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C*-Convexity and the Numerical Range

Bojan Magajna

Abstract. If A is a prime C*-algebra, a € A and A is in the numerical range W (a) of a, then for eache > 0
there exists an element h € A such that ||h|| = 1 and ||h*(a — M)h|| < e. If X is an extreme point of
W (a), the same conclusion holds without the assumption that A is prime. Given any element a in a von
Neumann algebra (or in a general C*-algebra) A, all normal elements in the weak* closure (the norm closure,
respectively) of the C*-convex hull of a are characterized.

1 Introduction and Basic Definitions

By the well known Dixmier approximation theorem (see [7] or [17]) the norm closure
Coy(r)(a) of the convex hull of the unitary orbit of any element a in a von Neumann algebra
R intersects the center Z of R; moreover in many cases this intersection can be described
precisely (see [25], [15]). In this paper we shall study the weak* closure and the norm
closure of an analogous set, the C*-convex hull of a, denoted by cog(a) and called more
precisely the R-convex hull of a. By definition cog(a) consists of all elements of the form

n

*
2 viav;
j=1

where n € N, v; € Rand Z?zl vivj = 1. Let us call a subset § of a unital C*-algebra A
A-convex (or C*-convex if A is clear from the context) if Z;’l:l v}‘ijvj € Swhenever x; € S
and v; € A forall j and Z?:l vivj = L. (Such sets were studied explicitly in [18] and they
appear frequently in the theory of operator spaces and algebras.) Then clearly cog(a) is the
smallest R-convex subset of R containing a, and cog(a) D coy(r)(a).

If p is a central projection in Rand x € Rp let Wy, (x) be the (algebraic) numerical range
of x, that is, the set of all p(x), where p is a state on Rp [4]. For a normal element b € R we
shall show that b is contained in the weak* closure cor(a) of cog(a) if and only if W, (bp) C
Wrp(ap) for each central projection p € R. (Since central elements are normal, this will
also describe the intersection of Cog(a) with the center of R.) As a consequence, given a
unital C*-algebra A and elements a, b € A with b normal, we shall deduce that b is in the
norm closure co,(a) of co, (a) if and only if W (b+P) C W (a+P) for each primitive ideal P
of A, where a + P denotes the coset of a in A/P and W (a + P) denotes the numerical range;
when the algebra is clear from the context we write W (-) instead of W (-) for the numerical
range. (We remark that the norm and the weak* closure of coy(r)(a) for a normal element
a € Rhave been studied in [16], and some results in [20] can be interpreted as a description
of the C*-analogy of the closed absolutely convex hull of a general element a € R.)
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Let K be an A-convex subset of a unital C*-algebra A. By definition (introduced in [18])
a point x € K is C*-extreme (or, more precisely, A-extreme) for K if the condition

n n
P— * . . * e . . 1 1 ]
x= E a;x;jaj, E ajaj=1, x; €K, ajinvertibleinA, neN
=1 =1

implies that all x; are unitarily equivalent to x in A. As an immediate consequence of our
results we shall deduce that for each weak* compact R-convex set K in a von Neumann
algebra R each extreme point of K N Z (where Z is the center of R) is C*-extreme in K. The
existence of C*-extreme points for compact C*-convex subsets of finite dimensional alge-
bras M, (C) was proved by Farenick [9] and the appropriate variant of the Krein-Milman
theorem for C*-convex subsets in matrix algebras was proved by Morenz [21]. After the
first version of the present paper has been already submitted we have found (on the basis
of some results presented here) a proof of a variant of the Krein-Milman theorem for C*-
convex weak* compact subsets of injective factors, but for more general C*-algebras the
problem seems to be still open. If K is a weak* compact R-convex subset of a factor R, then
each extreme point of K N € will turn out to be C*-extreme in K, but cog(K N C) consists
only of elements that have normal dilations (relative to R) with the spectrum in K N C
(Proposition 3.7).

The key to the results here is a simple internal characterization of numerical ranges
in C*-algebras: if A is a prime C*-algebra (= without ideal divisors of 0), a € A and
A € W(a), or if A is an arbitrary C*-algebra but X is an extreme point of W(a), then
for each £ > 0 there exists a positive h € A such that ||h]| = 1 and ||h(a — Mh| < e
(Conversely, the existence of such an element h clearly implies that A € W (a).) This result
partially generalizes the well known characterization of the numerical range of elements in
the Calkin algebra [10], where A € W(a) if and only if p(a — A\)p = 0 for some non-zero
projection p, but of course in a general prime C*-algebra we can not expect that the above
h is a projection or that € = 0.

A classical way of proving that some well known examples of unital C*-algebras A are
simple (see [6]) is to consider for a € A the intersection oy 4)(a) N C. By [12] a simple
unital C*-algebra A has the property that €0y 4)(a) N C # @ for each a € A if and only if A
has at most one tracial state. (The author is grateful to E. Kirchberg for bringing the article
[12] to his attention.) On the other hand, we shall show here that co,(a) N C # & for all
simple unital C*-algebras A.

2 A Characterization of the Numerical Range of Elements in C*-Algebras

In this section we shall obtain a characterization of the numerical range (Theorem 2.3
below) needed later, but first we state two general lemmas.

Lemma 2.1 Let A C B(J) be an irreducible C*-algebra,a = a* € A, e > 0and§ € H
a unit vector such that |(a€,&)| < e. Then there exists a positive element h € A such that
||l = 1, ||hah|| < € and ||hE — &|| < e.

Proof Choose a positive § < 271(1 + &)7!(e — |(a, &)]), let [y, ] = W(a) (= the
smallest interval containing the spectrum of a) and for each subset ¢ C R let e(o) be the
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spectral projection of a corresponding to o. (If o = {A} is a singleton, we shall write e()\)
instead of e({A}).) Since e(M\)€ is non-zero for at most countably many values of A € R,

we can choose a partition ap < a1 < -+ < a, = « of the interval [ag, o] such that
e(aj)¢ = Oforall j = 1,...,n—1land |oj — aj_;| < dforall j = 1,...,n Put
ej = e((aj,l,aj)) forj=2,...,n—1lande = e([ao,al)), e, = e((an,l,an]). Let

Aj=llei€ll G=1,...,n),0 = {j: \j # 0} and &; = A 'e;é for j € J. Then [|¢;]| = 1
and } A% = [[€]* = 1. Letany j, € Jbe fixed. By the Kadison transitivity theorem
for each j € J there exists an s; € A such that s;¢;, = &; and ||s;|| = 1, which implies that
si€; = &, Gsince [|st€; — &, 117 = [I(s§s; — D& 1P < Nlsi€ll> — 2(sts€5,,€5,) +1 = 0).
Since the characteristic function y of an open subset of the spectrum can be approximated
pointwise by a sequence of positive continuous functions ¢ < Y, it follows easily by the
spectral theorem that for each j € J there exists an element g; € A such that 0 < g; <'¢;

and
1)
(2.1) i€ — &ill < Nk
Put
vi=gisig, (j€J) and v= Z/\j‘l/]‘.
jel
Then
I < SRS vy | < max il sisil < 1.
- - jeJ
jeJ jed
Further, denoting &; = e((aj,l, ozj]) for j =2,...,nand é = e([ap, a1]), we have
[lvav|| < Ha - ZajéjH + Hv* <Z a]-éj)vH
j=1 =1
<d+ ‘Z Z aj)\,')\kv;"éjka
j=1ikel
=0+ ‘Zaj)\?gj]s?gjz-sjgj] H (since 0 < g; < ej)
jeJ
<d+ Za])\?‘ (since 0 < gj]s’]’»‘g?sjgj] <1
jel
=+ <Z Oéjéjf,£>‘
i=1
n
<d+ ‘ﬂ - Z%’%‘H +1(ag, ),
=1
thus
(2.2) v av]| < 26+ [(a,&)|.
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Observe also that
v, — &Il = HZ Ajvi&j = 51)”
jed
= HZ Ajlgisi€i&in — &) + (g€ — &) H

j€J

1/2
< <Z llgjsi(gi&in — &5 + (g5 — Ej)llz)

j€J

[\SN IS

by (2.1), and

Iveg = & ll = || D Adjvig; — &,

i,jeJ

= [ > Risges - €| recallthae YTx3 = 1)
jeJ jeJ

= ZA?[ngS}*(gjﬁj — &)+ (g8 — 511)]“

j€d

A

0
72N Gy

jeJ

<

N[ S

Thus, we have 1 — § < [|v[| < 1and ||[w*¢ — || < 4. Finally, put h = ||v||"2»v*. Then
|[h€ — £]| < 26 < € and (using (2.2) and the choice of §)

1 1 20+
[hah|| = = |lvw*aw™|| < = [[viav| < Lﬁf’f” <e. [ |
gl gl (1-9)
Lemma 2.2 Let A be a unital C*-algebra, ay, . . ., a,, elements of A and p a state on A in the

weak* closure of the pure states. Then for each € > 0 there exists an element h € A such that
k|| = 1 and ||h*(a; — p(a)) k|| < efori=1,...,m.

Proof Clearly we may assume that all a; are self-adjoint (otherwise consider the set of all
real and imaginary parts of a;’s) and (by translation) that p(a;) = 0 for all i. Then by the
hypothesis there exists a pure state w on A such that |w(a;)| < ¢ for all i, where § = 8 "e.
Let m: A — B(XH) be the representation constructed from w by the GNS construction and
let ¢ € 3 be the corresponding unit cyclic vector. Put b; = m(g;) and note that

(B, )] <6 G

1,...,m).
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Observe that it suffices to construct an element w € m(A) = A/ker 7 such that ||w|| = 1
and ||[w*b;w|| < e. Namely, then w can be lifted to an element s € A with ||s|| = 1
and, if {ex}« is an approximate unit in ker7 (with 0 < ¢ < 1), then from the well
known identity ||7(x)|| = infi ||(1 — ex)x(1 — er)|| (x € A) we have that ||w*bw| =
infy, || (1—ex)s*a;s(1—eg)||, which implies that for an appropriate k the element i := s(1—ey)
satisfies ||h*a;h|| < e foralli = 1,...,m and clearly ||h|| = 1 (since ||h]| < ||s|| = 1 and
18] = [lw (W) =[]l = 1).

The required element w € m(A) can be constructed by an induction on m, using

Lemma 2.1. We may assume that ¢ < 1 and [ja;|| < 1foralli = 1,...,m. Suppose
inductively that for some k € {1,...,m — 1} we already have found an element u € w(A)
such that

(2.3) lul =1, |ué—¢|| <816 and |u'biul <86 (=1,...,k).
Since

[ bir1u€, )] < [(bra&s )| + [(bir (u€ — £),€)[ + [{brs1ug, ug — &)
<d+2fus = ¢

<3.8<15
by (2.3), by Lemma 2.1 there exists an element v € 7(A) such that
vl =1, |vé—¢€||<3-816 and |v*(u*brpu)v|| < 3-816.
Then ||uv| < 1, |[v*u*buv|| < 3-8 15 fori=1,...,k+1and
luvg — &|| < f|ué — &[| + u(vé — &) < 4814

The last estimate implies in particular that ||uv|| > 1 —4- 8714, Put w = ||uv||~'uv. Then
[wl = 1, [[w€ — €]| < [[w€ — uve]| + [Juvé — €|| < 8%6 and

* 1 * ok 3.8k_16 k
fori=1,...,k+1,sincek <mand§ < 8™, |

Theorem 2.3  Let A be a C*-algebra, a € A and A € W (a). If A is prime or if X is an
extreme point of W (a), then for each € > 0 there exists a positive element h € A such that
|kl = 1 and ||h(a — M)h|| < e. Moreover, if A is a von Neumann algebra, we can choose h to
be a projection.

Proof If )\ is an extreme point of W (a) then there exists a pure state p on A (or in the
unitization of A if A does not have a unit) such that p(a) = A, hence the theorem follows
in this case at once from Lemma 2.2.

If A is a prime C*-algebra, then there exists a separable prime C*-subalgebra B of A such
that a € A (this was first proved in [8, Proposition 3.1] and a very elementary proof can also
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be found in [19, Lemma 3.2]), but separable prime C*-algebras have faithful irreducible
representations [24, p. 102], so we may assume that B is an irreducible C*-algebra on a
Hilbert space 3. Since A € W (a), there exists for each n = 1,2, ... a unit vector §, € H
such that [((a — A&, &4)| < % [4], hence A = p(a), where p is a weak* limit point of
the vector states induced by the vectors &,. Since B is irreducible, the vector states on B are
pure, hence by Lemma 2.2 there exists h € B C A such that ||h|| = 1 and ||h*(a— A\)h|| < e.
Replacing h by hh*, we may assume that ki is positive. Finally, if A is a von Neumann algebra,
we may replace h by the spectral projection of h corresponding to the interval (1 — 6, 1] for
some sufficiently small § > 0. ]

Remark 2.4 1In general, if A is, say, an abelian C*-algebra, a € A and A € W (a) is not an
extreme point of W (a), then inf{||[h*(a— A)h|| : h € A, ||h]| = 1} > 0. To see this, consider
for example the diagonal 2 x 2 matrix a with 1 and —1 along the diagonal and A = 0.

3 Weak* Compact C*-Convex Hulls

Our first goal in this section is to characterize all normal elements in €og(a), where a is an
arbitrary element of a von Neumann algebra R. Throughout the rest of the paper we will
denote by Z the center of R and by A the spectrum of Z. By the Gelfand transform we
shall identify Z with the C*-algebra C(A) of all complex valued continuous functions on
A. For each t € A we denote by Z; the kernel of t, by R; the closed ideal in R generated by
Z, (called the Glimm ideal at t) and by R(¢) the quotient algebra R/R;. Further, the coset
of an element a € R in R(¢) will be denoted by a(t). By [11] ||a|| = sup,c 4 [|a(t)|| and the
function ¢ — |ja(t)]| is continuous on A for each a € R.

Lemma3.1 Leta € Rt € Aand X € W(a(t)). Then for each € > 0 there exists a
projection p € Z such that p(t) = 1 and d (Ap, gy (ap)) < &, where d denotes the distance.

Proof Since R(t) is a prime C*-algebra by [11] (in fact it is even primitive by [14]), by The-
orem 2.3 there exists a positive element & € R(¢) such that ||| = 1 and ||h(a — Mh| < e.
Using the same approximate unit argument as in the beginning of the proof of Lemma 2.2
we can lift /1 to an element s € R such that ||s| = 1 and ||s*(a— A)s|| < e. Then by the polar
decomposition of s and applying the spectral theorem to |s| it follows easily that there exists
a projection e € R such that e(t) # 0 and ||(e(a — Ae)(t)|| < e. By the continuity of the
norm and since A is extremely disconnected there exists a clopen neighborhood (that is, a
neighborhood which is closed and open) o of ¢ such that e(s) # 0 and || (e(a — )\)e) () <e
for each s € 0. Let p € Z be the projection corresponding to o (that is, the Gelfand trans-
form of p is the characteristic function of ). Replacing e by ep, we may assume that the
central carrier of e in R is p (since e(s) # 0 forall s € o) and ||e(a — Ne|| < e.

Since the central carrier p of e can be written as an orthogonal sum of projections equiv-
alent to subprojections of e, there exists a family {u} of partial isometries in R such that
uruy < eand ), uiug = p. Then

HZ ugapuy — )\pH = HZ uge(a — )\)eukH
k k

= sukp lluze(a — Neu]|
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< |le(a — Nel|

<e€
since the range projections of u; are mutually orthogonal, hence

d()\p,ERp(ap)) <e. [ |

Later in this section we shall need matrix ranges, so the following lemma is formulated
for matrix ranges, although for the proof of Theorem 3.3 below the usual numerical range
is sufficient. Recall ([3], [5]) that for eachn = 1,2, ... the n-th matrix range W,(a) of an
element a € A, where A is a unital C*-algebra, is defined as the set of all matrices in M,,(C)
of the form ¢(a), where ¢: A — M, (C) is a unital completely positive map (we refer to
[23] for the definition and basic properties of completely positive maps). In particular,
W (a) coincides with the usual numerical range W (a).

Lemma 3.2 Let A be a unital C*-algebra, C the center of A, A the spectrum of C and
t € A. For each closed set 0 C Alet C, = {c € C : c|o = 0} (where we have identified C
with the continuous functions on A), let A, be the closed ideal in A generated by C, and put
A(t) = A/Ay and a(t) = a+ Ayy. Then foreacha € Aandn = 1,2,... we have

(3.1) W, (a(t)) = (1] Wala +A,),
oeB,

where the intersection is over some basis B, of closed neighborhoods o of t.
Proof Since A(t) is a quotient algebra of A/A, for each o € IB;, the left hand side of
(3.1) is contained in the right hand side. To prove the reverse inclusion, suppose that A €

W, (a+ A,) forall o € B;. Then

(3.2)

la@1+8RA| <|[a®1+8® (a+A,)

for all o, 8 € M,,,(€C) and all m € N (since there exists a unital completely positive, hence
completely contractive, map from A/A, to M, (C) sending a + A, to A). Since M,,(C) ®
AJA, = M,,(A/A,) sits isometrically in @ . M,,(A(s)), we have

seo

(3.3) la®@1+8® (a+A,)|| =suplla®1+8®als).

seo

Note that the function s — || ® 1 + 3 ® a(s)|| is upper semicontinuous on A by [11].
Thus, given € > 0, for each fixed o, 8 € M,,(C) there exists a neighborhood o € B; such
that the right hand side of (3.3) is less than || ® 1 + 5 ® a(t)|| + € and it follows then from
(3.2) and (3.3) that

la®@1+B8RA|<|la®1+F®@alt)| +e.
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Since this holds for all ¢ > 0 and o, 5 € M,,,(C) (m € N), the unital map
A(t) D span{1,a(t)} = M,(C), a+pBa(t) = a+pr (a,B€C)

is completely contractive, hence by the Arveson extension theorem (see [23, 3.4, 6.5]) it
can be extended to a unital completely positive map from A(t) to M, (C) sending a(t) to A,
hence A € W, (a(t)). [ |

Theorem 3.3  Let a and b be elements of a von Neumann algebra R. If b is normal, then
b € cor(a) if and only if W (b(t)) € W (a(t)) for each t in the spectrum A of the center Z of
R. Moreover, this is equivalent to the condition that Wr,(bp) C Wg,(ap) for each projection
pEZ

Proof If b € Tog(a), then there exists a net {b}x C cogr(a) converging to b in the strong
operator topology. For each clopen subset o of A let p,, be the corresponding projection
in Z. Since byp, € cogyp,(ap,), it follows easily from the definitions of the numerical
range and the C*-convex hulls that Wg, (bxps) C Wgy, (ap,). Since the net {bxps bk
converges to bp,, it follows (by the weak* density of normal states in the set of all states)
that Wy, (bp,) € Wgp, (ap,). Now for each fixed t € A Lemma 3.2 implies that

W (b()) = [\ Wrp, (bpo) C [ | Wrp, (aps) = W (a(t)),

where the intersection is over all clopen neighborhoods o of . (Observe that we have
not needed the normality of b for this implication and that a similar argument shows that
W, (b(t)) cw, (a(t)) foralln=1,2,....)

Suppose now conversely that b is normal and W (b(t)) cw (a(t)) forallt € A. Lete >
0. By the spectral theorem there exist scalars 3; in the spectrum o (b) of b and projections
ej € R (commuting with b) with the sum 1 such that

(3.4) Hb—zﬂ:ﬁjejH <Z.
=1

Then ||b(t) — Z?:l Bjej(t)|| < 5, hence [[b(t)ej(t) — Bje;(t)|| < 5 and therefore the

3’ 3
distance of 3; to the spectrum of b(t)e; () in e;(¢)R(t)e;(t) is less than £ if e;(¢) # 0. Thus

d(ﬂj, W(b(t))) < 5 (where d denotes the distance) if e;(t) # 0. Suppose now, for a

moment, that e;(t) # O forallt € Aand j = 1,...,n. Then d(ﬂj,W(a(t))> < § forall

j and t, so we can choose v, € W(a(t)) so that |3; — ;| < 5. By Lemma 3.1 for each ¢
there exists a projection p; € Z such that p,(t) = 1 and d(wj,tpt, ERpr(ap,)) < 5, hence

(3.5) d(B;prs Orp, (apy)) < 23—5 G=1,...,n).

Since the projections e; are mutually orthogonal with the sum 1, (3.5) easily implies that

2e

d<z Bje;ips, ERpr(apt)) < 3
j=1
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hence, using (3.4),
d(bpt, ERpt(apt)) < E.

Thus for each t € A we can choose an x; € Cogy, (ap;) such that
(b —x:)p:|| < e.

Note that p; corresponds to a clopen subset o; of A and t € o; (since p,(t) = 1). By
compactness we can cover A by finitely many such clopen subsets o;. It follows that there
exist projections py, ..., p,, in Z with the sum 1 and elements x; € Cog,, (ap;) such that

[(b—x)pill <e (i=1,...,m).

Letx = Y ., x;. Then x € Tg(a) and ||b — x|| < e. Thus, d(b,cor(a)) < € for each
€ > 0, which implies that b € cor(a). This proves the theorem in the case e;(t) # 0 for all
j=1,...,nandt € A.

In general (when ¢;(t) = 0 for some j and ¢) the proof can be reduced to the case just
considered by a suitable partition of A. Namely, we can partition A into a finite union of
disjoint clopen subsets Ay (k = 1,...,]) each containing an open dense subset 2 such
that for each k there exists a subset IFy of F = {1, ..., n} with the property that for t € O
we have ej(t) # 01if j € Fyand ej(t) = 0if j € F\ Fx. (To find such a partition, let
O ={t € A:ej(t) # 0forall j € F}. Since €2, is open and A is extremely disconnected,
Ay = Q) isclopen. If A} # A, let Q) = {t € A\ Ay :ei(t) #0,...,e,1(t) # 0} and
put A, = Q,. Continuing in this way, we find the required partition in less than 2" steps.)
Let pr € Z be the projection corresponding to Ay. Then [|(b — >, Bjej)pr|l < § by
(3.4), and by the same argument as in the previous paragraph we have that

(3.6) d(85,W(a)) < 5

forall j € Frand t € €. Since € is dense in Ay, (3.6) must hold for all t € Ay (and
j € Fx). (Indeed, choosing a net {t,} C U converging to t € Ay, (3.6) implies that
W(ﬁj - a(t,,)) intersects the closed disc with the radius €/3 around 0, hence for each v
there exists a state p, on R annihilating the Glimm ideal R;, such that |p, (3; — a)| < /3.
Now we can use an argument from [11, p. 233]. Namely, with p a weak* limit point of the
net {p, }, we have that |p(3; —a)| < /3. Moreover, since p,|Z = t, (for p, annihilates R;,)
and t,, converge to f, it follows that p|Z = t, hence p(R;) = 0. Thus p can be regarded as a

state on R(t) such that |p(,8j - a(t))| < £/3, which implies that d(ﬂj, W(a(t))) <e/3.)
We can now use the reasoning from the previous paragraph (with A replaced by A) to

show that bpy € Cogp, (apy) for each k = 1,...,I. Since > py = I, this implies that
b € cog(a). [ |

Corollary 3.4  For each a € R the intersection Cog(a) N Z consists of all ¢ € Z such that
c(t) € W(a(t)) forallt € A, and this is the same as the set of all ¢ € Z such that there exists
a conditional expectation ¢ from R onto Z satisfying ¢(a) = c.
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Proof If ¢ € Z then c(t) € C, hence W(c(t)) = {c(#)} for each t+ € A and the first
conclusion of the corollary follows immediately from Theorem 3.3.

If : R — Z is a conditional expectation such that ¢(a) = ¢, then, since ¢ is Z-linear,
by a standard argument ¢ induces a state ¢; on R(t) by ¢ (x(t)) = ¢(x)(t) (x € R) such
that ¢; (a(t)) = ¢(t), hence ¢(t) € W(a(t)). Conversely, if ¢(f) € W(a(t)) forallt € A,
then the map ¢o: Z + Za — Z, ¢o(z1 + z2a) = 21 + z5¢ is easily seen to be a unital Z-linear
complete contraction, hence by [23, p. 118] ¢, can be extended to a conditional expectation
¢:R— Z. [ ]

Since conditional expectations from R to Z separate points of R (which can be seen di-
rectly or by using [13, Theorem 3]), by Corollary 3.4 the set cog(a) N Z is nonempty (which
follows also from the Dixmier approximation theorem), and cog(a) N Z is a singleton only
ifa e Z.

If R is injective, then we can characterize all (not just normal) elements in Cog(a).

Proposition 3.5 Leta,b € R. A necessary condition for b to be in Cog(a) is that W, (b(t)) -
W, (a(t)) forallt € Aandalln = 1,2...; moreover, if R is injective, then this condition is
also sufficient.

Proof The necessity has already been observed in the beginning of the proof of Theo-
rem 3.3. So, assume that R is injective and W, (h(t)) cw, (a(t)) forall t € A and all
n=1,2,.... Thenby [3, Th. 2.4.2] for each t € A the map ¢,: C + Ca(t) — C+ Cb(t),
o (a + ﬁa(t)) = a+ (b(t) is a unital complete contraction, hence so is ¥, := ¢;m; 4, where
T 4 is the restriction of the quotient homomorphism 7, : R — R(t) to Z + Za. This implies
that the correspondence

Vv:Z+Za—Z+2Zb, Y(z1+za) =2z +25b

is a well defined Z-linear unital complete contraction, hence by the injectivity of R, ¢ ex-
tends to a unital Z-linear completely contractive (hence completely positive) map : R —
R. Since R is injective, by [1, Corollary 3.7] 6 is the point weak* limit of a net of maps
0r: R — R of the form 6, (x) = Z?kzl v;jkaj, where v ; € R and n; € N; moreover, by
[2, Lemma 2.2] we may assume that 6;(1) < 1 for each k. Put

" . 1/2
Vk70 = (1 — kaJVk!j) .
j=1
Since for each vector £ in the underlying Hilbert space we have that

ot = 1l = (3" vimest. €) 5 el — (00, &) =0,

j=1
the net {vi o }x converges strongly to 0 and the net of elements

Mk

b = g v}:’javk,j = v,’f)oavk,o + 0i(a)
j=0
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converges to #(a) = b in the weak* topology. Since Z?kz oVijVki = 1 for each k, this
implies that b € Togr(a). [ |

If A is an abelian unital C*-algebra and K an A-convex subset of A then the A-extreme
points in K are just the usual extreme points. To see this, let x be an extreme point of K and
suppose that x = ay+ (1 —a)zwhere y,z € K, z # xand a € A has the spectrum contained
in the open interval (0, 1). Identify A with the algebra of all continuous functions on the
spectrum A of A and let U be an open set in A such that y(t), z(t) # x(¢) forallt € U and
such that a(r) < 1/2forallt € Uorl —a(t) < 1/2forallt € U. We may assume that
a(t) < 1/2forallt € U (the other possibility is treated in the same way). Let ¢ € A be a
non-zero function supported in U with values in [0, 1]. Putx; = (1—c¢)x+2cay+c(1—2a)z
and x, = (1 —¢)x+cz and observe that x;, x, € K (since K is A-convex) and %(xl +x) = x.
Since x is extreme in K it follows that x, = x, hence cx = cz. But this is impossible since
x(t) # z(t) for t in the support of c.

For matrix algebras M,,(C) the following corollary was proved by Farenick [9].

Corollary 3.6  Let R be a von Neumann algebra, Z the center of R and K a weak™ compact
R-convex subset R. Then each extreme point of K; := K N Z is R-extreme in K.

Proof Fora € R put Wz(a) = cor(a) N Z. Note that

U Wz(a) = Kz.

ack

Let ¢ be any extreme point of K; (which exists by the classical Krein-Milman theorem).
Then ¢ is Z-extreme in K by the remark preceding the lemma. Suppose that

n
(3.7) c= Za;?xjaj (xj € K),
=1

where the elements a; € R are invertible and Z’;zl ataj = 1. Let ¢: R — Z be any Z-

state (= a conditional expectation from R onto Z). Then the elements ¢; := qﬁ(a}?a i) €

Z are invertible with the sum 1. Define Z-states ¢; by ¢;(x) = c]-_lgzﬁ(a}‘xaj) (x € R,
j=1,...,n). Then from (3.7) we have

n

c=Y cipjlx)).

j=1

Since ¢j(x;) € cor(x;)NZ C K by Corollary 3.4 and c is Z-extreme in K7, this implies that
¢i(xj) = cforall j. By the definition of ¢; this means that gzﬁ(a}‘(xj — c)aj) = cjp(x;) —
cp(ajaj) = cjc — ccj = 0. Since the Z-states separate points of R and the elements a; are
invertible, we conclude that x; = cforall j = 1,...,n. [ |

In general the extreme points of K are not sufficient to generate K as a weak* compact
R-convex set. To see what is the weak* closure of the R-convex hull of the extreme points
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of Kz, thus Cogr(Ky), suppose for simplicity that R is a factor, hence Z = C. Observe that if
a € cop(Kc), saya = Z?:l Ajwjwj, where \; € K¢, wj € Rand E?:l wiw; = 1, then for
all a, 8 € M,,(C) and all n € N we have

la®1+4®a| = H;u @w)@@1+8e )1 ew) < max [lo -+ ]|
=

Thus, denoting by z the identity function on K¢ C C,
(3.8) [a®@1+8®al| <|[la®1+8®Zz|.

This inequality persists also for all a € Cogr(K¢). Put A = C(K¢). If R is injective, then (3.8)
implies that there exists a unital completely positive map ¢: A — R such that ¢(z) = a.
Then by [22, 5.2, 3.2, 3.7] there exist a self-dual Hilbert (right) R-module E, a represen-
tation m: A — L(E) (the algebra of all adjointable operators on E) and an element x € E
such that ¢(w) = (x,m(w)x) (w € A). By [22, Theorem 3.12] E can be expressed as the
ultraweak direct sum €, e;R, where {e; : i € I} is a family of projections in R. Then
L(E) can be regarded as a W*-subalgebra of M;(R) = R®B (fz(][)) consisting of all ma-
trices [a;;] € My(R) such that a;; = ea;je; (i,j € I) and x = Zie;[ x; can be regarded
as a column with the entries x; € R satisfying > ., x'x; = (x,x) = ¢(1) = 1. Put
b =7(z) € L(E) C My(R). Then b is normal, W (b) C W(z) = K¢, and the identity

a=¢(z) = x"m(z)x = x"bx

shows that a is a compression of b. Conversely, if a has a normal dilation b in My(R) for
some index set I such that W(b) C K, then by an application of the spectral theorem we
have that b € €oa,(r)(Kc), which easily implies that a € Tor(Kc). This proves the following
proposition.

Proposition 3.7  Let K be a weak* compact R-convex subset of an injective factor R and
Kc¢ = KN C. Then cor(Kc) consists of all elements a € R that have normal dilations b €
My(R) for some index set I (more precisely,a =y x;'bjjxj, wherex; € Rand )

ijel i Xixi =
1) such that W (b) C K.

i€l

4 Norm Closed C*-Convex Hulls

Using the technique of the universal representation [17, Section 10.1], we can deduce from
Theorem 3.3 a characterization of normal elements in the norm closure co4(a) of the C*-
convex hull of any element a in a C*-algebra.

Theorem 4.1  Let A be a unital C*algebra and a, b € A with b normal. Then b € coa(a) if
and only if W(b + P) C W (a + P) for each primitive ideal P of A.

Proof If b € Co,(a), thenb + P € %A/p(a + P) for each primitive ideal P, which implies
that W(b + P) C W(a+ P).
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To prove the converse, let R be the universal enveloping von Neumann algebra of A (we
shall regard A as a subalgebra of R) and Z the center of R. Let p € Z be a projection. For
each « in the spectrum of bp in Rp there is a pure state p on Rp such that p(bp) = a. If 7 is
the irreducible representation of Rp constructed from p, then € W (ﬂ(b p)) and 7(p) =
1. We may regard 7 as a representation of R by w(x) := 7(xp) (x € R) and by assumption
we have that W (ﬂ'(b)) cw (77((1)). (Namely, as a closed ideal in A, the kernel J of 7|A is
an intersection of a family of primitive ideals of A, say J = (), Pk, and then the isometric
embedding A/] — @, A/Py implies that W (x + J) is the closure of the convex hull of
U W(x + Py) for each x € A.) It follows that o € W(ﬂ(a)) = W(ﬂ'(ap)) C Wgplap)
for all a in the spectrum of bp in Rp. Since for a normal element the numerical range is
equal to the convex hull of its spectrum, we conclude that Wg,(bp) € Wg,(ap) for each
projection p € Z. By Theorem 3.3 this implies that b € cor(a), but we have to prove that
b € Coa(a).

Since co,(a) is convex, co,(a) = c04(a) N A (where one bar denotes the weak* closure
in R, see [17, p. 713]), hence it suffices now to prove that cor(a) C c0a(a). Given any
x = Z’;: | Viavj € cor(a), by an application of the Kaplansky density theorem to

€ Mu(R) 2 M,(A)

we see (after an obvious reduction) that there exists a net {ax}r of elements gy =
(ak1, - .., ak,) € A" converging strongly to v := (vy,...,v,) and satisfying Z;-':l a,fjakj <
1. For each k put

n 1/2 n
— * . — * .
Ay = (1 - E akjak]) and x; = E ag;aax;.
j=1 j=0

Then x; € cos(a) and the same argument as in the proof of Proposition 3.5 shows that the
net {x} converges to x in the weak operator topology, hence x € €o4(a). ]

The following corollary follows immediately from Theorem 4.1.
Corollary 4.2  If A is a simple unital C*-algebra, then co,(a) 2 W(a) - 1 for each a € A.

Remark 4.3 For a general unital C*-algebra A and an element a € A the set co4(a) does
not necessarily intersects the center of A even though if A is primitive. To see this, consider,
for example, the C*-subalgebra of B(H() (J{ a separable Hilbert space) generated by the
ideal K(HH) of all compact operators and two infinite rank projections p; and p, with p; +
p2 = 1. Now the center of A is C, but co,(p; — p,) does not contain any scalar since
04 /k30(P1 — p2) = {p1 — p2} (because A/K(H) is abelian).

Using the known facts concerning the ideal structure of von Neumann algebras, we can
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deduce some consequences from Theorem 4.1 and Theorem 3.3. For simplicity we shall
consider here only the case of o-finite factors, where the lattice of (closed two sided) ideals
is very simple (see [17, Section 6.8]), so the following corollary is straightforward.
Corollary 4.4  Let R be a o-finite factor, a, b € R and b normal.

(i) If R is finite or purely infinite, then b € Cor(a) if and only if W(b) C W (a), hence the
two sets Cog(a) and cog(a) have the same intersection with the set of all normal elements
inR.

(ii) If R is semifinite (but infinite), then b € Cog(a) if and only if W(b) C W(a) and
Wess(b) C Wis(a), where Woi(x) denotes the the numerical range of the coset of x € R
in the quotient of R by the unique closed two-sided ideal of R (namely, the closed ideal
generated by all finite projections in R).
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