Banach J. Math. Anal. 9 (2015), no. 2, 201-247
http://doi.org/10.15352/bjma/09-2-15

ISSN: 1735-8787 (electronic)
http://projecteuclid.org/bjma

ABSOLUTE CONTINUITY OF POSITIVE LINEAR
FUNCTIONALS

ZSOLT SZUCS

Communicated by P. E. Jorgensen

ABSTRACT. The goal of this paper is to present characterizations for absolute
continuity of representable positive functionals on general *-algebras. From
the results we give a new and very different proof to our recently published
Lebesgue decomposition theorem for representable positive functionals. On
unital C*-algebras and measure algebras of compact groups further character-
izations are included in the paper. As an application of our results, we answer
Gudder’s problem on the uniqueness of the Lebesgue decomposition in the case
of commutative *-algebras and measure algebras of compact groups. Another
application to faithful positive functionals defined on the latter *-algebras is
also included.

1. INTRODUCTION AND PRELIMINARIES

Many mathematicians investigated the Lebesgue type decompositions of nonneg-
ative quadratic forms (forms, for short), positive functionals and positive opera-
tors. In a very general setting S. Hassi, Z. Sebestyén and H. de Snoo ([10]) studied
forms on complex vector spaces. The author in a recent paper ([24]) proved re-
sults for representable forms on complex algebras. For positive functionals on a
*-algebra (which naturally induce forms) H. Kosaki ([15]), M. Henle ([ 1]) and S.
P. Gudder ([%]) gave noteworthy theorems on o-finite von Neumann algebras, uni-
tal C*-algebras and Banach *-algebras, respectively. The author proved strong
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connections between these theories in [23] and [24], and the latter article also
contains a very general Lebesgue decomposition theorem for representable posi-
tive functionals on arbitrary *-algebras (Corollary 3.2). This statement sharpens
the decomposition of Hassi, Sebestyén and de Snoo ([10, Theorems 2.11 and
3.9]) for representable positive functionals, and generalizes the similar results of
Kosaki ([15, Theorem 3.5]) and Gudder ([%, Corollary 3]), since on unital Banach
*-algebras every positive functional is representable. In the paragraph after The-
orem 1.16 we will show that Henle’s analogous theorem ([11, Theorem 1]) is also
a consequence of our decomposition.

A common point of these settings is the two fundamental concepts of the decom-
positions, namely the singularity and the absolute continuity. For the preceding
different terms and seemingly different definitions have appeared in the above
mentioned papers. However, in Theorem 3 of [25] the author proved among oth-
ers that all of these singularity concepts are equivalent for representable positive
functionals on arbitrary *-algebras. Hence it is worthy to examine more closely
the absolute continuity in the case of representable positive functionals, and to
give a number of characterizations, along with corollaries and some applications.
We will introduce the definitions and our motivations after some notations.

Notations. For a complex Hilbert space H the inner product will be denoted
by (+]-), and B(H) stands for the space of bounded linear operators on H.

Let t be a form on the complex vector space E. Then the £ x E — C semi-
inner product and £ — R, seminorm uniquely determined by t will be denoted
by (-|-)t and || - ||t, respectively. For simplicity we set t[z] := (z|z)} (z € E). For
the kernels ker || - [|$ will stand, i. e., ker || -||? := {x € E|t[z] = 0}. If w is another
form on £, then t < tv means that t[z] < w]z] holds for all x € E.

A form t naturally induces an inner product on the quotient space £/ ker || - ||t,
that is,

(@ +ker || - [It,y +ker[| - [|) = (z[y)7  (z,y € E). (1.1)

The pair (Hy, (+])¢) stands for the Hilbert space associated to the form t, i. e., the
completion of the pre-Hilbert space E/ker || - ||t equipped with the inner product
in (1.1).

If Ais a *-algebra and f is a positive linear functional on A (i. e., f(a*a) > 0
for all a € A), then the gothic letter f stands for the form generated by f, namely

fla] := f(a*a) ~ (a € A).

A positive functional f is said to be faithful, if for any a € A the equation f[a] = 0
implies @ = 0. For positive functionals f and g on A, f < g denotes the natural
ordering, i. e., f < g. The notations A* and (A*); stand for the set of linear
functionals and positive linear functionals on A, respectively. If the algebra is
normed, then A’ denotes the space of continuous linear functionals on A.

A positive functional f is said to be representable, if there exists a cyclic *-
representation 7 : A — Z(H) on a Hilbert space (H,(:|-)) with cyclic vector
EeH (i e, {m(a)f|a € A} is dense in H) such that for any a € A

fla) = (w(a)g]S)
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holds true. By the aid of the remarkable Gelfand-Naimark-Segal (GNS) con-
struction there are equivalent conditions to this property (see [0], [17], [21]). The
usual notations (Hy, (-|-)f), 7y and &; stand for the associated Hilbert space,
*-representation and the distinguished cyclic vector from the GNS-construction,
respectively. A positive functional f is faithful, if for every a € A the equation
f(a*a) = 0 implies that a = 0.

The notations A, and A, stand for the selfadjoint and positive elements of A,
respectively. If A is unital, then the unit element of A will be denoted by 1.

For *-algebras, positive functionals and the GNS construction the reader is
referred to [2], [3] and [18].

Our investigations focus on positive functionals, but in the first place we recall
some fundamental definitions and theorems from the Lebesgue decomposition
theory of forms (see [10]), since these facts are essential to understand our math-
ematical motivations. These will be discussed at the end of the section, along
with our results and main ideas.

Definition 1.1 (Domination). Let t and w be forms on the complex vector space
E. We say that w dominates t (or tis dominated by w) if there exists an a € R
such that t < atv.

We introduce the concept of absolute continuity for forms (see [10, Section 2.5
and Theorem 3.8]).

Theorem 1.2. Let t and 1o be forms on the complex vector space E. The following
statements are equivalent.

(i) For any sequence (xy,)nen in E

(( im wlz,)]=0) A ( lim ¢z, —2z,]=0) = lim t[z,]=0
n—-+oo n,Mm—-+00 n—-+00
18 true.
(ii) There exists an increasing sequence (t,)nen of forms on E and there is a
sequence ()nen i Ry such that for any n € N the inequality t, < a,to
holds and t = sup,,cy tn-

Definition 1.3 (Absolute continuity). We say that the form t is absolutely con-
tinuous (or closable) with respect to to, if one (hence all) of the properties of the
previous theorem holds.

Remark 1.4. For (ii) of Theorem 1.2 the term t is almost dominated by v was
used in [10]. Furthermore, closability refers to that the densely defined

Jm,t3Hm_>Ht§ x+ker\|-|]:0»—>a:+ker\|-\|:

linear operator is well-defined and closable ((i) of Theorem 1.2). We note that
the well-definedness of the operator Jy, is equivalent to the inclusion

ker || - [I%, € ker || - [I7.

The following theorem (Proposition 2.2 in [10]) presents a concept which plays
a central role in the Lebesgue decomposition of forms.
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Theorem 1.5. Let E be a complex vector space, and let t,v0 be forms on E.
Then the formula

(t:w)[z] :=inf{tlzr — 2] + w[z]|]z € E} (z € E)
defines a form on E.
Definition 1.6. The form (t: tv) is the parallel sum of the forms t and ro.

Remark 1.7. As Theorem 1.11 shows, the parallel sum of two forms is a very
important concept in the Lebesgue decomposition theory of forms, since the de-
composition itself is defined by means of the parallel sum. The first main theorem
of this paper, which characterizes the absolute continuity of representable posi-
tive functionals (Theorem 2.15) extremely depends on a result about this concept
(Corollary 2.13).
We recall here some properties of the parallel sum, which we will need later.

- (t:w) = (w: t);

- (t:w) <t

- If p is another form on F, then p < t implies that (p : w) < (t: 1o).
For the proofs, other properties and some historical remarks the reader is referred
to [10, Introduction and Lemma 2.3].

We introduce the concept of singularity through the next theorem ([10, Propo-
sition 2.10]).

Theorem 1.8. Let E be a complex vector space, t and v forms on E. The
following statements are equivalent.

(i) For any form p on E:
(p<mw A p<t) = p=0.
(i) (t:w)=0.

Definition 1.9 (Singularity). We say that the forms t and 1 are singular (or
either of them is singular (with respect) to the other), if one (hence all) of the
properties of the previous theorem holds.

Remark 1.10. Let t, o and p be forms on the complex vector space . Then one
can easily check the following properties from the definitions.

- The definition of singularity is symmetric in t and tv.

- For any ay, as € RT the forms t and o are singular if and only if a;t and
asto are singular, furthermore t is absolutely continuous with respect to
to if and only if oyt is absolutely continuous with respect to astv.

- If t dominates p and t is singular with respect to tv, then p and v are also

singular.
- The implications (to dominates t) = (t is absolutely continuous with re-
spect to w) = (ker || - |5, C ker|| - ||7) are true. The reversed implications

are not true in general (see [3] for simple examples).
- If t is absolutely continuous with respect to to (in particular, if w domi-
nates t) and they are simultaneously singular, then t = 0.
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In the following remarkable theorem we summarize the main achievements of
Hassi, Sebestyén and de Snoo (Theorems 2.11, 3.6, 3.8 and 3.9 in [10], see also

[22])-

Theorem 1.11 (Lebesgue decomposition of forms). Let t,to be forms on the
complex vector space /. Define a form t.., by the equation

fmhkzigtvmﬁm (z € E),

and let tying ==t —tey. Then in the sum t = t.cy + toing the form t,., is absolutely
continuous with respect to v, and the forms tg,, and vw are singular. Moreover,
the form t,., is the greatest among all of the forms p such that p < t and p is
absolutely continuous with respect to to.

Definition 1.12. The forms t,, and ty,4 are called the reqular and singular part
of t, respectively. The sum t = t,.4 + t5ng is the Lebesque decomposition of t with
respect to to.

We must note here that positive operators on Hilbert spaces also have a
Lebesgue type decomposition ([1], [26]).

We will need the following properties of the regular and singular parts ([10,
Theorem 3.6, Corollary 3.11, Proposition 3.13]).

Proposition 1.13. With the notations of Theorem 1.11 the following hold.

- The forms tyng and w0 +t,., are singular (hence tyy, and t,.., are singular,
as well).

- t is absolutely continuous with respect to 10 & t = t,.,.

- tis singular to w & t = tg,,.

Now we turn to positive functionals on *-algebras. The definitions of the fun-
damental concepts are formulated by means of the induced forms.

Definition 1.14. Let A be a *-algebra, and let f, g be positive linear functionals
on A. We say that f is

- dominated by g, if  is dominated by g;

- absolutely continuous with respect to g, if § is absolutely continuous with
respect to g;

- singular to g, if { is singular to g.

In the earlier mentioned papers ([8], [I1], [15], [24]) for absolute continuity
(Theorem 1.2 (i)) the same definitions have appeared, but different terms were
used (strongly absolute continuity, almost domination, closability). The singu-
larity concepts were seemingly different, but Theorem 3 in our paper [25] shows
that all of the formulations appeared in [%], [I 1], [15], [24] are equivalent for rep-
resentable positive functionals. In this paper the following formulations will be
used ((i27) was called semisingularity in Gudder’s paper [3]).

Theorem 1.15. Let A be a *-algebra, and let f, g be representable positive func-
tionals on A, & and &, are the cyclic vectors in the respective GNS constructions.
The following statements are equivalent.
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(i) f and g are singular.
(ii) There exists a sequence (ap)nen in A such that

(Him 7g(an)éy = 0) A lim mp(an)és = &),
that s,
(Hm ay +ker[|-][g=0) A lim a,+ker| |7 =&).

(iii) There exists a sequence (ay)nen in A such that for every a € A

li = i — = li ra) = :
(lim gla] = Tim floa—an] =0) A ( lin f(aia) = f(0))
The following decomposition theorem is due to the author ([24, Theorem 3.1,

Corollary 3.2]). It states that if we apply Theorem 1.11 to forms derived from
representable positive functionals, then the regular and singular parts also come
from positive functionals. The proof in [24] based on another result of ours for
representable forms on complex algebras, wherein closed invariant subspaces of
representations appeared ([24, Theorem 2.6]). We note that the classical Lebesgue
decomposition related to set-measures is an immediately consequence of this the-
orem ([24, Theorem 4.2]).

Theorem 1.16 (Lebesgue decomposition of representable positive functionals).
Let A be a *-algebra and let f, g be representable positive functionals on A. Then
[ admits a Lebesque decomposition f = freqg + fsing nto a sum of representable
positive functionals such that fsng and g are singular, while f,.4 is absolutely
continuous with respect to g. The form induced by freq 15

fregla] = itelg(f : (ng))|a] (a€ A).

Moreover, the form feq is the greatest among all of the forms p such that p < §
and p is absolutely continuous with respect to g.

The similar decompositions of Gudder (for positive functionals on unital Ba-
nach *-algebras, Corollary 3 in [8]) and Kosaki (for normal states on o-finite von
Neumann algebras, Theorem 3.5 in [15]) follow from our result ([24, Theorem 3.7,
Corollary 3.17]). Furthermore, Henle’s theorem for positive functionals on unital
C*-algebras ([11, Theorem 1]) is also a consequence of our statement. Indeed, if
f and g are positive functionals on the unital C*-algebra A, then the regular part
freg in Theorem 1.16 is maximal among the absolutely continuous functionals
equal or lower than f. But Henle also proved this for his decomposition in [I1,
page 90], thus Theorem 1.16 coincides with Henle’s result on unital C*-algebras.

Natural questions arise in the context of the absolute continuity of positive
functionals. As we have seen in Theorems 1.8 and 1.11 the concept of the parallel
sum is very important, but it is not very clear whether or not the parallel sum of
two forms derived from positive functionals is induced by a positive functional.
Theorem 1.16 shows that the regular part (which is a supremum of parallel sums)
in the Lebesgue decomposition for representable positive functionals is a form of
this kind. But in Corollary 2.13 we will prove that the parallel sum of two
forms derived from a positive functional is always induced by a representable
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positive functional (the main tool in the proof is Theorem 2.4, which is classical
statement in the context of C*-algebras). This result has two consequences.
Absolute continuity can be characterized via dominated increasing sequences of
representable positive functionals (Theorem 2.15), just like in Theorem 1.2 (i)
(in this statement only forms appeared). This is the main result in Section 2.
From this we give a new proof to our decomposition Theorem 1.16, which is
very different from the one appeared in our article ([24, Corollary 3.2]). We note
that this is a generalization of the decompositions mentioned above, and that the
classical set-measure Lebesgue decomposition is an immediately consequence of
this theorem ([24, Section 4]).

We study the case of two concrete very important *-algebras, namely unital
C*-algebras and measure algebras of compact groups. Following R. van Handel’s
idea ([9]) for the preceding, we investigate the connections between the posi-
tive functionals defined on the algebra and the probability Radon measures on
the algebra’s state space. Proposition 4.1 in [9] is a remarkable characterization
of absolute continuity via unital commutative C*-algebras, which was used for
quantum statistical investigations. However, the proof uses a nontrivial result of
Gudder ([%]), and a very deep theorem from Sakai’s work ([20, 3.1]). With the
aid of our characterization (Theorem 2.15) this can be proved easier (Theorem
3.8), moreover domination also can be characterized in a similar way (Theorem
3.7). These are the main results in Section 3. The proofs lie on an extension
theorem of Ky Fan ([5]) and on a proposition of ours (Lemma 3.3), which shows
the strong connection between the concepts (absolute continuity and singularity)
of the functional decomposition theory and the set-measure decomposition. We
note that a characterization of singularity via Choquet theory can be found in our
paper [25, Theorem 7]. For positive functionals on measure algebras of compact
groups we will prove that a weak assumption automatically implies absolute con-
tinuity (Theorem 4.3, the main result in Section 4), namely the well-definedness
of the operator in Remark 1.4. The key tool is the well-known fact that an irre-
ducible representation of the measure algebra of a compact group is always finite
dimensional (Lemma 4.1)

We mentioned that all of the Lebesgue decompositions for positive functionals
above coincide with the same settings, it is natural to ask whether or not it is
unique. In the penultimate section of the paper we discuss this question, and as
an application of our results (Lemma 3.3 and Theorem 4.3) we will prove that
the decomposition is unique on commutative *-algebras and measure algebras of
compact groups (Theorems 5.13 and 5.15).

From the characterization in Section 4 we prove statements on faithful repre-
sentations of the measure algebra of a compact group.

2. CHARACTERIZATIONS OF ABSOLUTE CONTINUITY, GENERAL *-ALGEBRAS

The next three sections of the paper introduce characterizations on the absolute
continuity of positive linear functionals defined on three different classes of *-
algebras. More precisely, the three cases are the following. The first section deals
with representable positive functionals on a general *-algebra, including a result
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similar to Theorem 1.2 (77) in the context of representable positive functionals
(Theorem 2.15), furthermore we examine the parallel sum of forms derived from
this kind of functionals (Corollary 2.13). As a consequence, we gain a new proof
to our Lebesgue decomposition, Theorem 1.16 (see Corollary 2.17).

The second and the third sections focus on positive functionals on unital C*-
algebras and measure algebras of compact groups. In the first case we characterize
domination and absolute continuity via positive functionals on unital commutative
C*-algebras (Theorems 3.7 and 3.8). For measure algebras of compact groups we
will prove that for absolute continuity it is sufficient that the operator defined in
Remark 1.4 is well-defined (closability is a consequence, Theorem 4.3). Some of
these results are necessary in the investigations of the uniqueness of the Lebesgue
decomposition.

Before we begin to study the absolute continuity of representable positive func-
tionals, we recall some well-known facts from the theories of C*-algebras and
representable positive functionals on *-algebras.

Theorem 2.1. Let A be a *-algebra and let f be a positive functional on A. Then
the following statements are equivalent ([17, Theorem 9.4.15] and [21, Theorem
1]).
(i) f is representable.
(ii) (ii)" There exists an m € Ry such that for any a € A the inequality
|f(a)]*> <mf(a*a) holds.
(i1)” There exists a p : A — C C*-seminorm and M € R, such that for
any a € A the inequality | f(a)| < Mp(a) holds.
(In fact, (i1)" is sufficient).

Remark 2.2. For a positive functional f on the *-algebra A define the Hilbert
bound ([17, Definition 9.4.2]) of f by

£l == sup{|f(a)|*la € A A f(a"a) <1}

Point (4i)"” in the previous theorem shows that the Hilbert bound of a repre-
sentable positive functional is finite.

Theorem 2.3. Let A be a *-algebra and let f, g be positive functionals on A (cf.
[17, Proposition 9.4.22]).

(a) If f and g are representable, then f + g is also representable.

(b) If g is representable, f < g and ||f||g < +o0o, then f and g — [ are also
representable, moreover the inequality max{|| fllu, [l9— flla} < llglla holds
true.

Theorem 2.4. Let A be a C*-algebra. Then the following statements are true.
(a) There exists an increasing net (e;)ier in Ay such that sup,c; |le;|| <1 and
for any a € A
limae, =a = lirlrl eia

2
holds, i. e., A admits an increasing approximate identity in the positive
elements with norm bound one ([18, Theorem 1.4.2] ).
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(b) A linear functional on A is positive < f is continuous, moreover the
equation || f|| = lim; 1 f(e;) holds for a net (e;)icr with the properties in
(a) (18, Proposition 3.1.4]).
(c) If f is a positive linear functional on A, then f is representable (see [18,
Theorem 3.3.3] ), hence it is selfadjoint (i. e., f(a*) = f(a) for alla € A).
Since a positive functional on a Banach *-algebra with a bounded approximate
identity is representable ([17, Theorem 11.3.7]), the following lemma is a special
case of [3, 2.2.10] and [/, Lemma 2].

Lemma 2.5. Let A be a Banach *-algebra with isometric involution, and assume
that A admits an approximate identity (e;);cr with norm bound 1. Let f be a pos-
itive functional on A. Then the net (my(e;))ier converges to the identity operator
idy, in the strong operator topology. In particular,

lil}lﬂf(ei)ff = lil}l(el + ker || . H}) = gf
holds.

The main goal is to give an equivalent condition for the absolute continuity
among representable positive functionals similar to the form case in Theorem 1.2
(7). Our idea will be the following. As we mentioned at the Introduction and
preliminaries, a form t is absolutely continuous with respect to an other form to
if and only if t = t,.; holds in the Lebesgue decomposition with respect to to
by Theorem 1.11 (see Proposition 1.13). But, as Theorem 1.11 states that, the
regular part is a supremum of parallel sums strongly connected to the forms t
and to. Hence we ”only” have to show that the parallel sum of two representable
positive functionals is derived from a representable positive functional. Therein
the following concept plays a key role, which can be found in our recent paper
(24, Section 2].

Definition 2.6. Let A be a complex algebra. A form t: A — R, is representable
if
(Va € A) (3N, € [0,4+00]) (Vb € A) : t{ab] < A t[b],
that is, for any a € A the left multiplication operator
Lo : Afker|| - |[{ — A/ker|[| - |[t; La(b+ker || - [|{) := ab + ker || - [|T

is well-defined and continuous with respect to the Hilbert norm || - ||
If a € A, then denote by m(a) the unique continuous linear extension of L, to

H.

Proposition 2.7. The mapping m : A — B(Hy); a — m(a) is an algebra
representation on the Hilbert space Hy, what we call the induced representation
by t.

The next result for representable forms is also from [24, Lemma 2.4].

Lemma 2.8. Let A be a complex algebra and let t,w be representable forms on
A. Then the parallel sum (t : o) is also a representable form, moreover for any
a € A the inequality

17 (e (@) < max{[|me(a) ], [[mw(a) ][}



210 7S. SZUCS

holds.

As an immediately corollary we gain the following fact for the parallel sum of
two representable positive functionals.

Lemma 2.9. Let A be a *-algebra, let f and g be representable positive functionals
on A. Then the forms § and g are representable, moreover m; = 7y and mg = 7,
hold. Thus the parallel sum (f : g) is a representable form, and for any a € A we
have

17(1.q) (@) || < max{{[ms(a)ll, [[7g(a)]]}- (2.1)

Proof. Since f and g are representable positive functionals, then for every a,b € A
we get

(flab] < 7o (@)|20) A (glab] < llm(a)lPalt]),
i. e. the forms f and g are representable. The equality of the morphisms follows
from the definitions, and Lemma 2.8 implies the representability of (f : g) and
the estimate (2.1). O

Thus 7(1.g) is an algebra-representation of A, but its *-preserving and cyclicity
are far from the evidence. To see these properties we will prove two lemmas.

Our first lemma for normed *-algebras characterizes the three fundamental
concepts of the Lebesgue decomposition theory by means of dense *-subalgebras.
We also use it in the subsequent parts of the paper (Lemmas 3.3 and 4.1).

Lemma 2.10. Let A be a normed *-algebra with continuous involution. Let
a € Ry be an arbitrary number. If B is a dense *-subalgebra of A, f and g are
continuous positive functionals on A, then
(a) f is absolutely continuous with respect to g < f|p is absolutely continuous
with respect to g|p.
(b) f is singular to g < f|p is singular to g|p.
(c) f<ag < fls < agls.

Proof. (a): =: It is clear from Definition 1.3.
<: Let (an)nen be a sequence in A such that
(i gla =0) A ( lim fla, — ay] = 0).

n—-+o0o n,m—-+oo

Since B is dense in A, there exists a sequence (b, ),en in B such that ||b,—a,| — 0.
From this we have that

glan — ba] < llgllll(an — bn)"(an = b,)|| — 0O
and that
flan — bn] < (| fll[(an — bn)"(an — by)|| — 0, (2.2)
(lim (g[w)[bn] =0) A ( lim (fls)[by — bm] = 0)

n—-+o0o n,m—-+oo
hold true. Thus the absolute continuity of f|g implies (f|5)[b,] — 0, hence by
(2.2)
lim fla,] =0

n——4oo
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follows.
(b): =: We will use Theorem 1.15 (4i7). Let (a,)nen be a sequence in A such
that

( lim gla,]=0 A lim fla, —an|=0) A Va€ A: lim f(a.a)= f(a))

n—-+00 n,m— 0o n—-+o00

Since B is dense in A, there exists a sequence (b,)nen in A with the property
|an — by|| — 0. We state that

( lim g[b,)=0 A lim fb,—b,]=0) A (Vbe B: lim f(b.b)= f(b)),

n—-+0o n,m—-—+o0o n—-+o0o

i. e., the desired result comes true.
Let n € N be arbitrary. If b € B, then

| (anb) = f(0p0)] = [f((an = bn)"0)] < [| f]ll|(an = bn)"0l| — 0,

since f and the involution are continuous. From this it follows that f(b%b) — f(b).
Since g determines a semi-inner product, then for any a,b € A we infer that

[Vglara) = v/g(b0)| < Vg((a = b)*(a = 1)) < V/lgllV/lI(a = b)*(a = D)

Thus, if n € N, then

Vo(azan) =V aiba)l < Vgl (an = ba)*(an = ba)] — 0,

that is g(b%b,) — 0. The equality lim,, ;400 f[br, — bm] = 0 follows from the very
same argument.
<: Let (by)nen be a sequence in B such that
( lim g[b,)=0 A lim f[b, — by =0) and

n—-+o0o n,m—-+oo

(Woe B: lim [O3b) = [(b))

(2.3)

We state that
( lim g[b,)=0 A lim fb,—b,]=0) A (Vae A: lim f(bla)= f(a)),

n—-+00 n,m——+00 n—-+o0o
i. e., the desired results come true. We only need the last statement. Let ¢ > 0 be
an arbitrary number. From the second property in (2.3) we conclude the existence
of a number M > 0 such that for every n € N /f[b,] < M holds true. If a € A,
then for ¢ from the density of B and from the continuity of the involution and f
we may fix an element b € B such that

1 . € €
maxx{fla =, V/[(e =87 (e =B} < g mind == g

From the third property in (2.3) there is an ny € N such that for every n € N,
n > ng the inequality

[F(b0) = F(0)] <

w| ™
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is true. Hence for n € N, n > nq from the continuity of f and the Cauchy-Schwarz
inequality we conclude that

7 (B.0) = f(@)] = |£(bra) = FB0) + FB:0) = F0) + F(b) - f(a)]
< Vil Vila =8+ < + [1fllla— b

< MVIFIVI@=0 =0+ +5 <.

i. e, f(bla) — f(a).

(¢): It is obvious from the continuity. O

Our second lemma will be very important in the investigations of the parallel
sum.

Lemma 2.11. Let A be a C*-algebra, H Hilbert space and let m : A — B(H)
be a continuous algebra-representation such that ||w|| < 1. Assume that 7 is
nondegenerate, that is, the set {m(a)n|(a € A) N (n € H)} is dense in H. Then
m preserves the involution, i. e., ™ is a *-representation of the *-algebra A.

Proof. First we show that for any b € A and n € H the linear functional
hyy : A — C; a (m(a)(w(b)n)|m(b)n)

is positive. By Theorem 2.4 (a) there is an increasing approximate identity in
AL Nn{a € Allla|| < 1}. Moreover, by Theorem 2.4 (b) a linear functional f on
A is positive if and only if it is continuous and || f|| = lim;; f(e;) holds for an
approximate identity with the properties above.

Let (e;)ier be an approximate identity with these properties and let b € A,
1 € 'H be fixed elements. By the Cauchy-Schwarz inequality and the assumption
for m we have that for every a € A

(@) = (7 (@) (m(0)n) | (b)n)| < llall[l7(0)n],
hence hy,,, is continuous and its norm is lower or equal to ||7(b)n||*. On the other
hand, from the continuity of m we have

lw@)nll* = (x(b)nl(b)n)
= tim(m(eb)r (b)) = lan((e0)(x (B)) (B)) = Limn ).
thus ||e;|] <1 (i € I) implies that
1ol = I (B)nll* = Tim B (e3),

hence hy,, is a positive linear functional.

By Theorem 2.4 (c) we infer that hy,, is self-adjoint. From this we show that
7(a*) = m(a)* holds for any a € A:

(m(a®)(x(B)m)|w(b)n) = hon(a”) = T y(a) = (w(b)n|m(a)(7(b)n))
= (w(a)"(x(b)n) |7 (b)n),

that is ((w(a*)—7(a)*)(w(b)n)|m(b)n) = 0 holds true for any b € A and n € H. But

7 is a nondegenerate algebra-representation, hence for any n € H the equation
((m(a*) — w(a)*)n|n) = 0 holds, which implies 7(a*) = 7(a)*. O
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Later on we will use often the following important construction.

Remark 2.12. Let A be a *-algebra and let f be a representable positive functional
on A. Then by Theorem 2.1 there exist a p : A — R, C*-seminorm and M € R
such that

|f(a)] < Mp(a) (2.4)
holds for any a € A. Denote by (B, || - [|,) the completion of the pre-C*-algebra
A/ ker p (equipped with the factor-norm derived from p). Furthermore let

fo: A/ kerp — C; fi(a+kerp) = f(a). (2.5)
By (2.4) and (2.5) this mapping is a well-defined and continuous (with respect
to || - ||,) positive linear functional on a dense subspace of B. Hence there exists

a unique [’ : B — C (continuous and representable) positive linear functional
which extends f.

Now we are in position to prove that the parallel sum of representable positive
functionals is always induced by a representable positive functional.

Corollary 2.13. Let A be a *-algebra and let f, g be representable positive func-
tionals on A. Then there exists a representable positive functional h on A such
that for every a € A the equation h(a*a) = (f : g)[a] holds.

Proof. (I): First assume that A to be a C*-algebra. By Lemma 2.9 (f : g) is a
representable form on A, and for every a € A we have

17 (:g) (@) | < max{][|ms(a)l], [|mg(a)ll}.

Since the domains of 7y and 7, is a C*-algebra and the ranges of both *-represen-
tation is included in a C*-algebra, from a well-known Theorem ([3, Proposition on
page 9]) ||7(s.g) | < 1 holds. We show that the algebra-representation 7s.q) is non-
degenerate, thus the previous Lemma implies that 7;.q) is also a *-representation.
To see this, it is enough to prove that the set {m(.q(a)(b+ker || - [[7;g)|a,b € A}
is dense in {b+ ker || - [[%.,)[b € A}, since it is a dense subspace of H,.g).

Let b € A arbitrary and fix an (e;);c; approximate identity in A by Theorem
2.4 (a). By Remark 1.7 and the C*-algebra properties for any i € I we conclude

7.9 (€0) (b+ker || - It.g) — (b +Ker || - 2o |Gy = (F = 9)[€sd — 0]
< flesb — b] = f((esb — b)*(e:b— b)) < || f][[lesb — b]|*.
Since lim; ; ||e;b — b||> = 0, then
i [|7r(g.g) (€3) (0 + ker [| - [[f5.g)) — (0 + ker || I%5.0)) i) = 0

hence 7(1.q) is nondegenerate, thus g is a *-representation of A.
We note here that from similar argument it follows that

lim |7 (1.q) (b) (€; + ker [| - |[f5.g)) — (b +ker || %500 I5.q) = O, (2.6)
since for i € [

I7(r:q) (b) (e + Ker ||+ [2.g)) — (b + ke || - [[2q))[.q) = (F = 9)[be: — 0]
< flbe; — b] = [|(be; — ) +ker || - [}[IF = f((be; — b)*(be; — b)) < | f|[|be; — b||*
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holds, thus lim; ; ||be; — b]|* = 0 implies (2.6).
We prove the existence of a vector §(.q) € Hs.q) such that for every a € A

(F : 9)la] = (7(1.9 (a"a)S (10 S50 :0)
holds true, hence by the *-preserving the mapping

h:A—=Cam (T (0)(19)|E (1) (e
is a positive functional on A, moreover the parallel sum of f and ¢ is derived
from A (and, of course, the distinguished cyclic vector for 7, is &.q))-

First we show that the net (e; + ker || - [|7;))ier is Cauchy in the Hilbert space
H{1.q), hence convergent and lim; ;(e; + ker || - [|7;.)) =: §(1.¢) 18 the desired vector.
By Lemma 2.5 (7f(e;){s)icr = (i + ker || - ||$)icr is a Cauchy net. Since for any
i,j €1

I(es +ker || - [[7r.g) — (&5 + ker || %) IFrg) = (5 : @)[ei — e5] < flei — ey

holds, from this it follows that (e; + ker || - ||Zf:g)>iel is also a Cauchy net, hence
convergent. Denote by §j.q) the limit, moreover let

h:A—C; a (7.0 (0)é1.0)850) o)

We show that for this positive functional h(a*a) = (f : g)[a] is true for arbitrary
a € A. Indeed, the properties of 7(1.q), the continuity of the operators m;.q)(a)
and (2.6) imply

h(a*a) = (n(s.g (a*a)E(1.g) [k (o) = IT(r0) (0)E(1a) IFsg)
= lim | m(r.g)(a) (e + ker || - {5 g = lla + Ker || - [I%) i) = (F: 0)lal-

We finished that part when A is a C*-algebra.

(II): Let A be an arbitrary *-algebra, and let f, g be representable positive
functionals on A. By Theorem 2.1 there exist C*-seminorms py, p, : A — R, such
that f (resp. g) is continuous with respect to py (resp. p,). From this it follows
that there exists an M € Ry such that for the C*-seminorm p := sup{py, p,} and
for every a € A

(If (@)l < Mp(a)) A (lg(a)] < Mp(a))

holds true. Denote by (B, || - ||,) the completion of the pre-C*-algebra A/ kerp
(equipped with the factor-norm derived from p). Furthermore let

fo: 90 : A kerp — C; fy(a+ kerp) := f(a), go(a+ kerp) := g(a).

From Remark 2.12 these mappings are continuous positive functionals; denote by
f" and ¢’ the unique continuous positive linear extensions to B.

By (/) there exists an A’ positive linear functional on B such that for any b € B
h'(b*b) = (f : ¢)[b] is true. We state that the mapping

h:A— C; h(a):= h'(a+ kerp)

is a well-defined representable positive functional on A, furthermore the equation
h(a*a) = (f : g)[a] holds for any a € A.
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From the definition it is obvious that h is a well-defined positive functional.
From Theorem 2.4 (¢) and (b) we conclude that A’ continuous and representable
on B, hence for every a € A we infer

h(a)] = |I'(a+kerp)| < [[I'|[lla + ker pll, = [|A']|p(a),

that is, A is continuous with respect to the C*-seminorm p. Moreover, the rep-

resentability of A’ implies the existence of an my, € R, such that for any b € B

the inequality |h/(b)|> < my R/ (b*b) holds, hence for arbitrary a € A we conclude
\h(a)|* = |F (a + ker p)|* < my b/ (a*a + ker p) = my h(a*a),

thus by Theorem 2.1 we have that h is representable.
In the end let @ € A be an arbitrary element. Then

(: 9)[a]
= inf{f((a = ¢)*(a = ¢)) + g(c"¢)|c € A}
= inf{f'((a — ¢)*(a — ¢) + kerp) + ¢'(c*c + ker p)|c € A}
= i {f(((a + kerp) — (¢ + kerp))*((a + kerp) — (e + kerp))) +
+ ¢ ((c +kerp)*(c + kerp))|c € A}
inf{ f'(((a + kerp) — b)*((a + kerp) — b)) + ¢'(b*b)|b € B}
= (f : ¢')[a + kerp] = h'((a + kerp)*(a + ker p)) = h(a*a),
that is (f : g)[a] > h(a*a).

For the reversed inequality let € > 0 be an arbitrary number. Then there exists
b € B such that

h(a*a)+§ = (" 9’)[a+kerp]+% > f'(((a+kerp) =b)*((a+kerp) =b))+4'(b°b)

holds. Since A/kerp is dense in B, then there exists a sequence (¢;)npen in A
such that ¢, + ker p — b. The functionals f’ and ¢’ are continuous, so there is an
ng € N such that

|f'(((a + kerp) — b)*((a + ker p) — b)) —
— f'(((a +kerp) — (cn, +kerp))*((a +kerp) — (cn, +kerp)))| <

] o

and
19'(b"D) — g'((cny + ker p)*(cny + kerp))| <

=1

thus
h(a*a) +¢e > f'(((a + ker p) — (cny + kerp))*((a + kerp) — (¢, + kerp)))+
+ 9 ((cng + kerp)*(cn, + kerp)) =
= f((a - Cno)*(a - Cﬂo)) + Q(CZOCno) > (f : g)[a]>
h(a*a) > (f : g)[a] follows. O

Before our characterization we recall the following construction.
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Remark 2.14. We recall that if A is a *-algebra and (f,),en is sequence of in-
creasing representable positive functionals on A such that there is a representable
positive functional g on A with the property f, < g (Vn € N), then sup,,cy fn is
an A — R, form, moreover there exists a representable positive functional f on
A such that for any a € A the equality f(a*a) = sup,,cy fu[a] is true. Indeed, by
Theorem 2.3 (b) for any n,m € N, n > m the functional f,, — f,, is positive and
representable, moreover || f, — fillz < |lg||z. Hence for arbitrary a € A

|fal@) = fu(@)|* = |(fa = fu)(a)[?
< ||fn - meH(fn - fm)(a*a) < ||g||H(fn - fm)(a*a)a

so the convergence of (f,,(a*a)),en implies that (f,(a))nen is Cauchy in C. Thus
the mapping A > a +— lim,, ., fn(a) determines an f : A — C linear functional,
which has the property f(a*a) = sup,cy fu(a*a) (a € A), hence f is positive.
The representability of f follows from that for every a € A

(@) = lim |fu(@) < lglln lim fo(a"a) = [lg]uf(a"a),

hence || f|lz < ||g]|x, that is, by f < ¢g and Theorem 2.3 (b) f is representable.
Denote by sup,,cy f» the functional f.

The next statement is our main result in this section. By the aid of this theorem
on unital C*-algebras and measure algebras of compact groups we give further
characterizations in the paper.

Theorem 2.15 (Characterization of absolute continuity). Let A be a *-algebra
and let f, g be representable positive functionals on A. The following statements
are equivalent.

(i) f is absolutely continuous with respect to g.
(ii) There exist an increasing sequence ( fn)nen of representable positive func-
tionals on A and a sequence (au,)nen of nonnegative numbers such that
f =sup,ey fn and f, < ang (Vn € N).
(iii) If p is a C*-seminorm on A such that f and g are continuous with re-
spect to p, the positive functional f' defined in Remark 2.12 is absolutely
continuous with respect to ¢'.

Proof. (i) = (4i): By Proposition 1.13 the equation f = f,¢, holds in the Lebesgue
decomposition of the form § with respect to g (Theorem 1.11), hence the identity
f = sup,en(f : (ng)) is true. On the other hand, by Corollary 2.13 for any n € N
there exists a representable positive functional f,, on A such that f, = (f : (ng)).
Moreover, from Remark 1.7 it follows that the inequalities f,, < ng and f,, < fh11
are true, that is the sequences (f,)nen and (@, )nen := (n)nen have the desired
properties.

(17) = (i): It is obvious from the definition.

(1) & (d¢i7): By Lemma 2.10 (a) it is enough to prove that f is absolutely
continuous with respect to g if and only if f’|4/kerp is absolutely continuous with
respect to ¢'|a/kerp, since A/ kerp is a dense *-subalgebra in B. But this is an
immediately consequence of the definitions and the following properties:

(f'(a+kerp) = f(a)) A (¢'(a+kerp) =g(a)) (a € A).
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This finishes the proof. O

Remark 2.16. Kosaki proved a similar result for normal states on o-finite von
Neumann algebras in [15], but he substantially made use of the properties of the
states and the von Neumann algebra.

In the end of this section we present a new proof to our general Lebesgue
decomposition of representable positive functionals, Theorem 1.16 (Corollary 3.2
in [21]), as a consequence of the previous theorem. The argument here is very
different from the one introduced in [2, Theorem 3.1], since the latter is based
on a decomposition theorem of ours for representable forms on complex algebras
([24, Theorem 2.6]), wherein invariant subspaces of representations appeared as
main tools.

Corollary 2.17 (Lebesgue decomposition of representable positive functionals).
Let A be a *-algebra and let f, g be representable positive functionals on A. Then
[ admits a Lebesque decomposition f = freq + fsing to a sum of representable
positive functionals such that fsng and g are singular, while f,.q is absolutely
continuous with respect to g. The form induced by freq 15

fregla] = sup(f : (ng))la] (a € A).

Moreover, the form f.q is the greatest among all of the forms p (in particular,
forms induced by positive functionals) such that p < f and p is absolutely contin-
uous with respect to g.

Proof. According to Theorem 1.11, the Lebesgue decomposition of the form f§
(derived from f) is f = freg + fsing, Where freq := sup,en(f : (ng)). By Corollary
2.13 for every n € N there exists a representable positive functional f, on A
such that f, = (f : (ng)). Hence for the positive functional f., := sup,cy fn We
conclude

](teg = Sup(f : (ng)) - f’reg‘

neN
By Remark 1.7, (f.)nen is an increasing sequence, thus the property f, < f
(n € N) and Remark 2.14 implies that f,., is representable. From this it follows
that fung = f — freg 1s also a positive functional, which is representable by
Theorem 2.3 (b), and fsing = fsing holds. The singularity of the functional fy;,,
with respect to g and the absolute continuity of the functional f,., with respect
to g, as well as the property for f,., follow from Theorem 1.11. O

We must note here that the classical Lebesgue decomposition related to set-
measures is a direct consequence of this result, see Section 4 in our paper [21].

The question of the uniqueness will be discussed in the penultimate section of
the paper.

3. CHARACTERIZATIONS OF ABSOLUTE CONTINUITY, UNITAL C*-ALGEBRAS

Let A be a unital C*-algebra, and denote by E(A) the set of the states on A,
i. e,

B(A) == {f € (A")[IlfII = 1}-
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This is a convex subset in the vector space of continuous functionals A’ (Theorem
2.4). It is well-known that if o(A’, A) stands for the weakest topology on A’ such
that all of the linear functionals

a:A"—C; h—h(a) (a€A)

are continuous, then E(A) is a compact Hausdorff space with the restriction of
a(A',A) (121, [3], [L7], [L8]). We call this compact and convex set the state space
of A

In Proposition 4.1 of [9] R. van Handel proved a noteworthy theorem on abso-
lute continuity of states. He observed that this concept has a very close connection
with the absolute continuity of the probability Radon measures (Definition 3.1)
on the state space E(A). The key tool in this was the so-called Choquet theory of
compact convex sets (see [2, Chapter 4]). Following van Handel’s idea, in [25] we
gave a characterization of singularity by means of probability Radon measures
on the state space. In this section of the paper we gave a similar characteriza-
tion for domination (Theorem 3.7) and absolute continuity (Theorem 3.8) of the
states on a unital C*-algebra (including a very different and simpler proof to van
Handel’s result by the aid of our statement Theorem 2.15). The significance of
these theorems is that the conditions formulated in them are referring to positive
functionals on unital commutative C*-algebras.

First of all we set up notations. For the rest of the paper we use the convention
that every locally compact space is assumed to be Hausdorff. If T is a locally
compact space, then ¢ (T;C) (resp. # (T;C)) denotes the space of T — C
continuous functions with compact support (resp. vanishing at infinity). The
notation €' (7T'; C) (resp. €(T;R)) stands for the set of T — C (resp. T'— R)
continuous functions. The 7" — C constant 1 function will be denoted by 1,.

Definition 3.1. Let T" be a locally compact space. For a positive linear functional
w: A (T;C) — C we say that u is a Radon measure on T. If p is continuous
with respect to the supremum-norm ||| - |||z on J&(T';C), then we say that yu is
bounded. If T is compact, then p is probability Radon measure, when p(1,.) = 1.
The set of these functionals will be denoted by .} (T).

It is obvious that when T' is compact, then 2 (T;C) = €' (T'; C), hence it is a
C*-algebra (with the usual operations), moreover by Theorem 2.4 (b) it follows
that every positive Radon measure is bounded, and their norms attain at 1,.

We will need the following remarkable Riesz representation theorem ([19]) to
make connections between absolute continuity, singularity and domination of pos-
itive Radon measures and the same concepts related to (positive) set measures.
For a locally compact space T' denote by %,(T") the o-algebra of the Baire sets,
i. e., the o-algebra generated by the compact Gg-sets. If u* : By(T) — Ry is a
Baire measure, then Z2(T, Bo(T), 1*) (vesp. LE(T, Bo(T), u*)) stands for the
space of p*-integrable (resp. square-integrable) 7" — C functions, equipped with
the standard seminorm.

Theorem 3.2. Let i be a bounded positive Radon measure on the locally compact
space T'. Then there exists exactly one

p e Bo(T) — Ry
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bounded Baire measure such that H(T;C) C LT, Bo(T),u*), and for any
p e A (T;C)

o) = [ o i

where [i denotes the unique continuous linear extension of u to J (T;C).

The following lemma, our first result in this context, clarifies the connection
between the fundamental concepts of the Lebesgue decomposition theories related
to positive Radon measures and Baire measures. This will be crucial in our
characterizations of domination and absolute continuity (Theorems 3.7 and 3.8),
as well as in the commutative case of the uniqueness (Theorem 5.13).

Lemma 3.3. Let T be a locally compact space, furthermore let pu*, v* be bounded
Baire measures on T and o € Ry. For any ¢ € # (T;C) let

() rz/so du’s v(p) 12/90 dv*.

Then p and v are bounded positive Radon measures on T'.
Denote by i (resp. v) the unique continuous linear extension of u (resp. v) to
H(T;C). Then
(a) 1 is absolutely continuous with respect to v < is absolutely continuous
with respect to v & p* is absolutely continuous with respect to v*.
(b) & is singular to v < p is singular to v < p* is singular to v*.
c)p<ar e pu<av e p* < av.

Proof. 1t is clear that u and v are bounded positive Radon measures on 7.

Since 7(T;(C) is a C*-algebra, hence the involution is continuous, further-
more every positive linear functional is continuous on it (Theorem 2.4 (b)). The
*_subalgebra .# (T; C) is dense in # (T';C), thus by Lemma 2.10 the first equiv-
alences of (a), (b) and (c) are true.

To prove the other implications, first we show that if S € %,(T) is an arbitrary
Baire set, then there exists a sequence (@, )nen in £ (T;C) such that for every
neN

O=s¢n=1) A (lim o =xy) (3.1)
hold in L&(T, %Bo(T), u*) and in LE(T, Bo(T),v*), as well.

Let (o )nen be a sequence in R™ such that lim,, o a,, = 0. Since every Baire
measure is regular ([19]), then the boundedness of p* and v* implies that for a
fixed n € N there exist compact subsets K- ,, K+, € Bo(T) of S and open sets
Gy Gurn € Bo(T) contain S such that

(W (G \ Kpen) S o) A V(G \ Koep) < a).
Then for the compact Baire set K := K+, U K,«,, C S and for the open Baire
set G 1= G, NGye y, 2 S we have

(W (G\K) <an) A (V(G\K) <ap).
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Since K C G, then by Urysohn’s Lemma ([19]) there exists ¢, € # (T'; C) such
that

0<on<1) A (K C{teTlen(t) =1} = [pn = 1]) A (supp(en) € G).
Hence for any n € N it follows that

/Ison Xo|” dp* —/|wn Xsl” dp® + / lon — xo|* dp* +/Ison Xo|” dp*

G\K G
:0+/|¢”_Xs|2dﬂ*+03u*(G\K)§an
G\K
‘ 2d 2d 2d 2d
on— X2 A = [ on —x P A + | Jon = xs? A + | Jon — xs|* dv
G\K T\G
_0+/!son—XSIde/*Jrogu*(G\K)gan,
G\K

Thus we showed the existence of a sequence with the properties (3.1).

Now we are ready to prove the second equivalences.

(a): =: Assume that p is absolutely continuous with respect to v. Let S be a
Baire set such that v*(S) = 0; we show the equality ©*(S) = 0. Let (¢,)nen be
a sequence with the properties (3.1). From this it follows that

— [P v =t [ e @ =l vleen
T T
and

~ lim / on—omP dit = lim u((0n — om) (0 — o).

n,m—-+00 n,m—-+oo

From the assumption we have u(pfe,) — 0. But

0= lim pu(g;en) = Jlim /Isonlzdu —/Ixsl2 pr = pr(S),

n—-+00

i.e., u* is absolutely continuous with respect to v*.
<: Assume that p* is absolutely continuous with respect to v*. Let (1y,)nen
be a sequence in £ (T; C) such that
(m v(gn) =0) A (I pr((th, — )" (6 — ) = 0),
that is
( lim /|¢n|2 dv* =0) A hm /WJTL Vm|? dp* = 0),

nHJroo m—-+00

This means that the sequence (¥, )neny converges to zero in Z2(T, Bo(T),v*)
meanwhile Cauchy (hence convergent) in ZZ(T, By(T), 1*). By the well-known
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theorem of Riesz on %-convergence there exists a subsequence (¢J(n))n6N of
(¢ )nen such that g,y — 0 v*-almost everywhere. Where the sequence not
converges, that is a v*-nullset, hence by the hypothesis that is a p*-nullset, as
well. Thus ¢,y — 0 p*-almost everywhere comes true. As a consequence, the
convergence holds true also in Z2(T, Bo(T), 1*), thus one limit of (¢, ),en is the
constant 0 function in ZZ(T, Bo(T), 1*), that is

: * _ : 2 *
Jim () —nggloo/l%l du* = 0.
T

(b) =: Suppose that p and v are singular. By Theorem 1.15 (i) there is a
sequence (U, )nen in £ (T'; C) such that for any ¢ € #(T;C)

im v(Ypn) = Hm  w((@n — m) (Yo — ¥m)) = 0;

n—-+00 n,m—-+00
. . ’ (32)
JHm p(dne) = ule)

hold. The first property means that (¢, )nen tends to zero in LZ(T, Bo(T),v*)
meanwhile Cauchy in Z3(T, %(T), u*). Denote by 1 one of the limits in the
latter space. By Riesz’s Theorem there exists a subsequence of (1, ),en such that
converges to zero v*-almost everywhere. From this subsequence we may choose a
subsequence such that converges to 1 p*-almost everywhere. For the simplicity
of the notations assume that (¢,,)nen already has these properties (this will not
cause any problems).

Let S := {t € T|lim,,— 100 ¥n(t) = 0}. The sets S and T'\ S are Baire sets, and
T =SU*(T\S). From the definition of S we have v*(T"\ S) = 0. We show that
1*(S) =0, and this proves the singularity.

First we note that for any subset £ € %y(T) of S p*(E N[y # 0]) = 0 holds,
otherwise (¢n,)nen does not converge to ¢ p*-almost everywhere. Every Baire
measure is regular ([19]) and p* is bounded, hence for € > 0 there exist K, C S
compact and Gy 2 S open Baire sets such that u*(Gy \ Ky) < e. By Urysohn’s
Lemma there exists ¢ € J#(T;C) such that
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Thus these properties, the positivity of u, the second assumption of (3.2), the
Cauchy-Schwarz-inequality and p*(Ky N [¢) # 0]) = 0 imply that

=/xsdu*=/xsdu*= / xsdu*+/xsdu*§€+/<ﬂdu*
T

Go Go\Ko Ko Ko

+/90 dp =e+plp) = e+ lm |u(yne)| =6+n£r+noo|/¢@ dp|
T

=c+ hrf I/goﬁ dp”| §€+hm8up/|¢%| dp”

n—-+00

= ¢ + lim sup( / |ty | dM*+/|<P%| dp”)

n—-+o00o
GO\KO

= £ + limsup /|g0¢nXGO\KO| dp” +/|S0¢n| dp”)

n—-+o00

n—-+o00

§s+limsup /Is@%l2 dper /|XGO\K0|2 dp + /|90|2 dp* /|¢n|2 du*)
K

e VirGo\ Ko | [ 1ol du Vi) | [ 10 ape

Ko

e vE | [l o,

T

so from ¢ — 0 we conclude p*(S) = 0.

<: Suppose that py* and v* are singular, i.e., there exists an S C T Baire set
with the properties p*(S) = 0, v*(T'\S) = 0and T'= SU* (T'\ 5). By (3.1)
there is a sequence (¢, )nen in £ (T;C) such that

0<@,<1) A (lm ¢, = xp)

n——+

holds true in ZZ(T, Bo(T), 1) and in L2(T, Bo(T),v*), as well. We prove that
this sequence shows the singularity of x4 and v (Theorem 1.15 (4i1)):

V(ohion) = / oul? dv* — / omsl? A0 = v (T'\ 8) =0,
T

T

N((Son - @m>*(90n - me)) = / ’@n - 90m|2dﬁ‘* — 0.

What we still have to show is that for any ¢ € #(T;C)

lim p(wnp) = pu(p)

n—-+00
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is true. Indeed, by the boundedness of u* we have 1, € Z2(T, Bo(T), p*), thus

limsup (@) — p(ehe)* = limsup | [ (1, —pn)p du’?

n—-+00 n—-+o0o

< limsup((/ 1, — sonIQdu*)(/ |of? du*))

n—-+o0o

< <mmmme/u ~ euPdi

n—-+oo

* 2
Dilllelllz lim ||1T — allZ2 200 0)

w(T)
1 (DN = Xgs 27,20 7,0
w(T)

(D) lTlxs 2 7,20 () 00)
= (Dlllelllzp(S) = 0.

(c): =: Let S € %By(T) be an arbitrary set. By (3.1) there is a sequence
(on)nen in (T C) such that for every n € N

(0<@n<1) A (lim on=x,)

is true in Z2(T, Bo(T), 1*) and in L2(T, Bo(T),v*), as well. Then

/!Xsl2 dp” = lirfoo/ [pul* " = Tm p(7n)

<a lim v(gie,) =« hrf /|c,0n|2 dv* = a/|xs|2 dv* = av*(9),

n—-+oo

so u* < av*
o Tt is well-known that for any ¢ € L2(T, PBo(T), ) N LET, Bo(T),v*)

/WFAL<9/WF@

holds. In particular, for every ¢ € J (T;C), hence
(') = / |o|? dp* < 04/ |o|* dv* = av(p™y),

that is u < av. The proof is complete. O

To begin investigations of the state space of a unital C*-algebra we need the
following general theorem for Hausdorff locally convex spaces, which is the base
point of the Choquet theory of compact convex sets (|2, Chapter 4]).

Theorem 3.4. Let E be a Hausdorff locally convex space. Then for every K C E
nonempty, compact convex set and for every probability Radon measure p on
K there exists a unique v € K such that for the real part u, of an arbitrary
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continuous linear functional u € E' the equality u, (z) = p((uy)|x) holds. We say
that x is the barycenter of u, and we use the notation b(u) for x.

Remark 3.5. For every element x € K there exists a probability Radon measure p
on K such that b(u) = z. For example, let €, be the probability Radon measure
such that for any ¢ € €(K;C) the equation £,(¢) := ¢(x) holds.

Let A be a C*-algebra with unit. It is obvious that a|g) € €(E(A);C) for
any a € A. Furthermore, it is well known that every continuous linear functional
on the locally convex space A" (equipped with the o(A’, A) topology) is of the
form @ for some a € A (see [2]). Hence a functional f € E(A) is the barycenter
of a probability Radon measure p on E(A) iff for every a € A we have

p((@y)|ea)) = (@)l (f)-

—_

On the other hand, (@,)|g(4) is just (“4%)|g(a). This means that f is the barycen-
ter if and only if for any a € A,, the equality p((a)|g)) = f(a) holds true. In
particular, if v € € (E(A);R)* is an R-linear functional such that for any pos-
itive function ¢ € € (E(A);R), the inequality v(¢) > 0 is true, moreover for
every a € Ay, the equation v((@)|ga)) = f(a) holds, then the unique positive
C-linear extension of v to € (E(A);C) is a probability Radon measure on E(A)
with barycenter f.

We note that the constant 1, ,, function is (T)]E( A)-

Henceforth for any probability Radon measure p on E(A) denote by p* the
associated Baire measure by Theorem 3.2. To prove our characterizations of
domination and absolute continuity we recall the following extension theorem

due to Ky Fan ([5, Lemma on page 1]).

Theorem 3.6. Let E be a real Hausdorff topological vector space, let L be a linear
subspace of E and let C be a convex subset of E such that L N intC # (). Let
w € L* and suppose that for any x € L N C the inequality w(x) > 0 holds. Then
there exists an extension © € E' of w such that ©O(z) > 0 is true for any x € C.

Similar to our result on singularity of states (Theorem 7 in [25]), the following
two theorems give equivalent conditions to domination and absolute continuity
by means of the Choquet theory of the state space. The relevance of these facts is
that the fundamental concepts of the Lebesgue decomposition theory of positive
functionals on unital C*-algebras can be characterized via positive functionals on
unital commutative C*-algebras.

Theorem 3.7 (Domination of states). Let A be C*-algebra with unit and let
f,9 € E(A), a € RT. The following statements are equivalent.
(i) f <ag.
(ii) There exist probability Radon measures i, ity on E(A), such that the bary-
centers b(uir) = f.blpg) = g and piy < apy.
(i) There exist probability Radon measures jig, jty on E(A), such that the bary-
centers b(uy) = f,b(uy) = g and p} < auy.
Proof. (i) = (ii): By the arguments previous to Theorem 3.6 it is enough to
prove the existence of R-linear functionals v¢, v, € €(E(A); R)* such that
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(a) for every ¢ € €(E(A);R), the inequalities v¢(p) > 0 and v,(¢) > 0 hold;
(b) for every a € Ay, the equalities v¢(algay) = f(a), v4(alg)) = g(a) hold;
(c) for every ¢ € €(E(A);R); the inequality v¢(p) < avy(p) holds.
Let £ := €(E(A);R), L := {algula € Ay} and C = €(E(A);R). The
real vector space F equipped with the supremum-norm is Hausdorff and locally

convex, L is a linear subspace of F/, C' is a convex subset of E such that I]E( A) €
(LNint C). Let

wy: L — R; algay — f(a).

This mapping is linear, moreover for x € L N C we have x = a|ga) for some
a € Ay, hence the positivity of f implies ws(xz) > 0. By Theorem 3.6 there exists
an wy : £ — R continuous linear functional which extends wy, and for every
x € C the inequality wy(x) > 0 holds. Let

V= wry.
From the assumption f < ag we conclude that the mapping
Wag—f : L — R; @lga) — (ag — f)(a)

is a linear functional such that for any x € LNC we have w,y—¢(z) > 0. Theorem
3.6 implies the existence of a continuous linear functional @;_/f : EF— R, which
is an extension of wy,_ ¢, furthermore for x € C' we get @_/f (x) > 0. Let

1 P

Vg = a(wag_f + vy).

It is clear that vy and v, fulfill (a). The property (b) is clear to vy, and for v, it
is a simple calculation, since for a € Ag,

vi@len) = oy s + 1) @locn) = ~ (g — () + f(@) = gla).

Point (c) is also an immediately consequence, since the positivity implies for any
@ € C that

avy() = @ag—1 + v£)(9) = Dag—1 () + v4() = v5(9).
(17) < (dii): By (c¢) of Lemma 3.3 the statement is obvious, since for any

p € C(E(A);C)

pilp) = /wduj‘c; Ho(p) = / p du.

E(4) E(A)

(i13) = (i): If py and p, are probability Radon measures on E(A) such that the
barycenters are f and g, respectively, moreover u} < auy holds true, then for any
nonnegative function ¢ € Z¢(E(A), Bo(E(A)), ;) NLE(E(A), Bo(E(A)), 1) the

inequality
[ewiza [y

E(A) E(A)
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is true, in particular for the functions c;*\a|E( 4 (@ € A), that is:

fla*a) = py(a*alpay) = / a*alg(ay du}
E(A)

<« / o?"\a|E(A) dpy = aug(a/*\a]E(A)) = ag(a*a),
B(A)
thus f < ag. O

Theorem 3.8 (Absolute continuity of states). Let A be C*-algebra with unit,
and let f,g € E(A). The following statements are equivalent.

(i) f is absolutely continuous with respect to g.

(ii) There exist probability Radon measures pis, 1y on E(A) such that the bary-
centers b(uyg) = f,b(uy) = g and py is absolutely continuous with respect
to pg.

(iii) There exist probability Radon measures ji, jty on E(A) such that the bary-
centers b(uyg) = f,b(uy) = g and p} is absolutely continuous with respect

to fug-

Proof. (i) = (ii): By Theorem 2.15 (i7) there exists an increasing sequence
(fn)nen of positive functionals on A and a sequence (a,)neny in Ry such that
for any n € N the inequality f,, < a,¢ and the equality f = sup,,cy f» hold. We
may assume that a,, # 0 for every n € N.

By the arguments previous to Theorem 3.6 and by Theorem 2.15 it is enough
to prove the existence of a sequence (vy, )nen in €(E(A);R)* and an R-linear
functional v, € ¥ (E(A); R)* satisfying

(a) for every n € N, ¢ € €(E(A);R)+ and a € Ay, the properties vy, () > 0,
Ve(ip) 2 0, g, (@lr(a)) = fala) and vy(alra)) = g(a) hold;

(b) for every n € N vy, <y .;

(c) vy = sup,en Vs, € €(E(A);R)*, moreover for every ¢ € €(E(A);R);
v¢(¢) > 0 and for any a € Ay, vf(algay) = f(a) is true.

(d) There exists a sequence (v, )nen in Ry such that for any n € N and for
arbitrary ¢ € € (E(A);R)4 the inequality vy, (@) < anvy(yp) is true.

We show the existence of (v, )nen by induction. Let E := € (E(A);R), fur-
thermore L := {a|ga)|a € As} and C := € (E(A);R),. The real vector space £
equipped with the supremum-norm is Hausdorff and locally convex, L is a linear
subspace of F, C'is a convex subset of £ such that T|E(A) € (LNintC). Let

wyr, L — R ZL\|E(A) — fola).

This mapping is linear, moreover for x € LNC = = @|g(a) for some a € A, hence
the positivity of fy implies wg, () > 0. By Theorem 3.6 there exists a continuous
linear functional wy, : £ — R which extends wy,, furthermore for any z € C' we
have wy,(x) > 0. Let

Vig = ("/)}/0;
this function obviously fulfills the properties of (a).
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Let n € N be arbitrary, and suppose that the system (vy, )o<k<, satisfies for
0 < k < nthat v, € €(E(A));R)*, for ¢ € €(E(A);R); that vy (¢) > 0, for
any a € Ay, that vy, (@|ga)) = fr(a) and for any k& < n that vy, < vy . Let

Wpy 0 L — R ZL\|E(A) = (fag1 — fo)(a).

From the property for (f,)nen it follows that for z € LN C w,11(x) > 0. Thus
applying again Theorem 3.6, we obtain the existence of a continuous linear func-
tional w,1; : £ — R which extends w,,;, moreover for arbitrary x € C the
inequality W,;1(x) > 0 holds. Let

an+1 = m + an
For this functional we have the inequality vy, ,, (@) > 0 for any ¢ € € (E(A);R),

furthermore vy, < vy, + Opr1 = Vi If a € Ay, arbitrary, then

—_—~—

Vinia (@lea)) = np1(@lee) + 5, (@e) = (fon = fa)(@) + fala) = faii(a),

hence the properties of (a) and (b) are fulfilled. We proved the existence of the

sequence (vy, Jnen-
Since for any n € N the equation

sl = v, Alray) = fu(1) < f(1) =1

is true, thus the linear functional

vi: B — R; vy :=supry,
neN

exists. If a € Ay, arbitrary, then the previous arguments and f = lim,, ., fn,
f(1) = 1 imply

vi(@lew) = lm vy, (@ew) = lm fua) = f(a).
Moreover, by definition for any ¢ € € (E(A); R); the inequality v(p) > 0 obvi-
ously occurs. This proves (c).
For the definition of v, let n € N be any number. Since a,,g — f, is a positive
linear functional on A, thus let us denote by v, an arbitrary extension to £ of
the mapping

L — R; Glga) — ang(a) — fula)

in virtue of Theorem 3.6. Let (0,,)nen be a sequence in R™ such that :lr:(’) 0, = 1.
Let

+oo
1
Vo i= D Onl— (g, +v5,)
n=0 n

where the sum is meant in the functional norm. We state that v, is a linear

functional on € (E(A),R) which fulfills the desired properties of (a) and (d).
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The series determining v, is absolute convergent in the functional norm, hence
convergent. Indeed, it is a sum of positive functionals, thus g(1) = 1 implies

Z ||5 Vg’n + an || - Zé I/g + an)(1|E(A ))

= 25 (g — fu)(1) + fu(1))) = 1.

It is clear from the definition that v, is a positive linear functional on € (E(A),R),
moreover for a € A

Z O ( Vgn +vy,) )(alg A) 25 ((ang — fa)(a) + fula)))

= Z 5719(&) =

i. e., (a) holds.

For n € N let o, := 5=. We state that for any n € N the inequality vy, < Qnl,

is true. Indeed, this is an easy calculation:
——,0n .1 —
vy, = (=) < 0 (00— (vg, +vy,)) < anyy.
Qi Qi
Hence we get (d).

(i1) = (4): If py and p, are probability Radon measures on E(A) (with barycen-
ters f and g, respectively), such that pf is absolutely continuous with respect to
ftg, then Theorem 2.15 imply the existence of an increasing sequence (g, )nen of
positive functionals in € (E(A); C)" and of a sequence (a,)nen in Ry such that
for every n € N p, < aypiy holds, moreover iy = sup,,cy ftn. We may suppose
for n € N that p, # 0 and «,, # 0, since puy # 0. Hence for n € N we have
0 # ||pn] = ,un(ﬂE(A)). Since for any n € N un(ﬂE(A))*l,un is a probability
Radon measure on E(A), thus by Theorem 3.4 we conclude the existence of its
barycenter f,, € E(A), i. e., for a € A we obtain

fula) = @lweay) (fa) = (L)) " pa(@lica))-

We prove that the sequence (u, (/1\|E( A)) fn)nen is of positive functionals in A’ such
that

(a) it is increasing;
(b) for every n € N the inequality p,(1|ga)) fn < ang holds;
(€) suppen pn (L)) fo = [
Thus by Theorem 2.15 the functional f is absolutely continuous with respect to
g.
We note that 1 = p¢(1]ga)) = sup,ey pn(1|ga)). Let n € N and a € A be
fixed elements. Then
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(@) : (tn (L)) fo)(a"a) = (L) (@ alew) (fa) = pn(a*alia)
< 1 (@aliay) = o (Llsea) (@ ala)) (o))
= (Nn+1(i|E(A))fn+1)(a*a)'

(0) : (tn(Tlray) f)(@*a@) = pn(lma)) (% alea) (fa)) = pnla*alria)
< anpig(a*aleia) = an((a*alewm)(9) = angla®a).

(c) : ilég(un(i\mm)fn)(&*a) = sup pn(Lpa)) (@ alea) ()

= sug :un(Cﬁ\a|E(A)) = Nf(a/*\a|E(A)> = (C%|E(A))<f) = f(a’a).
ne

(17) < (i17): By Lemma 3.3 (a) it is obvious, since for any ¢ € € (E(A); C) we
have

@ duy; pe(p) = / @ du,.
E(A) E(A)
The proof is complete. O

Remark 3.9. We note that the equivalence (i) < (ii) in the latter theorem can
be found in van Handel’s work [9, Proposition 4.1], but the proof is very different
from ours. Namely, the arguments in [J] were based on a result of Gudder [¢]
and a representation theorem in [20], while we used our characterization Theorem
2.15, our statement Lemma 3.3 and Ky Fan’s result Theorem 3.6.

4. CHARACTERIZATIONS OF ABSOLUTE CONTINUITY, MEASURE ALGEBRAS OF
COMPACT GROUPS

By the aid of singularity, we characterize the absolute continuity of positive
functionals defined on the measure algebra of a compact (always Hausdorff)
group. The significance of this is that the measure algebra is a kind of Ba-
nach *-algebra which is neither a C*-algebra, nor commutative in general. In
the last two sections of the paper we will apply our statements to achieve results
on the Lebesgue decomposition’s uniqueness and on faithful positive functionals
(Theorems 5.15, 6.1 and Corollary 6.2).

Now we recall some fundamental concepts and results in the context of the
measure and the Hilbert algebra of a compact group. The reader is referred to
the works [3], [0], [7], [12], [13], [14], [16], [17].

Let G be a compact group. Denote by § the normalized Haar measure (func-
tional, or integral, cf. Theorem 3.2) on G, and let 6¢(G; 3) be the convolution
*-algebra of the G — C continuous functions (we set "#5” for the convolution
and ”*” for the involution).

- We use the notation (L{(G; 5), || ||g.1) for the measure algebra of G, i. e.,
the completion of the *-algebra %¢(G; 3) equipped with the norm

Ge(G:0) 3 ¢ Bllg]) = / o] dg.
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The involution of the Banach *-algebra L{(G; 3) is isometric and proper
(that is, ¢* x5 # 0 if ¢ € LE(G; 3)\{0}). Furthermore, L{(G; 3) admits
an approximate identity (¢;);e; of continuous functions in the closed unit
ball such that for any ¢ € 6¢(G; 3) the nets (p; x5 ©)icr and (¢ *g ©;)ier
converge uniformly to ¢ on G.
We also note that every positive functional on L (G; 3) is continuous

and representable ([17, Corollary 11.3.8]).

- We use the notation (LA(G; 3), (+|-)s2) for the Hilbert algebra of G, i. e.,
the completion of the pre-Hilbert space é¢(G; 3) equipped with the inner
product

(i) X 6elGi9) 3 () = 8(60) = [ 40 4B = (el)a
G

which is also a Banach *-algebra under the extensions of the convolu-
tion and involution (isometric and proper, as well), moreover it can be
embedded into L:(G; 3).

Furthermore, the above mentioned approximate identity for L{(G; 3)
is an approximate identity in LZ(G; 3), as well.

We note that the following property holds for any ¢, 9, 03 € 6c(G; 3)
(see [17, page 1484)):

(¢1 *5 P2|w3)p2 = (pa|o1 *5 ©3)p2 = (P2 %5 ©3|P1)s2-

Let us fix a nonzero positive functional p on L&(G; 3) until Lemma 4.1. The
representation m, associated to p is nondegenerate, hence by well-known results
we infer that there exists a unique continuous unitary representation V, of G' on
the Hilbert space H,, such that for every ¢ € 6¢(G; 8) and &, € 'H,, the equation

(mp(@)&Im)p = /90(8)(%(8)&77)10 dB(s) = Ble() (Vo (-)Eln)p)

G
holds (cf. [17, page 1388]). In particular, we have that

p(p) = (mp()6plEp)p = /@(5)(%(5>£p’£p)p dj(s)

¢ (4.1)
- / (5 (V9616 dAB(5).
G
Define
0p:G—C; s (Vyz(s)ép|£p>p~ (4-2)

It is easy to check that this function is continuous, self-adjoint (and what is more,
positive-definite), moreover for any A € RT the equation ¢,, = Ay, holds (see
[17, page 1389]).

It is also well-known that 7, is topologically irreducible if and only if V}, is a
topologically irreducible representation of G ([17, page 1391, 1392]). In this case,
from Theorem 12.4.3 in [17] we conclude that H, is finite-dimensional (hence
we can omit the word ”topologically”), moreover there is a positive constant
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A, € R* such that A is projection in the convolution *-algebra %¢(G; 3) (in
P p¥p

dim(H
fact \, = 1|Ei|‘%p)a

Furthermore, for any nonzero positive functional f on L (G;3) there exists a
nonzero positive functional p on L (G; ) such that p < f and 7, is an irreducible
representation.

Now let R, be the right multiplication operator on Lg(G; 3) associated to ¢,
ie., for € L&(G; ), Ry, (¥) := 1 x5 ¢,. This operator is continuous ([13]),
moreover it is positive, since (4.1) and the self-adjointness of ¢, imply for any

¥ € 6c(G; ) that

0 < p(t* w5 4) = / (6" %5 )55 B
G

= (V" x Vlep)se = (WU *5 0p)s2 = (¥ x5 0p|Y0)s2 = (R, (¥)[¥0)5,2-

Furthermore, if ¢, is a projection, then R, is also a projection. Indeed, it is
positive, moreover for any ¢ € 6c(G; )

Ry, (Ry, (V) = (¥ x5 ¢p) %5 0p = ¥ x5 p = Ry, (V),

hence it is idempotent on a dense subspace.

Denote by L the left reqular representation of €c(G; 3) on the Hilbert algebra
Li(G; B), i.e., for any ¢ € 6c(G; 8) and p € L&(G; ) let Ly(p) := 1 %5 ¢. Let
He, : = {Lu(@p)[¥ € Gc(G; B)} = {4 xp pplYb € Ge(G; 0)} =

={Ry, (V)¢ € €c(G; )} =TanR,,,

where the closures stand for the closure in L&(G; 3). This closed linear subspace
H,, of L%(G; B) is invariant under the continuous operators Ly, so denote by
L|H,, the subrepresentation of L on H,, .

Since 6¢(G; 3) is dense in LL(G; ), the operator

Up: Hp — Hey,;
Ytker | -5 = vxg o = Ly(pp) = R, (¥) (¥ € c(G; B)) (4.3)

is densely and well-defined, moreover continuous. Indeed, the bounded operator
R, is positive, thus for any ¢ € 6¢(G; 3) we conclude

see chapter 4, page 943 in [7]).

17/ Ry 2190+ Ker || - 5112 = [14/ R, IP(0" %5 00) = |/ B, |1 (mp (40" %5 1)1 )
IRl [ @ 50y a5
G
= || R@p”2(¢* *5 0] Pp) 2
= | chpHQ(d}w 5 Pp)p2 = || pruz(w %5 Ppl) 6.2

= ll\/ B, [P (B, (D)) 52 = [I\/ B, [Pl B, ()52
> ||Ry, ()52 = 1Y 5 2pl152:
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Hence there exists a unique U, : H,, — H,, continuous linear extension of Uy.

We state that for every ¢ € 6c(G; )
Up o mp(¥) = Ly|n,, o Uy (4.4)

holds (that is, U, intertwines the representations |« (a3 and L|H,, ), moreover
Uy(&p) = ¢, is true. Indeed, first of all (4.4) is obvious from definition (4.3). As we
mentioned before, L{(G; 3) admits an approximate identity (¢;)ses of continuous
functions in the closed ball, which is also an approximate identity for LZ(G; 3).
Hence from Lemma 2.5 it follows that

@i + ker || - H; = mp(0i)&p — &,
thus the continuity of U, implies that

Up(&) = Up(lim(p; + ker || - [[7)) = lim(e; 5 0p) = &p- (4.5)

We also note here that the arguments above immediately imply that mp|4. (a8
and L|H,, are cyclic *-representations of 6¢(G; 3) with cyclic vectors &, and ¢,
respectively.

If ¢, is a projection, then the operator U, is unitary onto H,,. Indeed, let
W € 6c(G; ) be arbitrary. Then

(0l = [ 075 49 = (Vliy)aa = (46)

= (V]p *5 p)a2 = (¥ xp wplep)sz = (Ly(ep)lep)s.2:

hence from [3, Proposition 2.4.1 (ii)] we conclude by means of (4.3), (4.4) and
(4.5) that U, is unitary onto H,,, .

Now suppose that 7, is an irreducible representation of L{(G;3). We show
that R, is a finite-rank operator (projection). We may assume that ¢, is a
projection, since there is a A, € R such that A,p, is a projection, moreover
Ry, = MRy, (see the paragraph after (4.2)). But in this case the operator U,
is unitary from H, onto H,, = rank,,, and by the irreducibility the space H,, is
finite dimensional (paragraph after (4.2)).

Now we are in position the investigate the absolute continuity of positive func-
tionals on L&(G; 3). Our following key lemma deals with the singularity.

Lemma 4.1. Let G be a compact group and let 3 be the normed Haar measure on
G. Assume that p and g are nonzero singular positive functionals on LE(G; ).
Let @, and @, be the functions associated to p and g according to (4.2). Then the
following statements hold.

(a) There exists a sequence (Vn)nen in 6c(G; ) such that
(Hm R,,(6) =) A (lm Ry, () =0)

n—-+oo

that s,

(Ry, (¥n) = Yn x5 0p = @) N (Ry, (¥n) = Yn %5 03 — 0)
holds in the Hilbert space LZ(G; 3).
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(b) If m, is an irreducible representation of L&.(G; 3), then there exists a con-
tinuous function ¢ € 6c(G; 3) such that

(g(¢™ x5 9) =0) A (p(¢" *5¢) # 0).

Proof. (a): Since p and g are singular, moreover 6¢(G; 3) is dense in Li.(G; ),
Lemma 2.10 (b) implies that p|«.(as) and gl (c,s) are singular, as well. Hence
by Theorem 1.15 (i7) there is a sequence (¢, )nen in 6c(G; 3) such that

( lim Wp(l/}n)ép = &) A (n1—1>1—ir-loo Wg(¢n)§g = 0). (4.7)

n—-+o00o

From (4.3), (4.4) and (4.5) follow the existence of continuous operators U, : H,, —
H,, and U, : Hy — H,, such that for any ¢ € 6¢(G; ) the equations

(Up(mp(¥)&p) = ¥ x5 0p) A (Up(&p) = @p); Ug(mg(4)Eg) = ¥ %5 04
hold. Hence by (4.7) and the continuity we have

(Vn *5 p = 0p) N (Un*p 0y — 0).

(b): Let m, be an irreducible representation. By the arguments after (4.2) we
may assume that (¢, is a projection, since it is enough to prove the statement for
a constant multiple of p (Remark 1.10).

By (a) there is a sequence (¢, )nen in 6c(G; 3) such that

( lim R%W’n) = ‘Pp) A <nl—1£loo Ry, (Yn) = 0),

n—-+o00o

that is,

(Ryp (Vn) = tn % 0p = p) A (Ry,(¥n) = thn x5 04 — 0) (4.8)

holds true in L4(G; 3).

The set H := {¢} *5p,|m € N\{0}} is a subset of the finite dimensional space
ran R, (see the last argument before the Lemma’s statement), hence there exist
an m € N\ {0} and a non-identically zero system (\;)1<j<m in C such that

D i) x5 0p) = 0.

j=1
Indeed, if for some m € N\ {0} the equation ¢} %3, = 0 holds, then we are done.
If there exist different [,m € N\ {0} numbers such that ¢} x5 @), = @é *g ©p, then

O *p Pp — cpé *g p = 0 is suitable. Thus the remained case is that H contains
infinite nonzero vectors, but since ran R, is finite dimensional, these vectors are
linearly dependent. So what we stated is true.

Let mg be the minimal index between 1 and m such that \,,, # 0. So we have
the following identity:

0= N(@)#s0p) =€) %5 Amoep + D (@l ™ %5.0p)),

Jj=mo Jj=mo+1

where the sum on the right side is possibly void.
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- We show that the function in the brackets on the right are nonzero. If we
assume the contrary, that is,

Amo®Pp + Z )\j((pg*mo g @p) =0,

j=mo+1

then we get

mo‘pp Z )‘ oo *3 Qop)'

j=mo+1

For any n € N multiplying from the left by v,, we have

Amo (Un %5 pp) = Z Aj(Un %5 (0™ 3 pp))-

j=mo+1

Since A, # 0, the property (4.8) implies that the right side of the equa-
tion tends to zero, but the left side is not, which is a contradiction.
- Let My be the minimal positive integer such that

¥y )" *5 (Amopp + Z )‘j(ﬂpg_mo *5 ¢p)) = 0.

j=mo+1

We show that My = 1. Indeed, if My > 2, then the minimality of M,
forces that

Y=o g Ameiop + Y A0l x5 0,)) # 0.

j=mo+1

On the other hand, the selfadjointness of ¢, and 2My — 2 > M, imply

Y xgtp = ( Amo¥Pp + Z Ajlepy ™ *ﬂ@p)) *[5903/10 1)*5

j=mo+1

x5 (03 kg oo+ > N7 %5 0,)))
j=mo+1

Mmoop + D A0 ™ 55 0)) " g 02M0 24

Jj=mo+1
oo+ D A8l 3 0,)) =0,
Jj=mo+1
which is impossible, since the involution of L&(G; ) is proper.
Thus we have the following:

() Amopp + Z;‘n:moﬂ Aj (@Z}_mo *5 ©p) # 0,
(%) g *5 (Amopp + Zj:moJrl Aj (‘Pi;_mo %5 pp)) = 0.
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We state that the element

p = <)\m090p + Y Nl @p)> =Amopt D, Nilepxs ) ™)

J=mo+1 j=mo+1
of the convolution *-algebra ¢ (G; §) fulfills the properties
(D) : g(e"*59) =0,
(I) = p(g™ x5 ) > 0.
(I): Since ¢* is the function in (%) (p* # 0) and (**) (¢, *g ¢* = 0), hence the
self-adjointness of p, and (*%) imply

9(¢" xp p) = /(90* *0 9)g A8 = (9" %5 ¢lpg)p2 = (¢70g *5 ¢*)p2 = 0.
G
(IT): Since ¢, is a projection, from (4.6) we obtain that

pe” *3 @) = (7Tp(%0* *3 W)£p|£p)p = (L(so**,aap)(‘Pp)hOp)ﬁQ = |le *B QOPH?B,Q'

Since || - ||g,2 is a norm, we only have to show that ¢ x5 ¢, is nonzero. But from
(%), (*x), Ay # 0 and the argument below this is an immediately consequence,
since the involution of L?(G; () is proper:

0# pxgp" = (Amo% + D N %)) g "

j=mo+1

— (A_mo% + > Nlpp#s @j_m°)> g "

j=mo+1

>

mo(Pp %5 ") + ( i (pp %5 ©17™0)) x5 "

= Ao (0p %3 ©%) + ( Nj(0p % @170 w5 "))

= Mo (p %5 ¢°) +0 = Ao (9 %5 )"
The proof is complete. |
Corollary 4.2. Let G be a compact group and ( the normed Haar measure on

G. Let f and g be positive functionals on LE(G,3). If f and g are singular, then
there exists p € 6c(G; ) such that

(9(¢" x50) =0) A (f(¢"*5¢) #0).

Proof. As we mentioned in the second paragraph after (4.2), there exists a nonzero
positive functional p on L{(G, 8) such that m, is an irreducible *-representation
and p < f. Since f and g are singular, then p and g are singular, as well (Remark
1.10). Thus by (b) of Lemma 4.1 there exists ¢ € éc(G; 3) such that

(9(¢" x5 0) = 0) A (p(¢” x5 ) #0).
From this and from p < f it follows that f(¢* *5¢) # 0. 0J
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We present our result on characterization of the absolute continuity of positive
functionals on measure algebras of compact groups. This will be also useful during
the investigations on the uniqueness of the Lebesgue decomposition (Theorem
5.15), as well as in the proof of results on faithful positive functionals (Section
6).

Theorem 4.3 (Characterization of absolute continuity). Let G be a compact
group and (3 the normed Haar measure on G. Let f and g be positive functionals
on Li(G,3). The following statements are equivalent.

(i) f is absolutely continuous with respect to g.
(ii) ker|[- I3 < ker [| - [|3.

Proof. (i) = (4i): It is obvious by Remark 1.10.

(44) = (i): Assume that ker || - ||5 C ker || - || holds. Let f = fiey + faing be
the Lebesgue decomposition of f with respect to g by Corollary 2.17. If f is not
absolutely continuous with respect to g, then fg;,, # 0 is true by Proposition 1.13.
Since g and fgng are singular, Corollary 4.2 implies the existence of a continuous
function ¢ € 6¢(G; ) such that

(9(¢" *59) = 0) A (fsing(¢™ x5 ) # 0).

From fgny < f we have that f(¢* g ¢) # 0, but this contradicts (7). The proof
is complete. Il

One of the definitions of absolute continuity exactly means that the densely
defined operator

Joy i Hg = Hy; atker|-|[g—a+ker| [}

is well-defined and closable (Remark 1.4). The previous theorem shows the strong
fact that the well-definedness automatically implies the closability. This will be
the key in the last two sections.

5. UNIQUENESS OF THE LEBESGUE DECOMPOSITION ON COMMUTATIVE
*~ALGEBRAS AND MEASURE ALGEBRAS OF COMPACT GROUPS

Hassi, Sebestyén and de Snoo in [10] answered the question of uniqueness about
their Lebesgue decomposition related to forms (Theorem 1.11 in this paper).
Namely, if t and to are forms on the complex vector space E and t = t,¢; + tsing
is the Lebesgue decomposition of t with respect to o by Theorem 1.11, then are
there a different form decomposition t = t, + t; where t, is absolutely continuous
with respect to tv and t, is singular to w? The answer is the next remarkable
characterization ([10, Section 4]).

Proposition 5.1 (Uniqueness of the Lebesgue decomposition for forms). The
Lebesgue decomposition of the form t with respect to vo is unique if and only if o
dominates tyqg.

From this result it follows that on finite dimensional complex vector spaces
the Lebesgue decomposition of forms is unique. Indeed, let dim(E) < 4+o00. The
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absolute continuity of t,., with respect to t is equivalent to that the densely
defined mapping

Jwotreg + Hiw = Hy.p; v +ker || - [[5 — o+ ker || -

[ ]
tr'eg

is well-defined and closable (Remark 1.4). But the spaces are finite dimensional,
hence the linear operator above is everywhere defined, thus it is continuous. So
for any z € E we get

treg[2] = |z +Ker [ - ][5, [15,, = [Vwge, (@ + ker [ - IRIE,, <
< ot Pl + e |- 505 = 1wt

that is, to dominates t,,.

On the other hand, if dim(FE) = 400, then there exist forms t and w on E such
that t is absolutely continuous with respect to w (hence t = t,., in the Lebesgue
decomposition with respect to w), but w not dominates t, thus this Lebesgue
decomposition is not unique (Proposition 5.1). Indeed, let (e;);c; be an algebraic
basis in £. Choose a countably infinite subsystem (e;);cs, and let 0 : N — J be
a bijection. Let t and v be the forms associated to the £ x £ — C semi-inner
products determined by the following properties:

“to[2],

(eslen) e = 1, ifi=kandi€rano.
AR 0 otherwise.

(cilen)n = o, ifi=kandi€rano, o7'(i) =n.
PRI =0 0 otherwise.
Furthermore, for a fixed n € N let p,, be the form associated to the semi-inner

product with the following property:

(cilex)n, = 1, ifi=kandi=o(n).
CilkJpn =1 0 otherwise.

Define the form t, with the formula t,, := >"" _ p.,. It is easy to check that ro not
dominates t, moreover (t,),en is increasing, t, < 2™v (n € N) and t = sup,,¢y &,
hence t is absolutely continuous with respect to to (Theorem 1.2). Thus on
an infinite dimensional complex vector space the Lebesgue decomposition is not
unique for arbitrary forms.

The case of positive functionals is more complicated. As we mentioned af-
ter Theorem 1.16, all of the Lebesgue decompositions of (representable) positive
functionals (Corollary 3 in [8]; Theorem 3.5 in [15]; Theorem 1 in [l 1]; Theo-
rem 1.16 (and Corollary 2.17) in this paper) are coincide with the same settings.
Hence the question of the uniqueness is the following: if f and g are arbitrary
representable positive functionals on the *-algebra A and f = fie; + fsing is the
Lebesgue decomposition of f with respect to g by Corollary 2.17, then are there
a different representable positive functional decomposition f = f,. + fs where f,
is absolutely continuous with respect to g and f; is singular to ¢? What we can
definitely observe is that the inequalities f, < f,eq and fs > fsing are true by the
extremal property of the regular part (Corollary 2.17).

Since Corollary 2.17 is based on Theorem 1.11, the finite dimensional case is
clear, because the argument after Proposition 5.1 implies that the decomposition
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is unique. On the other hand, on infinite dimensional *-algebras we cannot use
Proposition 5.1, since in its proof ([10, Section 4]) the form which shows the non-
uniqueness is not a positive functional induced form in general. In particular,
Example 5.14 points out that the functional decomposition can be unique, while
the form decomposition can not.

From the papers above we can conclude the following. Gudder in [3, paragraph
after Corollary 3] noted that he could not prove the uniqueness. Henle in [11,
Theorem 2] stated that his decomposition is unique. However, this statement
is false in general. Namely, since on o-finite von Neumann algebras for normal
states Henle’s decomposition is just the same as Kosaki’s decomposition, and
Kosaki’s example ([15, 10.6]) shows the non-uniqueness of his decomposition,
Henle’s result on the uniqueness cannot be true in general.

Hence from the facts above we conclude that the Lebesgue decomposition of
representable positive functionals is not unique in full generality. But then the
question arises: what are the classes of *-algebras, whereon the Lebesgue de-
composition of representable positive functionals is unique? Finite dimensional
*-algebras are of this kind (argument after Proposition 5.1). Our purpose in this
part of the paper is to show that commutative *-algebras and measure algebras
of compact groups also have this property. We will use our results from Sections
3 and 4.

Our next lemma characterizes the uniqueness on general *-algebras.

Lemma 5.2 (Uniqueness of the Lebesgue decomposition for positive functionals).
Let A be a *-algebra. The following statements are equivalent.

(i) For every f and g representable positive functionals on A the Lebesgue
decomposition of f with respect to g is unique.

(ii) For every f, p and g representable positive functionals on A, if f is ab-
solutely continuous with respect to g and g is singular to p, then f and p
are also singular.

(iii) For every f, p and g representable positive functionals on A, if f is ab-
solutely continuous with respect to g, p < f and g is singular to p, then
p=0.

(iv) For every f, t and g representable positive functionals on A, if f is abso-
lutely continuous with respect to g and t < f, then t is absolutely contin-
uous with respect to g.

(v) For every f, t and g representable positive functionals on A, if f is ab-
solutely continuous with respect to g and t is absolutely continuous with
respect to f, then t is absolutely continuous with respect to g.

Proof. (i) = (ii): Let f,p and g be representable positive functionals on A, and
suppose that f is absolutely continuous with respect to ¢ and ¢ is singular to p.
Let r := f + p; the functional r is positive and representable, since it is a sum
of this kind of functionals (Theorem 2.3 (a)). The assumption implies that the
Lebesgue decomposition of r with respect to g is unique, hence the regular part
of r is just f = r,¢,, meanwhile the singular part is p = 74,,. On the other hand,
by Proposition 1.13 these functionals are singular to each other, that is f and p
are singular.
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(17) = (i17): If f,p and g are representable positive functionals on A, p < f, f
is absolutely continuous with respect to g and p is singular to g, then by (i) it
follows that p is singular to f. By Remark 1.10 p = 0 follows.

(74i) = (iv): Assume that ¢, f and g are representable positive functionals on A
such that ¢t < f and f is absolutely continuous with respect to g. From Corollary
2.17 we have that ¢ is a sum of representable positive functionals: ¢ = t,¢q + tsing,
where t,., is absolutely continuous with respect to g, tsn, and g are singular.
From tg,, < t < f it follows that ts,, < f, thus by (i) tsn, = 0, that is
t = t,¢q, hence t is absolutely continuous with respect to g by Proposition 1.13.

(iv) = (i): Let f and g be representable positive functionals on A. Assume
that f can be written in a sum f = freg + fsing = fr + fs, Where freg + fsing
is the decomposition with respect to g by Corollary 2.17, meanwhile f, and f;
are representable positive functionals on A such that f, is absolutely continuous,
fs is singular with respect to g. By Corollary 2.17 f, < frey holds, so for the
representable positive functional f.,— f, (Theorem 2.3) the inequality frc,— fr <
freg 1s true, hence (iv) implies that f,.., — f. is absolutely continuous with respect
to g. On the other hand, f,eg — fr = fs — fsing holds, and by fs; — fsing < fs the
right side of the equality is singular to g (Remark 1.10). But also from Remark
1.10 this occurs only when freq — fr = fs — fsing = 0.

(v) = (iv): It is obvious, since ¢t < f implies that ¢ is absolutely continuous
with respect to f (Remark 1.10).

(17) + (iv) = (v): Assume that ¢, f and g are representable positive functionals
on A such that t is absolutely continuous with respect to f and f is absolutely
continuous with respect to g. Let t = ¢,y + tsny be the Lebesgue decomposition
of t with respect to g by Corollary 2.17. Since tg,, and g are singular, hence
by (i1) tsing and f are also singular. On the other hand, due to ts,, < t, (iv)
implies that t,, is absolutely continuous with respect to f. From Remark 1.10
this comes true if ¢4, = 0, i.e., t = t,¢4, hence by Proposition 1.13 the proof is
complete. O

Remark 5.3. In [11, Lemma (a), section 4] Henle stated that (ii) is always occurs
for positive functionals on unital C*-algebras. However, Kosaki’s Lemma 10.5 in
[15] shows that (iv) fails in generality on o-finite von Neumann algebras. Since
(77) and (iv) are equivalent, thus the argument on the uniqueness in [11] is false.

5.1. G*-algebras. Before we turn to the uniqueness on commutative *-algebras,
we examine the Lebesgue decomposition on a special class of *-algebras, namely
on G*-algebras. Every Banach *-algebra (complete normed algebra with an in-
volution) is in this class, hence it is worth to study this case. Following Palmer
([17, Section 10.1]), we introduce some definitions and theorems.

Definition 5.4. We say that the pair (B, j) is an enveloping C*-algebra of the
*-algebra A, if B is a C*-algebra, j : A — B is a *-algebra morphism, and for
every C*-algebra C' and for every m : A — C *-algebra morphism there exists a
7. B — C *-algebra morphism such that 7 =7 o j.
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Proposition 5.5. If A is a *-algebra and (B, j1), (B2, j2) are enveloping C*-
algebras of A, then there exists a unique *-algebra morphism m : By — By such
that ™o j; = Js.

From this proposition it follows that if (B,j) is an enveloping C*-algebra of
the *-algebra A, then ran j is a dense *-subalgebra of B.
We introduce the concept of G*-algebras by the aid of the next theorem.

Theorem 5.6. Let A be a *-algebra. The following are equivalent.

(i) There exists enveloping C*-algebra of A.
(ii) There exists greatest C*-seminorm on A.
(iii) There ezists r : {a*ala € A} — R, such that
(iii)" for any a € A liminf, ., r((a*a)?")* " is finite;
(iii)” for any representable positive functional f on A and for any b € A
there exists B € Ry such that for every a € A f(b*a*ab) < Br(a*a)
holds.

Definition 5.7. The *-algebra A is a G*-algebra if one (hence all) of the prop-
erties is fulfilled by A.

Corollary 5.8. Every Banach *-algebra is a G*-algebra.

Proof. 1t is well known that if r stands for the spectral radius of a Banach *-
algebra A, then A has the properties in (ii7) of Theorem 5.6. OJ

For commutative Banach *-algebras the following theorem is also known ([17,
Proposition 10.1.14]).

Theorem 5.9. If A is commutative Banach *-algebra and Xy, (A) stands for
the locally compact space of the nonzero selfadjoint characters (equipped with the
Gelfand topology), then the pair (J (X (A);C),”) is an enveloping C*-algebra
of A, where ™ : A — H (X(A); C) is the selfadjoint Gelfand homomorphism of
A.

The following theorem shows the connection between representable positive
functionals on a G*-algebra and positive functionals on one of its enveloping C*-
algebra ([17, Theorem 10.1.12]).

Theorem 5.10. Let A be a G*-algebra and let (B, j) be an enveloping C*-algebra
of A. Denote by (B*), the set of positive functionals on B, and let J : (B*); —
A*; F+— Foyj. Then:

(a) The mapping J is a bijection between (B*), and the representable positive

functionals on A (we say that J is the canonical bijection).
(b) For the Hilbert bound (see Remark 2.2) of J(F) we have ||J(F)||x = ||F||-

The following result characterizes the concepts of the Lebesgue decomposition
on G*-algebras via enveloping C*-algebras.

Theorem 5.11 (Lebesgue decomposition of positive functionals on G*-algebras).
Let A be a G*-algebra and let (B, j) be an enveloping C*-algebra of A. Let J :
(B*); — A*; F — F oj be the canonical bijection (Theorem 5.10). Let f and g
be representable positive functionals on A. Then the following statements hold.
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(a) f is absolutely continuous with respect to g < J(f) is absolutely con-
tinuous with respect to J1(g).

(b) f is singular to g < J~(f) is singular to J~1(g).

(c) If the Lebesgue decomposition (Corollary 2.17) of f (resp. J7(f)) is
[ = freg + fsing (resp. JHf) = Freg + Fling) with respect to g (resp.
JXg)), then:

() TN freg) = Freg, I (Freg) = freg;
(C”> J_1<fsing) - Fsing7 J(Fsing> - fsing-

Proof. By Lemma 2.10 it is enough to investigate the absolute continuity and the
singularity of J~!(f) and J'(g) on the dense *-subalgebra ran j.
(a) and (b): Since for a € A

(T NG (@) = (T7HF) 0 g)(a) = (J(TH(F))(a) = f(a),
(7 9)(i(a)) = (J7(g)) 2 5)(a) = (J(J~(g))(a) = g(a),

hold, thus by the definitions the statement is clear.

(¢): The mapping J is order-preserving, since for positive functionals F’ and G
on B such that F < G weinfer 0 < J(G—F)=(G—F)oj=Goj—Foj=
J(G)— J(F).

It is enough to show that the equation J~!(f.y) = Fey is true, the other
equation J(fsing) = Fsing follows from the definition of singularity and the
order-preserving.

The positive functional f,., is the greatest among the representable positive
functionals p on A such that p < f hold and p is absolutely continuous with
respect to g (Corollary 2.17). Since J is an order-preserving bijection, the positive
functional J~1(fe,) is the greatest among the positive functionals on B what are
lower or equal than J~!(f) and absolutely continuous with respect to J~!(g).
Hence from the decomposition J~}( freg) = Frey follows. O

This means that the Lebesgue decomposition theory of representable positive
functionals on G*-algebras ”coincides” with the Lebesgue decomposition theory
of positive functionals on C*-algebras.

From the following theorem we are able to show the existence of a noncom-
mutative, infinite dimensional C*-algebra whereon the Lebesgue decomposition
is unique (Corollary 5.16).

Theorem 5.12. Let A be a G*-algebra and let (B, j) be an enveloping C*-algebra
of A. The following statements are equivalent.

(i) The Lebesgue decomposition on A is unique.
(ii) The Lebesgue decomposition on B is unique.

Proof. Let J : (B*); — A*; F' — F o j be the canonical bijection. We will use
(v) of Lemma 5.2.

If f,g and t are arbitrary representable positive functionals on A such that ¢
is absolutely continuous with respect to f and f is absolutely continuous with
respect to g, then by Theorem 5.11 these properties hold iff J~1() is absolutely
continuous with respect to J~!(f) and J'(f) is absolutely continuous with re-
spect J~1(g), as well. The statement "¢ is absolutely continuous with respect to



242 7S. SZUCS

bi

g” (which guarantees the uniqueness on A) is true if and only if J~!(¢) is ab-
solutely continuous with respect to J~!(g) (which guarantees the uniqueness on

B). 0

5.2. Commutative *-algebras. We have seen for a locally compact space T
that the absolute continuity and the singularity of positive functionals defined on
J(T; C) are in strong connection with the absolute continuity and the singular-
ity of the bounded Baire measures on T' (Riesz representation theorem 3.2 and
Lemma 3.3). Since the Lebesgue decomposition for set measures is unique, one
may expect that the Lebesgue decomposition on y(T; C) is also unique. Our
result shows this in a more general setting.

Theorem 5.13. Let A be a commutative *-algebra. Then for every representable
positive functionals f and g on A the Lebesque decomposition of f with respect to
g 1S unique.

Proof. First assume that A is a Banach *-algebra. Since every Banach *-algebra is
a G*-algebra, by Theorem 5.12 the Lebesgue decomposition on A is unique if and
only if the Lebesgue decomposition on any enveloping C*-algebra of A is unique.
By Theorem 5.9 the pair (£ (X4 (A);C),” ) is an enveloping C*-algebra of A,
hence we have to prove that if T" is a locally compact space, then the Lebesgue
decomposition on . (T, C) is unique. We will use Lemma 5.2 (v).

Let 11,9 and 7 be positive functionals on (T, C) such that ¥ is absolutely
continuous with respect to gz, and the latter is absolutely continuous with respect
to v. Then by Theorem 3.2 there exist u*, 9%, v* : By(T) — R, bounded Baire
measures such that the inclusion

holds, and for any ¢ € . (T; C) the equations

) = [ @) & ()= [0air) & (o) = [0 av)

are true. From the assumptions for the positive functionals and Lemma 3.3 we
conclude that ¥* is absolutely continuous with respect to p* and p* is absolutely
continuous with respect to v*. Since absolute continuity between set measures is
a transitive property, thus we infer that ¢* is absolutely continuous with respect
to v*. Thus, applying once again Lemma 3.3 it follows that ¢ is absolutely
continuous with respect to 7, that is the Lebesgue decomposition on # (T'; C) is
unique, hence on any commutative Banach *-algebra, as well.

Now let A be an arbitrary commutative *-algebra, and suppose that f,¢ and
g are representable positive functionals on A such that t is absolutely contin-
uous with respect to f and f is absolutely continuous with respect to g. By
Lemma 5.2 (v) we have to show that ¢ is absolutely continuous with respect to g.
Theorem 2.1 implies the following: there exist C*-seminorms pg,py,pg : A — C
and nonnegative numbers My, My, M, € Ry such that for every a € A the in-
equalities |f(a)| < Myps(a), |t(a)| < Mipi(a), |g(a)] < Mypy(a) hold. Thus
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for the C*-seminorm p := sup{py,p,,p:} and the nonnegative number M :=
sup{ M, M;, M,} we conclude for any a € A

(If(a)] < Mp(a)) A ([t(a)|] < Mp(a)) A (lg(a)] < Mp(a)).
Let us denote by (B, ||-||,) the completion of the pre-C*-algebra A/ ker p (equipped
with the factor-norm derived from p). According to Remark 2.12, let f',¢' and ¢’
be the corresponding B — C positive functionals to f,t and g, respectively, that
isfora e A

(f'(a+kerp) := f(a)) A (t'(a+kerp):=t(a)) N (¢'(a+kerp) :=g(a)).
Theorem 2.15 shows that ¢ is absolutely continuous with respect to g iff ¢’ is
absolutely continuous with respect to ¢’. On the one hand B is a commutative C*-
algebra, hence the first part of the proof implies that the Lebesgue decompostion
on B is unique. Thus Lemma 5.2 shows that ¢’ is absolutely continuous with
respect to ¢’, hence (also from Lemma 5.2) we get the uniqueness on A. Il

The next example shows that the Lebesgue decomposition can be unique in
the context of positive functionals, while it is not unique in the context of forms.

Example 5.14. If A := %([0,1];C) is the unital C*-algebra of the [0,1] — C
continuous functions and o) is the positive functional on A generated by the
Lebesgue measure i, ;) (on the Baire sets), then for the function

0, ifx=0.

0,1] = C; pa(x) == { 7= i x €]0,1].

we have @1 € Z2([0,1], By ([0, 1]), [1jo,1)), hence the mapping

¥

N

v:A—C; a— / ap: dpgo )
[0,1]

is a positive functional on A. The Baire measure v* : %,([0,1]) — R (Theorem
3.2) is absolutely continuous with respect to ,uE‘OJ}, since it is given by the Radon—
Nikodym derivative. Thus Lemma 3.3 implies that v is absolutely continuous
with respect to pp 1), that is, the Lebesgue decomposition of v with respect to
H{o,1] 1S ¥ = Vpeg by Proposition 1.13. From the previous theorem it follows that
this decomposition is unique in the context of positive functionals. On the other
hand, it is obvious that yp,1) not dominates v, hence by Proposition 5.1 we obtain
that the decomposition is not unique in the context of forms.

5.3. Measure algebras of compact groups. The uniqueness on measure al-
gebras of compact groups is an immediately consequence of our result, Theorem
4.3.

Theorem 5.15. The Lebesgque decomposition of positive functionals defined on
the measure algebra of a compact group is unique.

Proof. Let G be a compact group and let 5 be the normed Haar measure on
G. By Lemma 5.2 (v) we have to show that if f,¢,g are positive functionals on
LE(G, B) such that f is absolutely continuous with respect to g, ¢ is absolutely
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continuous with respect to f, then ¢ is absolutely continuous with respect to g.
From Theorem 4.3 it follows that the assumptions is equivalent to the inclusions
ker || - [|5 C ker || - [|§ and ker || - [[§ C ker || - [|7. Thus ker|[| - [[5 C ker || - ||? is true,
but then Theorem 4.3 yields that ¢ is absolutely continuous with respect to g. U

Since every Banach *-algebra is a G*-algebra (Corollary 5.8), thus we have the
following

Corollary 5.16. If A stands for the measure algebra of a compact group, then the
Lebesgue decomposition of positive functionals on any enveloping C*-algebra of A
1s unique. In particular, if the group is noncommutative and infinite, then any
enveloping C*-algebra of A is a noncommutative, infinite dimensional C*-algebra
such that the Lebesque decomposition of the positive functionals on it is unique.

Proof. By the previous Theorem and Theorem 5.12 it is clear. Il

We note that a common point in the proved cases of the uniqueness is that the
topologically irreducible *-representations of the above-mentioned *-algebras are
finite dimensional.

6. AN APPLICATION TO FAITHFUL POSITIVE FUNCTIONALS ON MEASURE
ALGEBRAS OF COMPACT GROUPS

In the end of the paper we introduce a characterization of faithful positive
functionals defined on measure algebras of compact groups, by the aid of our
result Theorem 4.3. As a consequence, we immediately gain a classical result
on irreducible subrepresentations of measure algebras of compact groups with
countable basis.

Theorem 6.1. Let G be a compact group and (3 the normed Haar measure on
G. Let g be a positive functional on L&(G,[3). The following statements are
equivalent.
(1) g is faithful, that is, g(a* %5 a) = 0 implies a = 0 for any a € L§(G, B).
(i) Every positive functional f on L&(G, 3) is absolutely continuous with re-
spect to g.
(iii) If p is nonzero positive functional on Li(G, 8) such that 7, is irreducible,
then there exists a number A\, € RY such that \,p < g.

Proof. (i) = (ii): If g is faithful, that is, ker | - |3 = {0}, then for any positive
functional f on L¢(G, ) the inclusion ker || -[|$ € ker || - [|% is true, hence Theorem
4.3 implies that f is absolutely continuous with respect to g.

(4d) = (4#i): Let p be nonzero positive functional on L (G, ) such that m,

is irreducible. Theorem 9.6.4 in [17] shows that this property is equivalent to
that p is pure (see also the Introduction in our paper [25]). Then our result,
Theorem 4 in [25] implies that g can be written in a form g = A\,p + ¢ with a

number A\, € R, and with a positive functional ¢ where p and ¢ are singular. If
the equation A, = 0 holds, then we have g = ¢, hence g and p are singular. But
by Remark 1.10 this is absurd, since p is nonzero and it is absolutely continuous
with respect to g from the assumptions.
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(i73) = (i): Assume indirectly that g is not faithful. Hence there is a nonzero
element a € L{(G, 8) such that g(a* *3 a) = 0. Since the involution of Li(G, )
is proper, then by the well known Gelfand-Raikov theorem there is a positive
functional p on LE(G, 3) such that 7, is irreducible and p(a* x5 a) # 0. But this
contradicts (7). O

It is well known that if a compact group has countable basis, then L (G, 3) is
separable. Hence similar arguments of 3.7 in [18] show that there exists a faithful
positive functional on L{(G, ) in this case. Our last result in the paper is a
classical statement with a new proof.

Corollary 6.2. Let G be a compact group with countable basis and 3 the normed
Haar measure on G. Let g be a faithful positive functional on Li(G,[3). Then
for any irreducible representation © of Li-(G, 3) on a Hilbert space H there exists
a subrepresentation of m, which is unitarily equivalent with w. That is, there is
a mg-invariant closed linear subspace H, of Hy and an unitary operator V. of H
onto H, such that for any a € LE(G, 3) the equation

Vom(a) = mg(a)ln, oV

18 true.

Proof. Let £ € 'H be any nonzero (hence cylic) vector. Let p : Li(G, ) — C be
the positive functional

a — (m(a)€[E).
Hence the GNS construction implies that for any a € L& (G, 3)
(m(a)él§) = (Wp(a)épr)p‘ (6.1)

Then by Proposition 2.4.1 in [3] there exists a unique unitary operator U of H
onto H,, such that U(§) = &, and for any a € LL(G, 5)

Uomn(a) =my(a)oU

holds, that is, 7 and m, are unitarily equivalent. Thus =, is irreducible (hence
cyclic), as well. Our Theorem 6.1 shows the existence of a positive number
Ay € RT such that A\yp < g. Since every positive functional on Lg(G, 3) is
representable, thus from Remark 2.2 it follows that |A\,p|lz < +o00. Thus by
Theorem 9.4.20 in [17] there exists an operator Q, € B(H,) such that 0 < @, <
idy,, and for any a € Lg(G, B)

App(a) = ((mg(a) 0 Qp)&y|Qp(&)); mg(a) 0 Qp = Qp o my(a). (6.2)
This and (6.1) imply for the vector &, := ﬁQp({'g) that for every a € L&(G, 3)

(W(a)f’f) = (Wg(a)fﬂ‘gﬂ’)p' (6.3)

Denote by H, the closed linear subspace {m,(a)és|a € A} in H,. It is a m,-
invariant subspace, hence the mapping

Ty Hn L<1C(Gvﬁ) — B(Hx) av my(a)ln,

is a subrepresentation of m,. We state that it is unitarily equivalent with . To
see this, we note first that the cyclicity of £, implies the existence of a sequence
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(an)nen in L (G, B) such that m(a,)€, — &,. Hence the continuity of the operator
@, and (6.2) conclude that

1 1 1
Tg(an)ér = Wg(an)(\/—A—pr@g)) = ﬁ@p(ﬁgmn)gg) - ﬁ@p(fg) =&,

which means that &, € H,, so it is a cyclic vector for the subrepresentation
7g|Hr. Thus using (6.3) and Proposition 2.4.1 in [3] there exists a unique unitary
operator V' of H onto H, such that V(§) = &, and for any a € L§(G, )

Vom(a) = ((mg|Hx)(a)) oV

holds, that is, 7 and 7, are unitarily equivalent. O]
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