(Uier Ui) is an drreducible partition of X.
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Definition 13. A function p: A; — R is a solid set-function if it satisfies

(1) For any finite collection of disjoint sets {C1,...,C,} C Cs such that C; C
C eC,fori=1,..,n we have

ZuCi < uC.
i=1
(2) For all U € O, we have
p(U) =sup{p(C): C C U,C € Cs}.

(3) For any trivial or irreducible partition {4;};c; of X we have

n(X) = 3 u(Ay).
i€l
Unlike in [3] we have not assumed pu(X) = 1.
The main construction result (Theorem 5.1 in [3]) states that solid set-functions
extend uniquely to topological measures.
We include the following definition and proposition from [4] (again with the
generalization that we do not assume f(1) =1):

Definition 14. A function f: [0,1] — R™ is called a g-function if it is continuous
from the right and satisfies

(1) f(0)=0, f(z—) + f(1—=z) = f(1) ;2 € (0,1].
(2) 0 flz) < fF(OC, z;) whenever x1,29,..., 2, € [0,1] and > 1 | 2; < 1.

Let v be a normalized Borel (or topological) measure in X, i.e. v(X) =1. We
say that v is non-splitting if there is no disjoint pair Cy,Cs € C4 such that vCy > 0,
vCy > 0 and vC; 4+ vCy = 1. For instance, Lebesgue measure on the unit disk, or
the unit sphere (normalized) is non-splitting.

Proposition 15. Let X be a g-space. Let f be a g-function, and let v be a nor-
malized regular Borel (or topological) measure in X. Define p on As by: pC =
fwC);C eCs and pU = f(1) — w(X\U); U € Oy. If either v is non-splitting or f
is continuous, then u is a solid set-function.

3. COUNTABLE ADDITIVITY

Here we present a generalization to signed topological measures of the proof in
[8] that topological measures are countably additive.
We recall the following lemmas, stated or implicit in [8], Section 3:

Lemma 16 (The Sierpinski Theorem). A compact, connected Hausdorff space can-
not be decomposed into a countable family of disjoint, non-empty closed sets.

Lemma 17. Let p be a signed topological measure on X and suppose that C C X
is closed and 0-dimensional. Then the restriction of u to the closed subsets of C
extends to a signed Borel measure on C.

Proof. The restriction gives a finitely additive signed measure on the algebra of
relatively clopen subsets of C'. Counsider the simple continuous functions on C (i.e.
functions with (a finite number of) clopen level sets). They constitute an algebra
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of continuous functions which is uniformly dense in all continuous functions on C.
(The relatively clopen subsets of C' are a basis for the relatively open subsets of C'.)
For a simple continuous function f on C' define

n

S(f) =D ru(fH(r) = rip(f 7 (r2),

reR 1=1

where {r1,...,r,} is the range of f. Moreover,

()] < Z [ran(F 1)) < 1 llog ell -

Then ¢ extends uniquely to a bounded linear functional on all continuous functions
on C', and hence corresponds to a signed regular Borel measure v in C'. Moreover,
for any relatively open set U C C and closed set K C U there is a relatively clopen
set between them. Hence v and p must agree on closed subsets of C' by outer
regularity. O

Lemma 18. Let C C X be closed, and let Y = X/ ~ be the quotient space obtained
by identifying each component of C' to a point. Then Y is a Hausdorff space, and
the image of C under the quotient map m: X — Y is 0-dimensional.

Theorem 19. Suppose {C,, : n € N} is a disjoint collection of closed subsets of X
with C =4,y Cn closed. Then p(C) = . (Ch).

Proof. Let {K; : i € I} be the collection of connected components of C. Since
K; = Hnen(K; N Cy), Lemma [I@ gives that K; C C,, for some n;. As in Lemma
I8 let 7(C) be the image of C' by the quotient mapping identifying each K; to a
point. Then 7~ 1(7(C;)) = C; and 7~ (m(C)) = C, since each C,, is a union of
components of C, and also 7(C) = |,,cn 7(Ch).

By Lemma [T the restriction of the signed topological measure po ! to the
closed subsets of the 0-dimensional subspace 7(C') extends to a signed Borel measure
on C, and in particular it is countably additive there. So

wC) = (o )(x(C)) =Y (pom ) (w(Cn)) =Y n(Ch)-
neN neN
(I

Corollary 20. Every signed topological measure on a compact Hausdorff space X
is countably additive.

Proof. As in [8], this follows from the above theorem together with the known
countable additivity on open sets (following easily from inner regularity). O

4. TOPOLOGICAL MEASURES AS A DUAL SPACE

In [2] a weak topology for Q(X) was introduced. We extend this to Qg(X). The
space Qs(X) has a vector space structure in the obvious way, i.e. (ap + bv)(4) =
ap(A) + bv(A) for all a,b € R, A € A(X) and p,v € Qs(X). For each function

feC(X),let f on Qs(X) be given by f(,u) =pu(f) = [ xdug(x). The map f+— f
is a non-linear “Gelfand” transform, and f is a functional on Qg(X). Indeed, for
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aeR, Ae AR),u,v e Qs(X) and f € C(X), we have
(ap);(A) = (ap)(F71(4)) = a(u(f 1 (A4))) = alps(4)),
(1 +v)5(A) = (u+v)(fHA) = ul(fHA) +v(fH(A) = pp(A) +vp(A),

showing that f is a functional on Rs(X). Note that {f}fec(x) is naturally a
separating family of functionals on Qg(X), since Qg(X) is the space of quasi-linear
functionals on C'(X).

We define the topology on Qg(X) to be the topology induced by the separating
space of functionals {f : f € C(X)}. The following theorem illustrates that this
topology on Qg(X) indeed is a weak*-topology:

— —

Theorem 21. Qg(X) is a dual space, where the induced weak*-topology is the
topology of pointwise convergence on C(X).

Proof. For f € C(X) let Ay denote the uniformly closed subalgebra generated by
f and the constant functions. Whenever f € Ay we let if : Ay — Ay denote the
inclusion map. We may now construct the algebraic direct limit (of vector spaces)

x-nnianf) = @ 41 ) o)
fec(x)

I.e., X is the quotient of the vector space of formal finite sums of elements from
distinct subalgebras Af, and the linear span of formal sums of the form z’_{;l (e
il,(—f). We denote the latter span by J

Defining ||-]| : @ Ay — R by @fz Yo llfillo we get a quotient semi-

feC(X)
norm on X. The map @ : Qg(X) — X* is now given canonically by (Pu)(E fi;) =
> u(fi). Note that ®(u) is linear by construction, and it is independent of repre-
sentatives in the equivalence classes of X, since

(@u) (], () @ i), (= 1)) = u(f) + n(=f) = 0.

Furthermore, ® is an isometry since

Il = sup_ (Pl < sup ROIVIED

I £lloo <1 Ylfill o<1
< s Sl sl YAl = lull so
2l fill oo Z 2l fille <1 Z
l@wll=__sw  [@@ | =_sw S uh)]=lul-
Ylfill o<1 @ Ylfillo <1 Z

Finally, ® is onto: If v € X*, then since v(if (f) & il,(—f)) = 0, the value of v(f)
is independent of the singly generated subalgebra f is considered to be in. So we
may define p : C(X) — R by p(f) = v(f) for f € C(X). It is straightforward to
show that 1 € Qg(X) and that p = v.

In summary, X* corresponds exactly to the quasi-linear functionals on C(X).
Weak*-convergence is preserved both ways since pointwise convergence on single
elements is equivalent to pointwise convergence on direct sums of elements. ([

Remark 22. Constructing a predual space for Qs(X) was also done by D. Grubb
(private communication). His construction was different from ours, and it is not
clear what the weak*-topology will be for that construction.
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5. DECOMPOSITION OF A SIGNED TOPOLOGICAL MEASURE
In the following, u is a signed topological measure on X.

Definition 23. We define p as a real-valued set function, as follows:
(1) ja (U) = sup{u(K) : K € U, K € C(X)}; U € O(X).
(2) pr(M) =inf{pu(U): M CU,U € O(X)}; M € A(X).
We define p— = (—p) 4.

We note that because expression (1) is monotonic in U, open sets automatically
fulfill (2). Thus p4 is well defined.

Proposition 24. We have the following properties for p :

(1) p4 is non-negative and monotonic.
(2) ps+ > pe
(3) putr(M) =sup{p+(K): K C MK € C(X)}; M € A(X). (Le. uy is inner
reqular as well as outer reqular (equation (2) of the definition.))
(4) p+(U) = sup{u(0): 0 CU,0 € O(X)}; U € O(X).
(5) py(MyUDMs) = py (M) + py (Ms), when My N Ms =0, and My, Ms are
both compact or both open.
(6) e (M) = S0 i (My), when W, M; C M for M,M; € A(X); i =
1,...,n;neN.
(1) py —p = pu.
(8) 114+ (X) + p—(X) = [|ull-
Proof. (1) Ttem (2) of the definition implies that py is monotonic. Then py (M) >
p14-(0) = p(0) = 0.

(2) If U is open, € > 0, then by the regularity of p we can find a closed set
K c U with u(K) > u(U) —¢, so that puy (U) > uw(U) —e. Thus puy(U) > p(U) for
U open, and py(K) > u(K) for compact sets follows by outer regularity of p and
M

(3) For closed sets, (3) is obvious from monotonicity. For open sets it follows
from the definition, monotonicity and (2).

(4) Given U and ¢ > 0, select a closed set K C U with pu(K) > u(U) —¢/2.
Then select an open set O, K C O C U with pu(0O) > u(K) —¢/2 > uy (U) — e.
This gives (<) in (4), while (>) follows from monotonicity and (2).

(5) If My, Ms are disjoint open sets, then any compact within their union is
the disjoint union of compacts within each, and vice versa, so that (5) follows from
additivity of p. If My, My are disjoint closed sets, (5) follows from additivity of p
on disjoint open sets O1 D My, O3 D Ms.

(6) Assume that (6) does not hold. By (3), we may then replace any open M;
by a compact contained within it, without making (6) true. But if the M; are all
compact, (6) follows from (5) and monotonicity, giving a contradiction.

(7) By regularity it suffices to show equality on open sets. Given U open and
e > 0, select a closed set K C U such that pu(K) > py(U) —e. Then (e.g. by
(4) applied to p—) p—(U) 2 —p(U\ K) = p(K) = p(U) > py(U) — p(U) — &, or
- (U) = p—(U) < p(U). Switching py and p— gives the opposite inequality.

(8) Let € > 0 and let K € C(X) be such that |u(K) — pus(X)| < e. Then from
(7) we get [(—pu(X \ K)) — p—(X)| < e. Then

[l = (K] + (XN K| 2 p(K) = (X N\ K) > py (X) 4+ p-(X) — 2.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



2742 @ORJAN JOHANSEN AND ALF B. RUSTAD

In the other direction, let (M;)?,, with M; € A(X); ¢ = 1,...,n; n € N, be a
disjoint family such that Y"1 | |w(M;)| > ||u]| —e. Let Iy = {i : p(M;) > 0,i =
1,...,n}tand I_ = {i: p(M;) <0,i=1,...,n}. Then
n
pa(X) A+ p(X) = D (M) + D (—p(My)) = D (M) > ]| — e
iely iel- i=1

d

We have seen that gy and p_ share many of the properties of (non-negative)
topological measures. In fact, from Aarnes’s axiomatization the only axiom missing
so far is py (K) 4+ pyp (X \ K) = p4(X). As the following example shows, there is
no hope of getting this in general.

Example 25. Let p1, p2, p3, pa be four distinct points in the sphere S2. Define four
solid set-functions as follows: For M a solid set (open or closed)

[ 1, card(M N {p1,p2,pa}) >2,
n (M) = { 0, otherwise,
1, card(M N {p1,p3,psa}) > 2,
otherwise,

1; p1 € M and M N {p23p33p4} 7é ma
v3(M) = or {p2,p3,pa} C M,

0, otherwise,

1) D4 eMa’ndMﬁ{plaanp3}§£®a

V4(M): or {pl,pZ,p?)}CMa
0, otherwise.

It is readily verified that each of the above extends to a {0, 1}-valued topological
measure, and that v1 + v = v3 +v4. Then v = 1y —v3 = vy — vy is a signed
topological measure, and furthermore we must have v, < vy, vy.

It follows that if v, were a topological measure, it would be proportional to both
of the extreme topological measures v; and vy, and thus identically zero. Let M
be a solid set containing ps and p4 but not p; or ps; then v (M) > v(M) =1. So
v4 cannot be a topological measure.

We will therefore define a suitable class of set functions containing py and p_.
Definition 26. If v : A(X) — RT is regular and monotonic, and if it satisfies
v(C1 W) =v(Cy) + v(Cy)
whenever C1,Cy € C(X) are disjoint, we shall call it a deficient topological measure.
We note that a deficient topological measure fulfills those parts of Proposition
24] which are phrased solely in terms of u4; i.e. (1), (3), (5) and (6).
6. CONTINUITY AND DECOMPOSITION OF QUASI-LINEAR FUNCTIONALS

We now wish to define how to integrate continuous functions with respect to
deficient topological measures. As in the case of topological measures, our first
step is to use the function to move the deficient topological measure to the real
line.
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Proposition 27. Ifv: A(X) — RY is a deficient topological measure and f : X —
Y is continuous, then vo f=1: A(Y) — R is a deficient topological measure.

Proof. The monotonicity and additivity requirements are obviously fulfilled for v o
f~1. We need to show regularity. Let ¢ > 0 and O € O(Y)) be arbitrary, and select
C C f7Y0), C € C(X) (by the inner regularity of v) with v(C) > (vo f~1)(0) —e.
Then f(C) C O with f(C) € C(Y), and (vo f~1)(f(C)) > v(C) > (vo f~1)(0) —¢,
establishing the inner regularity of v o f~1.

Now let e > 0 and C € C(Y)) be arbitrary and select O D f~1(C), O € O(X) with
v(0) < (vo f71)(C)+e. Then Y\ f(X\O) € O(Y) and Y\ f(X\O) D C, moreover
FHC) € FAY\F(X\O)) € O, 50 (vo f)Y\(X\O)) < (vo f-1)(C) +=

(I

establishing the outer regularity of v o f~1.

Now consider a deficient topological measure v and an f € C(X). Unlike in
the case of topological measures, v o f~! cannot itself be extended to a Borel
measure, as it is not additive on complements. However, since it is monotonic and
regular, its restriction to leftward infinite closed intervals is extensible to a Borel
measure, which moreover still has support in the compact set f(X). In particular,
the function g(z) = (v o f~1)((—o0,z]) is continuous from the right.

Definition 28. Given a deficient topological measure v and f € C(X,R), let f(v)
be the Borel measure defined by extension of

FW)(=00,2]) = (vo f1)((—o0,a]); x €R

(equivalently, x +— (v o f~1)((—o0,x]) is the cumulative distribution of f(v)). We
then define the integral of f with respect to v as

o0
= [ o diw).
—00
We note that even such a simple change as using rightward infinite intervals will
in general give a different integral. We also note that if we use this construction
with a (possibly signed) topological measure p instead, then f(u) becomes equal
to p g, and so the integral is the usual quasi-integral.

Proposition 29. We have the following properties of the integral:
(1) py(af+b) =ap(f) +bur(X);a>0,beR.
(2) f < g implies py(f) < pa(g)-
3) w4 (f) = p=(f) = u(f).

Proof. (1) For a > 0, z € R we have

(af +b)(p4)((—o00, ax + b]) = f(p4)((—o0, 2]),
so that

oo oo

£ d(af + b)) (2) = / (az +b) df (1))

— 0o

pirlaf+8) = [

— 00

—a [ e @) + b Jim Fs)(—o0.2])

:au;(f)+bu+(X)~

For a = 0, f does not affect the value of the integral, so we may assume f = 0;
then a does not affect the value, and we may reduce to the a > 0 case.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



2744 @ORJAN JOHANSEN AND ALF B. RUSTAD

(2) If f < g, then for each z € R we have f~!((—o0,x]) D g~ !((—o00,z]) and so
F () (~o0ra]) > g(414)((—00, ).

Let M > 0 be such that || f|| ., [lgll., < M, so that both f(u) and g(p4) have
support in (=M, M). Since the identity = — x on [-M, M] is continuous, and both
it and z — f(p4)((—o0,x]) are of bounded variation there, we may integrate by

parts:
M
W)= [ wdiu)o)
-M
M
= @)= [ F) (o] do
M
=M ()= [ ) (=oe.a]) da
M
<M () = [ glu)(~o0.a]) da
= u(g)-
(3) In addition to Proposition 24{7), we need merely note that for a fixed f,
Definition 2§ is linear in the deficient topological measure. O

Theorem 30. Every quasi-linear functional pn: C(X,R) — R is uniformly contin-
uous; specifically, for f,g € C(X,R)

() = ()] < Nlull 1f = glloo-
Proof. We have f — ||f — glloo <9 < f+||f — 9llco, S0 by Proposition 291

- (f) = 0 (X) If = 9glloo p(g) < e (f) + e (X) 1 = glloos
p—(f) = (X)) [If — glleo p—(g) < p-(f)+p-—(X) |If = 9lloo,

and then by Proposition [24}(8)
w(f) = Nl 1 = glloe = 1(f) = (4 (X) + p— (X)) If = 9llow

IAIA

(f)
< n(g)
< u(f) + (pe (X) + p— (X)) If = glloo
= p(f) + el 1 = gllso,
giving the result. O

Remark 31. The above shows that in the definition of a quasi-linear functional,
it is equivalent to assume continuity at zero, continuity everywhere, or uniform
continuity.

7. DECOMPOSITION INTO TOPOLOGICAL MEASURES

We would like to investigate when it is possible to write a signed topological
measure as the difference of two positive ones. As Example 25 showed, such a de-
composition need not be unique even when it exists. Note that the decompositions
v1 — vz and v4 — v of that example are both minimal in the sense that neither of
the pairs (11, v3) and (ve,v4) can bound any common positive topological measure
other than zero, by an argument similar to the one showing v, is not a topological
measure.
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From its definition and properties, we may characterize p4 as follows: py is the
unique smallest positive monotone regular function bounding p from above. Clearly
if p = p1 — po, where p, uo are positive topological measures, then p; must have
the same properties. Thus we have the following proposition:

Proposition 32. A positive topological measure p' gives a decomposition of a
signed topological measure p into a difference of positive topological measures by

p=p — (0 —p), if and only if p" > .

In the following, let X be a g-space. We may then use the full power of the
solid set-function construction to construct a positive topological measure bounding
4 from above, and thus giving a decomposition of p. Our proof will use a few
elementary results from Section [8] which do not depend on this one.

Definition 33. Let v be a deficient topological measure, and let p € X be an
arbitrary point. We then define v? : A,(X) — RT by

p — V(M)7 p g M7
V(M) { v(X)—v(X\ M), pe M.
Proposition 34. We have the following properties for vP:
(1) vP(X) = v(X).
(2) vP is a solid set-function, and so extends to a (positive) topological measure

on X.
(3) v?(M) > v(M); M € A(X).

Proof. (1) Obvious.

(2) Since v(X)—v(X\M) > v(M) for any set in A(X), and since a set containing
p cannot be a subset of a set not containing p, ¥? is monotonic on solid sets.

If U is an open solid set, p € U, then we may add p to any compact set ap-
proximating U from within, and then find a solid compact subset of U containing
the resulting compact set. If p € U, then any compact set contained in U cannot
contain p. Thus inner regularity of v follows from the regularity of each defining
expression.

Additivity on trivial partitions is built into the definition.

Let M;;i=1,...,n; n € N, be disjoint solid sets, M D WJi"_; M;, with M a solid
set. If none of the M; contains p, then

V(M) > v(M) > > v(M;) =Y vP(My).
i=1 i=1

If p € My, say, then by the above
V(X N\ My) > P (M) + 0P (X \ M);
i=2
ie.
vP(M) = vP(X) =P (X \ M)

> 0P(X) =P (X \ M)+ > vP(M;) =) vP(M).

1=2 1=1

Thus v? is a solid set-function.
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(3) Let M be a connected compact set, and let (M;);cr be the family of (open
solid) components of its complement. If p € M, then

V(M) =P (X) =Y vP(My)

icl

If p € My, say, then

V(M) = P (X) = 300 ()

= V(X) = ((X) = v(X\ M) = 3 v(M)
iel\{1}

=v(X\ M)~ Y v(M)
ieI\{1}
> v(M).

Let U be an arbitrary open set. Then by Proposition B] and inner regularity
v?(U) and v(U) may be approximated by the values of v? and v on finite disjoint
unions of compact connected sets contained in U, and so satisfy the inequality.
Arbitrary compact sets then follow by outer regularity. ([l

Theorem 35. Any signed topological measure p on a g-space X may be written as
the difference of positive topological measures py and pe. Moreover, we may require

[l = p2(X) + p2(X).

Proof. Define p; = p!, and po = . Then for any solid set M not containing p,
p(M) = pa (M) — pip(M) and p(X) = py(X) — p—(X) = p1(X) — p2(X), which by
taking complements gives (M) = p1 (M) —puo(M) for solid sets M containing p. By
uniqueness of extension of signed solid set-functions to signed topological measures
(Proposition2), s = 11 —p. Finally, [lull = i (X)+p—(X) = i (X)4pia(X). 0

8. SIGNED SOLID SET-FUNCTIONS

We wish to extend Aarnes’s construction of a topological measure from its values
at solid sets to signed topological measures. The extension definition is quite similar,
replacing suprema by more general limits of nets. However, checking that a “signed
solid set-function” corresponds to a signed topological measure presents additional
difficulties, since the lack of monotonicity means that boundedness of the measure
on solid sets, or even connected sets, is no longer sufficient to check boundedness of
the signed topological measure. Also, limits need special care since sets “squeezed”
between sets close in measure need no longer themselves be close in measure.

8.1. Topological preliminaries. For the entirety of this section, X will be a
connected, locally connected, compact Hausdorff space.

We start with a subsection of topological results, probably well known. First we
have a generalization of Proposition [7(2).
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Proposition 36. Let M be a subset of X, and let C' be a component of M. Then
each co-component of C' contains a co-component of M. In particular, if M has
a finite number of co-components, then so does C, and if M is co-connected, C is

solid if C € A.

Proof. Let D be a co-component of C', and assume that it contains no co-component
of M. Since any co-component of M is a connected set contained in X \ M C X\ C,
D cannot intersect it without containing it, and so D C M. But then D must be
contained in a component of M other than C', and similarly that component must
be contained in D. So D is a component of M.

Since C' and D are distinct components of M, the closure of each does not
intersect the other. But then the closure of D is a connected set disjoint from C
and containing D. Since D is a co-component of C' it must therefore be its own

closure.
But also D € X\ C C X\ C, so D is a closed component of the open set X \ C,
a contradiction since X is locally connected. (I

Definition 37. By Cy we denote the family of closed sets with a finite number of
components. By C; we denote the subfamily of Cy consisting of those sets whose
components each have a finite number of co-components. By Oy we denote the
family of open sets whose complements are in Cy. We also put Ag = Cy U Oy.

Corollary 38. Each (open) component of an Op-set has a finite number of co-
components, each a compact solid set.

Proof. In Proposition B@] first consider M to be the open set in question, and
secondly consider M to be the complement of any of its components. (Il

Notation 39. For each A € A, we write its components with indices, i.e. A, A,
wey A, ... Likewise we write each (solid) co-component of A; as A?. Thus A =
W (X \ W, A?). This notation is unique up to obvious permutations.

Lemma 40. Let C € C. with X\C = |§),c; C*, where {C'};c; C Oy is a disjoint
collection. Then X\(;c;, C*) € Ce for any set of indices Iy C I.

Proof. Obviously C" = X\(l;c;, C*) € C. Suppose C’ is not connected. Then
there must be disjoint open sets U and V such that § < C'NU,C' NV € C,
but C and {C?} are all connected, hence they are each contained in either U or
V' respectively. We may assume without loss of generality that C' C U, then
C'NV =Weiceny C' € O. Now we reach a contradiction, since X is connected
and therefore contains no non-trivial clopen sets. (Il

Proposition 41. Let C € C, U € O, C C U. Then there exists C' € Cy such that
ccc cU.

Proof. Only a finite number of components of U may intersect C, so it suffices to
consider the case of U connected. First by Proposition[[(1) let C C C” C U with
C" connected. Now we note that a finite number of components of X \ C” cover
X \ U; we obtain by Lemma [0l C’ as the complement of their union. (I

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



2748 @ORJAN JOHANSEN AND ALF B. RUSTAD

8.2. Definition of signed solid set-functions. The following proposition de-
scribes our general plan for recovering the value of a signed topological measure
from its values at solid sets.

Proposition 42. Let p be a signed topological measure. Then:
(1) (€)= 5, (w(X) = 5, m(C)) s C € €.
(2) uU) = limgeCCU w(C); U € 0.
0
(3) u(C) =pn(X) —pn(X\C); CecC.
Proof. Ttems (1) and (3) are obvious from additivity of u. By Proposition HIl it

suffices to consider Cop-sets (or even Cy-sets) in the limit of (2). O

Definition 43. A function u: As — R is a signed solid set-function if it satisfies:
(1) There exists M > 0 such that for all C' € Cy,

o) => u@h || <M
i J
(2) For all U € O, we have
p(U) = lim u(C).
CEc,

(3) For any trivial or irreducible partition {4;};c; of X we have

() = 3 n(Ay).

iel
(4) u(0) = 0.
Proposition 44. Let p be a signed solid set-function. Then u may be extended to
Ao by:

(1) 1(C) = %2, (1(X) = X, 1(C)): C € Co.
(2) pU) = w(X) = w(X\U); U € Op.
In particular, the extension of v is bounded by M on Cqy and by 2M on Oy.

Proof. 1f C € Cy, then for any component C; of C, |3 ;5 qu’ < M + |u(X)] for
any finite index subset J', by Definition B3(1) and Lemma In particular, the
sum Y j u(CY) is absolutely convergent. Hence y is well defined and real-valued on

Ap. Given € > 0, let {C;}7; be the components of C, and for each 4 pick n; such
that

S|m

w0~ {mx) = Yo mch ) | <

and such that Cj, C Wi, CJ for k # i. This gives Cj, C X\ (O Cl c X\Cj, so
the connected set X'\ L—ﬂ?ﬁl C} must be in the same co-component of C; as Cy is,
and thus X\ W72, OF C W2, CJ. Then the set C" = Wi, [X\(W;Z, C)] is in Cy
and we get

H(C) = i) < Y |u(C0) = | w(x) = Do u(e) )| <.
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Accordingly p is bounded by M on Cy. By (2), p must be bounded by 2M on Aj.
One may verify that the extension is consistent with the definition of p on A;. O

Remark 45. We will assume from now on that p is a signed solid set-function
extended to A according to the proposition above.

Corollary 46. We have the following properties for u:
(1) Let C,C" € Cy with CNC" =0; then p(CWC") = pu(C) + u(C").
(2) Let C € Co, U € Oy, C CU; then p(U\C) = p(U) — p(C).
(3) Let C € C. with co-components {Cj }jeJ‘ Then for any subset I C J we

have . A
p(lH ) => " ucd).
jeI jeI
(4) Let (Ci)ier C Co be a disjoint family of Co-sets; then Y, |u(C;)| < 2M.
(5) Let (Ui)ier C Oy be a disjoint family of solid open sets; then . |u(Us)| <
2M.

Proof. (1) The family Cp is closed under finite unions, and the components of a
disjoint union are the components of the individual sets.

(2) This follows from (1) by considering ¢’ = X \ U.

(3) €' =X\(W,er C7) € C. by Lemma [0 and hence

(] 07) = w(X) = u(C') = n(X) = (W(X) = >~ u(C9))

jeI jeI
=> ).
jer

(4) It suffices to consider finite families. Let I = {i : u(C;) > 0} and I_ = I\ I,.

Then
D 1C) =D 1(C+ Y ()| = () Cl+ [u(|H €l < 2D
i i€ly iel_ i€ly iel_

(5) Let e > 0. By Definition 3(2) we may find C; € Cy, C; C U; with |u(Cy)| >

(1 —e)|u(U;)], from which (4) gives the result. O

8.3. Regularity on Ag. We will now embark on proving the result (Proposition
[BI)) that the signed solid set-functions are regular on Ay. For positive topological
measures, this essentially corresponds to condition (Q3)g of [3], Section 4. Condi-
tion (Q1)¢ is monotonicity, which we do not have; condition (Q2)y is additivity on
disjoint Cy-sets, which is Corollary E6{(1).

Lemma 47. Giwven ¢ > 0 and C € Cg, there is a U € O4, C C U such that
K € Cy, K C U\C implies |u(K)| < e.

Proof. Assume to the contrary that no such set U € Oy exists. Then recursively
there is a set K; € Co, K; C O;\C with |u(K;)| > € and by Proposition [7(3) a set
O;41 € O5 with C C O;11 C O; \ K; (O1 may be taken to be X). Now for each n

we have Y1 | [u(K;)| > en, eventually violating Corollary [46(4). O
Lemma 48. IfU € O, has a finite number of co-components, which are all solid,
then
uU) = lim (C).
CeCo
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Proof. Let {K;}"_; denote the co-components of U. Given e > 0 pick sets {U;}?_; C
Os such that K € Cy with K C U;\K; implies |w(K)| < £ and such that U € O,
with K; C U C U; implies |u(U) — u(K;)| < £ (by Lemma 47 and Definition 43(2),
respectively). By Proposition[7[(1) there is a set C € C. with X\(Ulel ;) CCCU.
By Lemma HQ we may assume that all co-components C’ contain exactly one
K; (replace C' with C U (U{C’ : ¢V N (U, Ki;) = 0})). We now claim that
F €Cy,C C F CU implies |u(U) — u(F)| < be (completing the proof).

One of the components, say F’, of F must contain C (since C is connected)
and F\F’ € Cy with F\F' c J;_, U\K;, F\F' NU; € Cy for i = 1,...,n. Hence
(F\F)| < <.

Let {V;}5°, (possibly finite collection) be the co-components of F’ where p is
non-zero and V; N (U, K;) = 0. Pick F; € Cs, F; C V; with [u(V;) — u(F)| < &
for i = 1,2,.... Now U2, F; € U, U\K; and |J.-, F; € Cy for m € N, so
(U, Fi)| < e. For m sufficiently large we have |u(Uie, Vi) — (Ui~ Fi)| < 2e,
implying (U Vi)| = 32 u(Vi)| < 3e (cf. Corollary H6(3)).

Finally, we have

1w(U) = w(F)| < |u(U) = p(F)| + & < |u(U) = p(F' U ((Vi))| + 4e < 5e,

where the last inequality is due to each co-component of F’ U (|JV;) being an open
solid set U with K; C U C U; for some choice of i. The proof is complete. O

Lemma 49. For all U € Oy,

hm uC = Z,uU
CEC()

Proof. By Corollary d8l(4) and monotone convergence we have

Z sup |uC| < 2M.
— ccu;
CGCO

Given € > 0, we may therefore write U = U’ W U"”, U',U"” € O, where U’ =
7, U/ consists of a finite number of components of U and

|ZM Uy)| < s, \uC|<Z sup |uC| < e.
ccu!
CECO CCEC()

By Lemma B8 we then select C; € U] such that F' € Cy, C; C F C U/ implies
1(U)) — u(F)| < £/n. Let C = Wi_, C.
We then have that F' € Cy,C C F C U implies

1> uUi = u(F |<Zlu p(FNU)) |+|ZMU” ) = w(FnU”)|

< Z&/n+2£ = 3e.
i=1

O
Lemma 50. Let U € Op have solid co-components. Then
U) =) uUy)
iel
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Proof. Let {C;}!"_, denote the co-components of U. We have the equivalent state-
ment:

n

p(X) = pwU:) + 3 u(Ci).

iel i=1

The proof is by induction on n. If n = 0, then U = X and the statement is trivial.
If n =1, then U € O, and we have the trivial partition. Equality follows from the
definition of solid set-functions. Assume the equation to hold up to an arbitrary
n € N. If U is connected, then equality follows from the definition of © on OQy. If
U is not connected, then Proposition [[2] applies to the collection {C’i}:-:rll. That is,
we have a subfamily {C;},. ;, card J > 2, such that X = (U,;c; Cs) U (U;ep Oi) is
an irreducible partition of X (here O = X\ {J;; C;). By Definition 43(3) we have

p(X) = u(0:) + > u(Cy).

el icJ
For an arbitrary choice of i’ € I’ we have
oo~ U alu[ Uw
CiCOi/ U{COi/

Now the induction hypothesis applies to the collection {C; : C; C Oy} U{X\Oy}
since it consists of at most n solid compact sets. We have

n(X) = Z w(Ui) + Z 1(Ci) + (X \Oy) =

UICO, CiCOy
pOi) = > pU)+ > u(Ci).
U!CO, CiCOy
Finally, we obtain
n+1
p(X) =D p(0:) + > u(Ci) = u(Ui) + > pu(Ci).
iel’ ieJ iel i=1
The proof is complete. O

Proposition 51. For all U € Oy we have

Proof. We will show that u(U) = )", u(U;), from which the result follows by Lemma
M9 Throughout the proof let C = X\U € Cy.
We will first prove a special case. Assume that for each i there is a j such that

Cp < Cf forall k #i. Let O =, {C: Cn €7 = 0 for all k.

Consider the sets K; = C; U (U{j:cmcj:@ for all k} C’f) We have {K; :i €1} C
Cs, 50 O' = X\ (U K;) is an open set in Oy with solid co-components. By Lemma
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B0 (0') = ¥, O} Then

—u(X) =Y (uE) S u(c))

CrNCI =0, vk

= p(X) - Zu(Kz) + ZN(OZ)
= p(O") + D p(0:) =3 w(O)) + > p(0:)
= ZM(U&

completing the proof for this case.

Let n = card {C; : i € I'}. The remaining proof will be by induction on n. For
n < 2 we must be in the case already proved. Assume p(U) = >, u(U;) to hold for
n=1,2,..,m, and let C € Cy with card {C;} = m + 1.

Having proved the first case, we may now assume that there are distinct i, k1, k2
together with j, such that Cy, C CY but Cy, N CY = 0.

Now the induction hypothesis applies to the collection

K=x\0=(cuci)u ) Lg @ck
wNCY =
ki

and to the collection
K'=x\0'=(x\cJul | o
Crcci
Then KNK'=C, KUK’ =X (i.e. ONO’' =0) and
S ouU) =Y 1(0:) + Y u(0)) = u(0) + p(0")
(by induction)
= (W(X) — p(C; U Cf) - Z w(Ck))

C"‘Qi{:@
+ (X)) =X\ CH = > u(Cy))
CLcci
=D uCH+pu(C) =" p(Cr) = p(X) = p(Ci) = Y u(Cr)
17 ki ki

= p(U).
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8.4. Extension to A.

Lemma 52. Let p be a signed solid set-function extended to Ag. For any open set

U, limccy pC' exists.
CeCo

Proof. Let C; C U and Cy € Cy. Then, recursively, there is a set V; € Oy with
Ci CViCViCUandaset Cy €Cy with V; C Cy C U. We obtain an increasing
sequence {C;}. Now suppose to the contrary that the limit does not exist. Then
there is an € > 0 such that {C;} may be chosen with |uC; — puCiy1] > € and V;
with [uV; — pC;i| < § fori=1,2,....

We get & < |uC; — pCita| = [pCi — pVigr + pVigr — pCipa| < [pCi — pViga| +
|1Vigr — pCita| < |pCs — uViga| + §; accordingly |[uCi — puVip1| > 5. We have
constructed a disjoint sequence {V2;11\C2;} C Op with |u(Vai11\Co4)| > 5, i =
1,2,.... Finally, pick K; C V2i+1\021', K; € Cy with |/L(‘/2H_1\CQZ) — [LKl‘ < %
implying |uK;| > §. We reach a contradiction with ), |u(K;)| = oo. O

Theorem 53. A signed solid set-function p: As — R extends uniquely to a signed
topological measure in X . Conversely, the restriction of a signed topological measure
to the solid sets is a signed solid set-function.

Proof. For an arbitrary set in A we define p by:
(1) pV =limecy pC, V € O;
CeCo
(2) nC =pX —p(X\C), Cec.

Clearly this is consistent with the definition on Ay. We start by proving the
regularity (Definition 2(3)). Let ¢ > 0 and U € O be arbitrary. Then by Lemma
B2 there is a set C' € Cy, C C U, such that for any set C' € Cy with C c C' Cc U
we have [uC — pC’| < 5. Now let K be any closed set with C ¢ K c U. It
suffices to show that |uC — pK| < e. To this end, choose a set K’ € Cy such that
X\U Cc K' ¢ X\K and |u(X\K) — pK'| = |[p(X\K') — pK| < § (by Lemma [52).
Again by Lemma 52 and Proposition Bl |u(X\K') — uC| < 5. We have

nC = pK| < [nC — p(X\K')| + [n(X\K") — pK| <,
which establishes Definition [2)(3).

For Definition[2(2), it is clear from the definition of 1 on open sets that sup{|uU] :
U € O} < M. Note that, by taking complements, we have that uC = limccy pU
Ueo

for any set C' € C. Hence |pA| < M for any set A € A.

It remains to prove additivity (Definition 2[(1)). Let U; and Uz be disjoint
open sets. For any pair of closed sets C1,Cy € Cy, Cy C Uy, Cy C Us, we have
Ci1UCy € Cy, CLUCy C Uy UU,. Conversely, for any C € Cy, C C Uy UUs, we
have CNU; € Cy and C' NUs € Cy. Hence by additivity of u on Cy we have

wUyUly) = lim uC = ChCn(}1 uC + ChCHLl[z nC = pUy + pls.

CCULUU»
CeCo CeCo CeCo

By induction p is finitely additive on open sets. Now let C7, Cs € C be disjoint. As
above we obtain

w(CLUCy) = ClglCI'TQICU'LLU = CllnglU uU + CIZHCnU uU = pCq + pCs.
Ueco Ueo Ueo

Finally, let Ay, Ay, ..., A, € A be a disjoint collection with |J; ; 4; € A. Put
Ag = X\ -, A;; by finite additivity on open and closed sets respectively, and (2)
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we get
X = ﬂo p(J A)+u 4) qu+iuAi
i=0 A eC A, €O i=1
= uX — p U ) + Z pAi,
and hence -

p(lJA) => pA
=1 =1

The uniqueness of the extension follows from Proposition

Now assume instead i to be a signed topological measure, and consider its
restriction to As. Definition E3[(1) follows by Proposition @2(1) and Definition
2(1); Definition @3](2) follows from finite additivity, and the fact that it suffices to
consider solid sets in Definition [43)(3) follows from Proposition [7|(3). O

9. SIGNED Q-FUNCTIONS

The g-functions originated in [4] have proven to be an efficient tool for con-
structing topological measures (see e.g. [B]). It is natural to ask whether a similar
construction technique might apply to signed topological measures. It turns out
that this is possible.

Throughout this section we will let X denote a g-space. Let Q1(X) denote the
normalized positive topological measures (i.e. u(X)=1). Wesay that p € Q1(X) is
non-splitting if there is no disjoint pair Cy,Cy € C4 such that p(Cy) > 0, u(C2) >0
and p(C1) + u(Cs) = 1 (Lebesgue measure on the disk or sphere are examples of
non-splitting measures).

Definition 54. For f:[0,1] = R, p € Q1(X), C € C; ,define f,(p) : Cs — R by
[f<(m)(C) = f(r(C)) for all C € Cs.

Then f is called a signed g-function if f.(u) extends to a signed solid set-function
(and hence to a signed topological measure) in X for any g-space X, and any

non-splitting u € Q1(X).
Remark 55. If f is a signed g-function, then f.(u) is determined on O, by

(1) (fer)(U) = (fer)(X) = (fep) (X\U) = f(1) = (fup) (X\U).

Since X is a g-space it only exhibits trivial partitions. Hence (I]) assures the addi-
tivity requirement (Definition E3|(3)) of fi.u trivially. For any signed g-function f
we must also have f(0) = 0, since the empty set always has measure zero.

Proposition 56. If f is a signed g-function, then:
(1) fz7)+ f(1—z)= fQ1) for all z € (0,1].
(2) f is continuous from the right.
(3) f has bounded variation.

Proof. Let m be the Lebesgue measure on the unit interval. Then f,m extends
to a signed topological measure in R, and hence extends uniquely to a regular
signed Borel measure in R. The proposition now follows from elementary measure
theory. (I
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Example 57. Let f:[0,1] — R be given by

Tl V2-VIi—z o, zeld)
Then lim,_,g+ f'(z) = oo, so for any M there is an € > 0 and n € N such that
ne < 1 and nf(e) > M. Let m be the normalized Lebesgue measure in the unit
disk D. Choose disjoint sets {C;};_, C C, such that m(Cy) = --- = m(C,,) = e.
Assuming that f is a signed g-function we have (f.m)(JC;) = > (fem)(C;) > M,
which is a contradiction. Apparently Proposition does not provide sufficient
conditions for a signed g-function.

In [4] it was shown that a convex function on the interval [0, 1] extends uniquely
to a g-function on the whole unit interval. This immediately provides us with a
large class of signed g-functions:
Proposition 58. If f : [O, %} — R with f(0) = 0 is differentiable, and f' has
bounded variation, then f extends to a continuous signed g-function on [0,1].
Proof. If f' has bounded variation, then f’ = g — h, where g and h are monotone
functions. In particular, f is the difference of two convex functions, say f; and
f2, on the interval [0,1]. Since f(0) = f1(0) — f2(0) = 0 we may assume that
f1(0) = f2(0) = 0. Assuming continuity of f, Proposition (6] requires that f(x) +
f(1—2)=f(1) (x €0,1]). Accordingly we must have
f(Jf)Z{ fl(x)_fZ(x) ’ .’L'E[?,%],
f(l)_fl(l_x)_fQ(l_x) ) .%'6[5,1],
implying that f(1) = 2f1(3) — 2f2(3). Now f : [0,1] — R is the difference of the
two g-functions kq, ko given by

() = fz(.%') ) :UG[O,%], i =
ki )—{ 2(d) — fil—z) , we(d1, L%

m

O

Example 59. Let f(z) = 22° — 322 + 22 : [0,1] — R, and again let m denote the
normalized Lebesgue measure in the unit disk D. Then f is a signed g-function
by Proposition It is strictly increasing and positive. However, f splits into the
difference 2z and 3z? — 223, where the latter is known to be a q-function which
maps even m to non-trivial topological measures (i.e. topological measures which
are not restrictions of regular Borel measures). Hence f.m is a signed topological
measure, but it is neither a topological measure nor a signed Borel measure. Indeed,
let C1,Cs € Cs(D) be disjoint with m(Cy) = 5, m(C2) = 2, and choose C' € C4(D)
with C; UCy € C and m(C) = 1. Then (f,m)(C) < (fom)(C1) + (fsm)(C2), and
consequently f.m is not a topological measure.

Before we embark on a total classification of the signed g-functions, we will need
some notation for trees:

Notation 60. We will assume a rooted tree T'= (V, E) to be finite and directed,
where V is the set of vertices and FE is the set of edges. There is a level function
l : V — N where the root has level zero, vertices adjacent to the root has level
one, and so forth. There are two maps r,s : E — V determined by e = (s(e),r(e))
(e € E). We call r and s the range and source map of T', respectively.
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Proposition 61. Let X be any g-space and let C € C¢. Then there is a finite rooted
tree T = (V, E) (not necessarily unique) representing C in the following sense:

(1) {A €V :IU(A) is an odd number} C Cs and {A €V :1(A) is even} C Os.
(2) For each e € E we have 4 4¢,(.) A C s(e).

3) Let n = maxycy Uv) ; then
2

n—1
c=4 ) K\ W v
i=0 \I(K)=2i+1 Ver(s—1(K))
Proof. Let X be the root of T. Pick x € X\C and for each i let 5/ be determined
by = € C'ij/. Put K; = C; U (U#j, C’Z) Then for i # k we have K; C Ky,
Ky C K; or K; N Ky = 0. Let 7(s1(X)) be the sets K;, i = 1,2,..., such that
K;\ (Uk;‘éz Kk) # 0. Now recursively for K; € V NCs let r(s71(K;)) be the set
{C7Y 41, and recursively for C7 let

r(s ) = K KpCf, Ko\ | | Ki | #0

k#i
KkCCi

It is now straightforward to verify the requirements of the tree T. O
Remark 62. The construction also works for sets in Cy (which in general give infinite
trees), in spaces of general genus. There is an alternative interpretation of the tree
as unrooted, for which a vertex V is relabeled with the set V' \ LﬂWer(s*l(v)) w,
while each edge e is labeled with the original r(e) if r(e) is open, and with X\r(e)
otherwise; in the second case the direction of the edge is reversed. In this case the
vertices are a partition of the space X, with the source vertices corresponding to
the components of C', and the edges adjacent to a vertex correspond either to its
co-complements or to their complements.

Definition 63. Let T = (V, E) be a rooted tree with root vy and a function
w:V — R*. We call T monotonic if w(vg) = 1 and

w(v) > Z r(e) for allv € V,
veEs(e)
where the inequality is strict if I(v) even.

Theorem 64. A function f :[0,1] — R is a signed g-function if and only if the
following hold:

(1) We have f(0) =0 and
fl@ )+ f(1—=x) = f(1) for all x € (0,1].

(2) There is an M € R such that for any monotonic tree (V, E,w) with root
vo we have

> fw) - 3 Flw(w)™)| < M.

{veV:i(v) odd} {veV\{vo}:l(v) even}
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Proof. Suppose f is a function satisfying the requirements of the theorem. For any
g-space X define f, : @1(X) — Q(X) according to Definition B4l Let p € Q1(X)
be arbitrary; we need to show that f.u is a signed solid set-function.

Since g-spaces only exhibit trivial partitions, the additivity requirement (Defi-
nition E3|(3)) is satisfied by definition of f.u on Os. The regularity requirement
(Definition @3|(2)) of f.u follows from Theorem [64)(1).

Let C € Cy, let M be as in Theorem [64(2), and let T = (V,E) be a tree
representation of C' according to Proposition 61 with notation as in the proof of
the proposition. Then (V) E, 1) is a monotonic tree. We obtain

S (X)) =D (Fem)(C)

i J

=13 [0 = X tmen

=) D)) =D () ) || < M.

i i3

By Theorem (3] and Definition E3] it is now clear that f is a signed g-function.

For the converse, assume that f is a signed g-function. By Proposition G0l it is
clear that f(z7) 4+ f(1 —x) = f(1) for all z € (0,1]. Clearly, f(0) = 0 since the
empty set is a zero set.

It remains to prove Theorem [64)(2) for f. Let m denote the Lebesgue measure
in the unit square I> = [0,1] x [0,1]. Then f.m : As — R is assumed to be a
solid set-function, and in particular satisfying Definition E3|(1) for some M. For
any monotonic tree (V, E,w) we may recursively construct a set C' € C¢(I?) such
that (V, E) represents C' and w = m. The set of vertices V may even be taken to
be rectangles. By the calculations above we obtain

> flw) - > fw(v)™)

{veV:i(v) odd} {veV\{vg}:l(v) even}

=D [ flmE) =Y fm(S)7)

i i

= > | )0 = S (fem(cd) || < M,

i J

and hence f satisfies the requirements of the theorem. The proof is complete. [

Corollary 65. Let m be Lebesgue measure on the unit square [0,1] X [0, 1], and let
f:10,1] = R. Then f is a signed q-function if and only if f.m extends to a signed
topological measure.
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