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ABSTRACT. We use nonsymmetric distances to give a self-contained account of
C"*-algebra filters and their corresponding compact projections, simultaneously
simplifying and extending their general theory.

1. INTRODUCTION

Quantum filters were introduced by Farah and Weaver to analyze pure states
on C*-algebras and various conjectures concerning them, like Anderson’s conjec-
ture and the Kadison—Singer conjecture (which has since become the Marcus—
Speilman—Srivastava theorem — see [18]). They were also considered more re-
cently in [14] in relation to quantum analogs of certain large cardinals, and they
even make an appearance much earlier in [7] as faces of the positive unit ball.
While their basic theory was fleshed out in [8] (as ‘norm filters’) and [16], there
remained some fundamental questions which we aim to address in this paper.

The first such question is why they should be considered as filters at all. Filters
in the classical sense are defined from a transitive relation, as the downwards
directed upwards closed subsets, but in general there is no such relation defining
quantum filters. Indeed, it can even happen that every maximal quantum filter
in a C*-algebra fails to be a filter in the traditional order theoretic sense — see
[8, Corollary 6.6]. While it might be intuitively clear that quantum filters are
the ‘right’ quantum analog, and their utility in analyzing states justifies their
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study, regardless of whether they are considered as filters or not, a more precise
connection to order theory would of course be desirable.

The key here is to replace classical transitive relations with ‘continuous’ ones.
These are the nonsymmetric distances, binary functions D to [0, 00| satisfying
the continuous version of transitivity, namely the triangle inequality

D(z,y) < D(z,2) + D(z,y).

The first order sentence defining a classical filter also has a continuous version, as
given in (D-filter) of Definition 3.1. This is in keeping with the general philosophy
of continuous model theory (see [21]) where binary relations are replaced by binary
functions taking values in [0, 00] and the quantifiers ¥V and 3 are replaced by
suprema and infima, respectively. Then quantum filters are indeed the continuous
filters with respect to the appropriate distance d on the positive unit ball A,
namely
d(a,b) = ||a — abl| .

This simple observation, which is expanded upon in Theorem 3.2, allows for a
markedly different approach to the theory.

In section 2 we start off by examining the relationship between various dis-
tances and distance-like functions. We move on to d-filters in section 3, using
these relationships to provide characterizations using the distance, order, multi-
plicative, and convex structure of AL. In section 4 we then show how d-filters
in A represent compact projections in A™* (just as hereditary C*-subalgebras in
A represent open projections in A**). We finish by examining interior contain-
ment of compact projections and its relation to the reverse Hausdorff distance on

d-filters.

2. DISTANCES

We will deal with a number of binary functions D from some set X to [0, oo].
We view these as ‘generalized’ or ‘continuous’ relations on X. More precisely, the
zero-set of any D : X X X — [0, oc] defines a classical relation DY C X x X by

D% & D(x,y)=0.

To emphasize that we are viewing D as a continuous version of D°, we say that D
quantifies DY. Conversely, every relation R C X x X has a trivial quantification
given by its characteristic function, which we also denote by R, specifically

0 if zRy,
R(z,y) = {

oo otherwise.
Definition 2.1. The composition Do E of D, E : X x X — [0, 00] is given by
(Do E)(z,y) = inf (D(r,2) + B(=,9)).
For any Z C X, we define the composition in Z by
(D o5 B)(x,y) = inf(D(r, 2) + B(,)).

Note we are using the standard infix notation Ry to mean (z,y) € R.
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Note how taking the composition in a smaller domain can make the resulting
function larger; that is,

DOESDOZE.

Also note that when R and S are relations (identified with their characteristic
functions as mentioned above);

z(RoS)y <« Jze X (xRzSy),
so ‘o’ extends the usual composition of classical relations. Moreover,
D’oE"C (Do E)".

We say that D is E-invariant when D = DoE = EoD. In particular, it is natural
to consider E-invariance for metric E. Then it suffices to verify D < DoE, EoD,
as the reverse inequalities are immediate from the reflexivity of EC.

Definition 2.2. We call D a distance if it satisfies the triangle inequality
D<DoD. (A)
We call D a hemimetric if D is a distance and DV is reflexive (i.e. D(z,z) = 0).

On a C*-algebra A, the only distance usually considered is the metric given by

e(z,y) = llz =yl

Indeed, metrics are precisely the symmetric distances quantifying equality; that
is, the symmetric distances whose zero-sets coincide with the equality relation.
However, our thesis is that one should also consider various nonsymmetric dis-
tances on C*-algebras which quantify other important order relations like

a<<b & a = ab,
a<b & b—ac A,.

Here A, denotes the positive elements in A, while Ag,, A", and A=" will denote
the self-adjoints, r-ball, and r-sphere, respectively. In particular, A' denotes
the unit ball. We also consider A embedded canonically in its enveloping von
Neumann algebra A** and set

A=A4+Cl.

So if A is unital then A = A, otherwise A is the unitization of A (see [13, I1.1.2]).
In particular, for any a € AL, welet at =1—a € Al.

Proposition 2.3.
d(a,b) = |la—ab|| s an e-invariant distance on AL quantifying <. (2.1)
<.

h(a,b) = ||(a = b)4|| is an e-invariant hemimetric on As, quantifying
(2.2)

Proof.

In other words, the category Rel of classical relations forms a wide subcategory of GRel,
the category of generalized relations — see [11, §1] for more details.
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(2.1) Fix a,b,c € AL. Then
d(a,b) = [[ab]| = [[alc* + )b || < [lac™]| [B4]| + lal [|eb"]] < d(a,c) + d(c. ).
As e is a metric, the e-invariance of d on A} follows from
d(a,b) = ||la — ab|| < |la —c|| + ||c — cb]| = e(a, c) + d(c,b).
d(a,b) = ||a — ab|| < |la — ac|| + |jac — ab]| < d(a,c) + e(c,b).

(2.2) Consider the space of quasistates A*! on A (i.e. positive linear functionals
in the dual unit ball), and recall that, for a € Ag,,

lar]l = sup ¢(a). (2.3)
pe ALl

Thus, for all a,b,c € A,,, we have

h(a,b) < sup ¢(a —c¢)+ sup ¢(c —b) =h(a,c)+h(cb).
peAr! pe AL

Now h < e, as |lay| < |lal|, so h? is reflexive and h < hoh < hoe,eoh.
Again, as e is a metric, it follows that h is e-invariant. O

Basic relationships between C*-algebra distances reveal aspects of C*-algebraic
structure. Here are some required for our investigation of C*-algebra filters.

Proposition 2.4. On Al

h < 2d, (2.4)
d’> < doh, (2.5)
d> < hod. (2.6)

In (2.5) and (2.6), we can even take the composition in As, (so o becomes o, ).
Proof.
(2.4) For a,b € AL, bab < b* < b; so
h(a,b) < h(a,bab) + h(bab,b)
< |la — bad]]
< |la — ab|| + ||ab — bab||
< |la = abl| + fla = ball [|b]
< 2d(a,b).
(2.5) First note that, for any a € A! and b € Ag,,
[(aba™) || = inf fle] < labya™]| < [|b4]]. (2.7)

aba*<c

One might naively use (a 4+ b)4 < a4 + by instead, but this only holds for commutative A.
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As [[(a+b)+|| <llat| + ||b+]] (see (2.3)), for all a,b € A} and ¢ € A,,,
d(a,b)* = ||abL2aH
< [lab"al| = [[(ab™a). ]
< ltaca). |+ [at* = a). |
< Jlac*|[ lall + 1I(c = &)+
<d(a,c)+ h(c,b).
(2.6) Likewise, for a,b € AL and ¢ € A,
d(a,b)? = b a’b"||
< [[prabr]| = [(orab )4 |
< |04 a— ) + 64ebt)s |
< la= )l + [[o= [} leb™ |
< h(a,c)+d(c,b). O
We can also quantify < using elements above and below a and b in A! | defining
a(a,b) = inf |lc—0b],

1
a§c€A+

b(a,b) = inf |ja—c|.

b>ce AL

Equivalently, a = < o e while b = e o <, where the composition o is taken in AL
(again identifying < with its characteristic function). If we took the composition
in As, instead, then we would end up back at h — see (2.12) below. Indeed,
there are still times when h coincides with a and b, as in Proposition 2.7 and
Corollary 2.10 below. However, they do not coincide in general.

Example 2.5. For A = M,, we have a # b on Al and
a#h#b.
In fact, a and b can fail to be distances or even e-invariant on Al .

To see this, we consider b. As a(b*,at) = b(a,b) and h(b*,a’) = h(a,b), the
results for a follow. For convenience, we also naturally extend b to A, defining

b(a,b) = inf —|l.
(a,0) = inf ja—c]|
Note b is then homogeneous on A,, as is h; that is, for r € Ry, b(ra,rb) =

rb(a,b) and h(ra,rb) = rh(a,b); so the results for AL then follow.

11 4 0 1—-4t 1
In]\@,leta—{1 1},andletb—[0 0],thena—tb—[ 1 1

det((a —tb) —A) = (1 —4t — A)(1 —A) — 1 = 2 + (4t — 2)\ — 4¢.
So (a — tb) has eigenvalues 1 — 2t £ v/4t? 4 1, and hence
Ha—tb\|—{1_2t+\/4t2+l for ¢

} and

<
>

)

D= N =

2t — 1+ V42 + 1 for t
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Thus b(a,b) = infieoq) [|a — tb]| = ||a — 2b|| = V2. On the other hand, h(a, b) is
the positive eigenvalue for t = 1; that is, v/5 — 1; so

h(a,b) < b(a,b).
Now let ¢ = a+ (b —a)4; so b(a,c¢) = 0 and b(c,b) = |[c—b| = [[(a —b)+] =
h(a,b), as a,b < ¢. Thus b(a,b) > b(a,c) +b(c,b) = b(a, c) +e(c,b); so b is not
a distance and b is also not e-invariant. However, b is left e-invariant, as

b =eo<==¢eoceo<=eobh.

Likewise, a is right but not left e-invariant. In particular, a # b.

However, in general a and b are still bounded by a function of h, as the following
inequalities show. Note that these are crucial to proof of (4.6) which is needed
to characterize compact projections as ‘closed and bounded’ in Corollary 4.8.
Also (2.8) is required for several of the characterizations of d-filters given in
Theorem 3.2.

Theorem 2.6. On AL,

h <a<2vh, (2.8)
h < b < 2vh. (2.9)
Moreover, if B is a hereditary C*-subalgebra of A and a,b € B, then
a(a,b) = agiclgﬂ llc — bl (2.10)
b(a,b) = bzicréfBi lla —cl| . (2.11)

Proof. First we show that h < b on AL. Whenever ¢ < b, (2.3) yields

h(a,b) = sup ¢(a—1b) < sup ¢(a—c) <lla—.
peAz? pec ALt

Alsoa—b < (a—0b)y; 80 a—(a—0b)y <bandh(a,b) = |la—(a—(a—b))l;
hence
h(a,b) = bzic%gsa la —¢|| < bziclgxir |la — ¢|| = b(a,b). (2.12)
For b < 2v/h, take a,b € Al andlet z =b+ (a—b);. Then a,b < z € A; and
Va(t+ z)_%\/g — u,
for some u € A, by [20, Lemma 1.4.4]. As /a(: + 2)"24/z = \/a, we have
Vat+2)2(Vh—vz) s u—va

We claim that H\/E(% +2)7z|| < 1, for all n, and hence |ju — /a|| < H\/B — \/EH
First note that a < z implies a—i—% <z+ %, and hence (z + %)*1 < (a+ %)*1, by
20, Proposition 1.3.6]. Thus v/a(z + =) "'va < a(a+ £)'y/a < 1, and hence

[va + 24 < Ivat + Htval <1
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By the claim just proved and [17, Corollary 2| with p = oo,

Ju = vall < |V = vz < b=l = Villa = 5)4T = V/h(a,b).

As in the proof of [20, Proposition 1.4.10], we have u*u < b, and

lla — u*ul| < Ha —u*a +utva — utu { < H\/E— u|| + H\/E— uH < 2+/h(a,b).
The argument for h < a is a simple analog/dual to the argument for h < b.

For a < 2v/h, take a,b € A, and argue as before with b* and a* replacing a
and b, respectively. Specifically, let z = a* + (a — b)4; so at, b+ < z and

Vat(:+ 2) 7 Vb s,

for some u € A. As before, we have u*u < a* and | uru — bL” < 2¢/h(b%, at).
Equivalently, a < (u*u)* and ||(u*u)* — b|| < 2y/h(a,b). Moreover, (u*u)* € A
even when A is not unital, as then 7(2) = 1 = m(u), and hence 7((u*u)t) = 0,

where 7 is canonical homomorphism from A to C with kernel A.

Next note (2.11) is immediate, as B contains all positive elements below b. For
(2.10), take ¢ > a in AL. As B has an approximate unit, for any e > 0, we have
u € B} with ||uau — a|, ||ubu — b]| < e. As his e-invariant and vau < ucu € B,

h(a,ucu) < ||a — vau| + h(uau, ucu) < e.

Applying a < 2vh within B yields d > a in BL with ||d — ucu| < 2v/e, and
hence

ld =0l < ||d — ucul| + ||ucu — ubu|| + ||[ubu — b|| < 2/ + ||c — b|| + €.
As € > 0 was arbitrary, inf,cgepr [|d — b|| < [[c = b]|. As ¢ was arbitrary,

inf ||d—0 < inf |c—10].

a<deB} <ceAl
The reverse in equality is immediate, thus proving (2.10). 0

In the unital case, (2.8) is immediate from (2.9) and the fact that a(b*,a’) =
b(a,b) and h(b*,a*) = h(a,b). If (2.10) could somehow be proved first then the

general case would follow from passing to the unitization, as A is hereditary in
A. However, we could not do this above because we needed (2.8) to prove (2.10).

Question 1. Can ‘hereditary’ be deleted above? In other words, are a and b
independent of the C*-subalgebra in which they are calculated, like d and h?

In the commutative case, we have a positive answer.
Proposition 2.7. On commutative C' C A,
a=b=h.

Proof. By the Gelfand representation, the C*-algebra B generated by C' is iso-
morphic to Cy(X) for some locally compact X. In particular, a and b have a
supremum ¢ = a V b in B! with ¢ — b= (a — b)4; so

a(a,b) <llc = bll = [[(a = )1 || = h(a,b).
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Likewise, a and b have an infimum d = a A b in B} with a —d = (a — b)4; so
b(a,b) < [la —d|| = [[(a = b)1[| = h(a,b).
The reverse inequalities follow from Theorem 2.6. 0

Next we show that the same applies to projections
PA)={pecA:p<p}={peAu:p<p} C AL

One way of provinga = b = d = h on P(A) would be to note that, by reverting
to a C*-subalgebra if necessary, one can assume A is generated by p,q € P(A). As
every irreducible representation of a C*-algebra generated by a pair of projections,
is on a Hilbert space of dimension at most 2; for d = h on P(A), it suffices to
consider A = C or M,, which can be done with some elementary calculations.

Alternatively, we can use the following, adapted from [1], which strengthens the
standard result that close projections are unitarily equivalent (see [13, I1.3.3.5]).

Lemma 2.8. If p,q € P(A) and ||p—q|| < 1, then p and q can be exchanged
by a symmetry(=self-adjoint unitary); that is, we have u € Ag, with u*> =1 and
up = qu.

Proof. Let a = p+q—1 € gsa; so ap = qp = qa and aq = pq = pa. Thus
a’p = agp = pgp = pga = pa®. Also, > =pg+qp—p—q+1=1—(p—q)* so
11— a?|| = |lp — ¢||* < 1, and hence a? is invertible. Thus we may set u = a|a|™;
sou? =1, as a € As,. Also, as p commutes with a? and hence with |a|™?,

up = ala|~'p = apla| " = qala| ™ = qu. O
Corollary 2.9. If p,q € P(A) and ||p — q|| < 1, then h(p,q) = |lp — q||.

Proof. if e(p,q) < 1, then Lemma 2.8 yields an automorphism a — uau of A
exchanging p and ¢; so |[(p — ¢)+[| = [|(¢ — p)+|], and hence

lp—all =1—a)+l VIeg—p)+l| = l(p — @)+| = h(p, ). O
Corollary 2.10. On P(A),a=b=d=h.

Proof. 1t d(p,q) < 1, then gp is well-supported; so we have a range projection
lqp] = f(qpq) € A (for continuous f on [0,1] that is 1 on o(gpq)). By [9, §2.3]
(specifically equation (2.3) and the sentence after it),

d(p,q) = [lp — [apll| = b(p,q) = h(p,q) and
0=p(q — lap]) = (p — [gp]) (g — [gp]); so
(p—a)+ =@~ g+ + ([av] — @)+ = (p— [gp])+, and hence
h(p,q) = h(p, [gp]) = [[p — [gpll|, Dby Corollary 2.9.

While if d(p, ¢) = 1, then 1 = ||pg*p|| = ||(pg*p)+||, and hence, by (2.7),

1= [|a p)+[| = 10w — )+l < l(p = @)+ = h(p,q) < b(p,q) < llp—qf < 1.
Sod=h=b on P(A). A similar argument with [pt¢']* € A applies toa. 0O
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Incidentally, there does not appear to be much room for extending Corol-
lary 2.10 to a bigger class than P(A) — Example 2.5 shows that even scalar
multiples of projections can witness a # h # b.

We have already seen several cases where functions defined from distances do
not coincide in general, but are still bounded by functions of each other. A similar
situation often arises in metric space theory when dealing with various distinct
but uniformly equivalent metrics. Indeed, it will be convenient to formally define
general uniform (sub)equivalence relations 3 and ~ as follows.

Definition 2.11. For functions F, G : X — [0, o0, we define T and ~ by
FZG & 0=lim sup F(z),

r—0 G(z)<r
F~G & FZGZF.
Equivalently, F < G if and only if, for all Y C X,

nfGly) =0 =  fF) =0

By Theorem 2.6, a ~ b ~ h on Al which is all we really need from now on.

For our characterizations of d-filters, we will also need to consider some uniformly
equivalent unary functions defined from d by fixing the left or right coordinate.

Definition 2.12. For D: X x X — [0, 00|, we define ,D, D, : X — [0, oo] by
D(y) = D(z,y) = Dy(x).
Proposition 2.13. For any a,b € AL and e € (0,1),
dope ~ do+dy = dear1—ep-
Proof. First note dg,, < 2d, + dp, and hence dg, é d, +d,, as
d(c,aba) = ||c — cabal|
< |le = cal| + ||ca — cba|| + ||cba — caball
< 2d(c,a)+d(c,b).
Next, as aba < a* < a, d(c,a)* < d(c,aba) + h(aba, a) = d(c, aba), and
d(c,b)* = chucH < lebcl|| = || = ebe]|
< ||¢* = cabac|| + ||cabac — cbac|| + ||cbac — cbel]
< [le = cabal| ||¢]| + [lca — c[| [bac]| + [lcb]| [|ac — <]
< d(c, aba) + 2d(c, a)
< d(c, aba) + 2+/d(c, aba).

Thus d, + dp < dape, and hence d, + dp = dgpe-
In particular, for any n € N, setting a = b above and using (2.5) yield

do Zdor Zdos T (2.13)
Also supepppy(er + 1 —€)"(1 — ) < 75 s0
d,— L <d, —d((ea+1—e)" a).
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By (A), d(z,y) < d(z,2) + d(z,y); so d(z,y) — d(z,y) < d(z,z), and hence
d, —d(z,y) <d,. Taking y = @ and z = (ea + 1 — €)" then yields
d, — é < dear1-em
Sdun.e by (213)
é deaJr(lfe)b by (2.5).

As n was arbitrary, d, 3 deot(1—ep, and, by symmetry, dp < deat(1—e)p-
On the other hand, deg(1—ep < dq + dp follows from

d(c,ea+ (1 —€)b) = ||c — c(ea + (1 — €)b)||
lec — eca + (1 —€)e — (1 — €)cb||
< €lle —call + (1 =€) lc — cb]]
=ed(c,a) + (1 —e)d(c, b). O
A slightly better substitute for multiplication than aba might be the following.
Definition 2.14. For any a,b € A}, define a ® b € A} by

a®b=+/aby/a.

Indeed, note that if ab = ba, then a @b =aband (a ©b) ©c=a® (bO¢). In
particular, ® is left alternative; that is, (a @ a) ©b = a ® (a ® b) and also right
distributive; that is, a ©@ (b+¢) = a ® b+ a ® ¢. We can also quantify < using
® by

f(a,b) =lla—a®b].
The advantage of f over d is that it determines h in a natural way. However, f

has other disadvantages (see the discussion after the result), and so we will not
consider f in the rest of the paper, instead focusing our attention on d.

Proposition 2.15. We haved ~f =foh and
h(a,b) = sup (f(c,b) — f(c,a)). (2.14)

ceAl
Proof. First note that, for a,b € AL,

lab*||* = flota?b* || < [|a®* ]|
Thus, as binary functions on Al ,
d(a,b) = ||ab* | ~ [[Vab*| ~ ||vaved]| ~ |vaver| = [[vab-val| = ta,b).

As in the proof of (2.5), we have
f(a,b) = [ja® b

= [@e b

la@ e[+ ]@e (" )4

(
[(@® )|+ ll(c =)+l
f(a,c) +h(c,b).

©
©

IN A
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Thus f = f o h and h(a,b) > supceAl+(f(c7 b) — f(c,a)). Conversely, take a,b €
AL, If h(a,b) = 0, then the reverse inequality is immediate from h(a,b) =
£(0,b) — £(0,¢). Otherwise, for any € > 0, we can take a pure state ¢ on A with
h(a,b) < ¢(a —b) + €. By [0, Proposition 2.2], we have ¢ € AL with

d(c) =1 and lc®a—cp(a)] <e.
Thus ||c® a* — co(at)|| < € so [[c® at|| < ||ep(at)| + € = d(a*) + € and
h(a,b) < ¢(a—b) +¢€
= (bt —at) +e
=¢(cOb) —¢at) +e
< Hc@bLH — Hc@alH + 2e.
=f(c,b) — f(c,a) + 2e.
As e > 0 was arbitrary, we are done. O

The drawback of f is that it may not be a distance. Indeed, by (2.14), f is a
distance if and only if h < f. But by Corollary 2.10, for p,q € P(A),

h(p,q) = d(p,q) = VIlpa-pll = VE(p. q).

So h £ f whenever we have p,q € P(A) with 0 < f(p,q) < 1. For example, if
A = M,, then we can take any noncommuting rank 1 projections for p and q.

3. FILTERS

The main purpose of this section is to prove Theorem 3.2, characterizing the
C*-algebra filters from [8] in various ways using the theory just developed for the
distances d and h. First we introduce some general terminology.

Definition 3.1. Given D: X x X — [0, 00|, we define the following for Y C X.

a,beY < Cig}f/(D(c, b) + D(c,a)) =0. (D-filter)
abeY = Cig}f/(D(c, b) + D(c,a)) = 0. (D-directed)
beY <« Cig}f/D(c, b) =0 (D-closed)
beY = Cig}f/D(c, b) = 0. (D-initial)
be X = ég}f/ D(c,b) = 0. (D-coinitial)
ceX = infD(cb) =0. (D-cofinal)

For any operation e : X™ — X, we also call Y e-closed if o[Y"] C Y.

Note these terms extend a number of familiar concepts from metric, order, and
C*-algebra theory. For example, d-cofinal >-directed subsets of AL are increasing
approximate units in the usual sense, when considered as self-indexed nets.

If D is a metric, D-coinitial /cofinal means dense while D-closed means closed,
with respect to the usual ball topology defined by D. Other terms become
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trivial, for example, arbitrary subsets are D-initial, while the empty and one-
point subsets are the only D-directed subsets. In particular, for C*-algebras,
e-closed/coinitial means norm closed/dense in the usual sense.

On the other hand, for any order relation < (again identified with its charac-
teristic function), <-closed means upwards closed, <-directed means downwards
directed and <-cofinal means cofinal in the usual sense. In particular, <-filters
are the usual order-theoretic filters and, more generally,

D-filter <«  D-directed and D-closed.
We recall that FF C Al is a norm filter, according to [3, Definition 3.1], if

inf ||a1a2...akblH =0 = beF
keN
at,...,ax€F

Also recall that a subset C' of a vector space X is convex if ea + (1 —€)b € C
whenever a,b € C' and € € (0,1), while F' C C'is a face of C' if the converse also
holds; that is, if, for all a,b € C' and € € (0, 1),

abeFF & ceca+(l—e€ebeF

1

(for faces it actually suffices to take € = 5 or any other fixed element of (0, 1)).

Theorem 3.2. For F' C AL, the following are equivalent.
(1) F is a d-filter.

)

) F'is the norm closure of a d-initial <-filter.

) F' is norm closed, <-closed and ®-closed.

) F is norm closed, <-closed, *-closed, and convez.
)

If A is separable or commutative, they are also equivalent to the following.
(8) F is the norm closure of a <-filter.

Proof.

(1)<(2) For any a,b € AL, (2.4) yields

in}@(h(c, b) + h(c,a)) < in£(2d(c, b) +2d(c,a)).
ce ce

Conversely, if F' is d-initial, then

iglfw(h(c, b) + h(c,a)) = inf inf (2d(d, ¢) + h(c,b) + h(c, a))

ceF deF

> leng(d oh(d,b) + doh(d,a))
S
> inf(d*(c,b) + d*(c,a)),

by (2.5), so inf.er(h(e,d) + h(c,a)) = 0 if and only if inf.cp(d(c,b) +
d(c,a)) = 0. Thus if F' is a d-initial h-filter, then F' is a d-filter, and,
conversely, if F'is a d-filter, and hence d-initial, then F' is an h-filter.

Note (4)=(7) eliminates the real rank zero hypothesis from [8, Proposition 3.5].
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1)=(5) By (2.13), d2 2 d, and degi(1—ep < do +dp. So, as h < e quantifies <,
d-filter = 2-closed and convex.
h-closed = norm closed and <-closed.

Thus (1)=(5) now follows from (1)=-(2).
(5)=(1) For any a € A}, d(a*",a) — 0 as

d(a",a) = Ha”aLH < sup z"(1—2z) <1/n. (3.1)
z€[0,1]

Taking a = £(b+ ¢), (2.13) yields dy + d. Z d,. Also d(a*",a) — 0 and,
by (2.8), a S hso

2_closed and convex =  d-directed.

norm closed and <-closed = h-closed.

As h 3 d, h-closed implies d-closed.
(1):>(4) As (213) yields da@b g d\/a +d, é da + db,

d-filter = ©®-closed.

By (1)=(2), any d-filter is h-closed and hence norm closed and <-closed.
$)=(1) Forc=a®b,d, +dy d 5 +dy T d.and d(c*",c) — 0 (see (3.1)); so
~ f ~

®-closed =  d-directed.

By (2.8) and (2.4), a T h $ d; so norm closed and <-closed imply that
d-closed.
(7)=(1) We immediately see that

norm filter = d-closed.

For any a,b € F, |[(aba)"(aba)*|| — 0, by (3.1); so aba € F. Thus
(aba)®" € F, too; so, as d, + dpy 3 dapa,

norm filter = d-directed.
(1)=-(7) Assume that F' C A} is a d-filter, and take b € AL with

inf Halag...akbLH =0.
keN
at,...,ap€F

As F' is d-directed, for any aq,...,ax € F and € > 0, we can find a € F
with d(a,a;) <e, for all j <k, and hence

d(a,b) = [|a(ay + an)b||
< Jlaat || + [|aaxb* |
< e+ ||la(ap_y + ar1)apb || < -+
< ke + [|aras .. apb*|.

Thus inf,crd(a,b) =0. As F is d-closed, b € F'; so F is a norm filter.
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(6)=(4)

(3)=(2)

(1)=(3)
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Assume F' is a norm closed face of A}r We first claim that
a,be FF = J[a,b] CF,

where [a,b] = {¢ € AL : a < ¢ < b}. Forif ¢ € [a,b] C AL, then
d=a+b—celab] C AL and J(c+d) = 3(a+b) € F, which implies
c,d € F, as F is a face of AL. Next we claim that

a€F = f(a)CF,

for any continuous f on [0, 1] taking 0 to 0 and 1 to 1, as in [7, Lemma
2.1]. Let g(a) = (2a—1)4 and h(a) = g(a™)*. Then 3(g(a)+h(a)) = a; so
g(a),h(a) € F. Thus ¢™(a),h™(a) € F, for all n (where g™ (a) means
g composed with itself n times), and hence

fa) € Jlg" (a), k()] C F.

Now we claim F' is ®-closed, as in the proof of [7, Theorem 2.9]. For given
a,be Fand e € (0,1), let ¢. = (ey/a+ (1 — €)b) € F; so

ecev/ace + (1 — €)ebe, = ¢ € F,

and hence c.bc, € F. Ase — 1, cbec — a® b € F, as required.

To see that F'is <-closed when F'is also d-cofinal, take a € Ai with
a>0b¢€ F and (¢,) € F with d(a,c,) — 0. Then ¢, ®b € F and
cn Ob<c,®a<cy;s0c¢,®a—ac F, by our first claim above.

Take a d-filter F'. By (1)=-(5), F' is norm closed and convex. As F' is
d-initial, d-closed, and d, + dy < deay(1-epp, F' is also a face of A1+.

Asa Zh Zdon AL, for any € > 0, we have § > 0 such that d(b,¢) < &
implies a(b, ¢) < €; that is, there exists ¢ > b with ||c — /|| < €. As A has
an approximate unit, for any a € AL and b € F, we have ¢ € AL with
d(a,c),d(b,c) < min(é,€). Taking ¢ as above, we have ¢ > b, and hence
d € F, as F is <-closed, as well as d(a, ) < d(a,c) + [[c — || < 2¢, by
(2.1). As € > 0 was arbitrary, this shows that F is d-cofinal.

As d and h are e-invariant and a 3 h, for any F' C A},

F is d-initial = F is d-initial.
F is <-directed = F is h-directed.
Fis <-closed = F is h-closed.

Take a d-filter F', and assume first that A is unital. Consider the invertible
elements G of F. For every a € F and e >0, (1 —€)Ja+e€Gso G =F.
As F'is <-closed and d-initial, so is G. It only remains to show that G
is <-directed. So take a,b € G. For some ¢ > 0 and o/,b' € AL, we have
a=c+(1—e)ad andb=e+ (1 —€)l/. As F is a face of AL containing 1,
a',b' € F. As F is h-directed, we have ¢ € F with h(c,d’),h(c, V') < €/2.
Letting ¢ = ¢ + (1 — ¢)’ € F, we thus have h(c,a),h(c,b) < ¢/2. Thus
d=c—(c—a)y — (c—b)ys is an invertible element of AL (as ¢ > € and
lc = d|| <€), and we further claim that d € F', and hence d € G. Indeed,
for any 6 > 0, we have e € F with d(e,a),d(e,b),d(e,c) < §. Thus
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le(c —a)L|| < |le(c — a)|| < 20 and ||e(c — b)4| < 26; so d(e,d) < 5d. As
0 > 0 was arbitrary and F'is d-closed, we have d € F, as required.

If A is not unital, then first extend F' to a d-filter F' in AL by taking
the (upwards) <-closure. By what we just proved, the invertible elements
G’ of F" are a <-filter with G’ = F’. In particular, G’ is d-coinitial in F".
Thus, for any a € F, aG'a is d-coinitial in F. Hence the <-closure G of
aG'a in A} is a d-initial <-filter in A} with G = F, asa Z h 3 d, by
(2.4) and Theorem 2.6.

(1)=(8) If A is separable, then we can take dense (a,) C F and let a = > 2 "a,, €
F. As noted above, f(a) € F, for any continuous f on [0, 1] taking 0
to 0 and 1 to 1. Thus by choosing such (f,) converging pointwise to
0 everywhere except at 1 and satisfying f; > fo > ..., the (upwards)
<-closure G of (f,(a)) is a <-filter with F = G.

Now take

G={a€F:a>beF}.

Again, if a € F, then f(a) € F, for any continuous f on [0, 1] taking 0 to
0 and 1 to 1. In particular, for any € > 0 we can take f(z) = (1+€)z Al
and g(z) = (e '(x — 1)+ 1)4; so f(a) > g(a) € F, and hence f(a) € G.
Ase— 0, f(a) = a; so F = G. Likewise, if a > b € F, then a > f(b) >
g(b) € F; so

G={ac€F:a>b>celF}.

If A is commutative, a > b and a’ > b’ imply aa’ > bb'. For a,d’ € G,

we have bV, c,d € F witha>b>cand a >V > d;s0bV > cd € F,

and hence a,a’ > bb' € GG; that is, G is <-directed, and hence a <-filter.
(8)=(3) As d quantifies < and € 0 < C < C <,

< -initial =  d-initial.
< -closed and <«-initial =  <-closed.
< -directed = <-directed. O

In (4) and (5), we could not replace ‘<-closed’” with ‘<-closed’. For example,
the norm closure C' of the convex combinations of the functions ™ in C([0,1]),
for n € N, satisfies these conditions — as every f € C' is positive on (0,1}, C
is vacuously <-closed — however C' is not <-closed, being bounded above by
x. Although we could replace ‘norm closed and <-closed” with ‘h-closed’ or ‘d-
closed’.

Furthermore, not every d-filter is the norm closure of a <-filter. Indeed, if
this was the case, then, for any nonunital A, the d-filter {1 —a:a € AL} in AL
would be the norm closure of a <-filter F'. Then 1 — F would be a <-increasing
approximate unit of A. However, a C*-algebra was recently constructed in [12,
Theorem 1.4] that does not possess such an approximate unit. But all w;-unital
C*-algebras have <-increasing approximate units, by [12, Corollary 4.3]; so (8)
could be extended to any A with a dense subset of size < wy.

We can at least say a bit more in the commutative case.
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Proposition 3.3. If A is commutative and F' C AL is a d-filter, then
G={a€F:a>beF}
is the unique <-filter with F = G.

Proof. The only thing left to show is uniqueness. By the Gelfand represtentation,
we may assume that A = Cy(X) for some locally compact Hausdorff X; so

f<g &  X\fYo}cg {1}
Take a d-filter FF C AL, and let
=)}
fer

For any <-filter G with G = F, we must also have C' = Nyeq 9 {1} Otherwise,
we could pick some x € (o9 {1} \ C and f € F with f(x) # 1, and then
If —gll > g(x) — f(x) =1— f(x) >0, for all g € G, contradicting G = F.

Take f € AL with C C f~*{1}°. For every x € X \ f~{1}°, we have g, € G

with g.(x) # 1. Thus we can pick arbitrary g € G and cover the compact set
g [3,1]\ fH{1}° with finitely many open sets X \ g;'{1},..., X \ g;}{1}. As

k

G is <-directed, we have some h € G with h <€ ¢,94,, ..., gz, and hence
X\PTHOY C o {1 ng {1 N ongg {1 € e < Lk
that is, h < f. Thus f € G, as G is <-closed, so
{feF:f>»geFyc{feA:CCf {1} ca
Conversely, G C{f € F: f> g€ F}, as G is a <-filter contained in F. O
This does not extend to noncommutative A; that is,
G={a€F:a>beF}

may fail to be a <-filter and F’ may contain various dense <-filters. For example,
consider A = C([0, 1], M5), and take everywhere rank 1 projections p,q € A with
p(0) = P = q(0) but p(z) # q(z), for all x > 0. Also take continuous f,, on [0, 1]
with f1 > fo > ... and (), f~'{1} = {0}. Then the <-closures F,G C Al of
(fup) and (f,q) are distinct <-filters with F = G = {a € AL : a(0) > P}.
Definition 3.4. We say Y generates a D-filter ' C X if F'is the smallest D-filter
containing Y. We call X a D-semilattice if every Y C X generates a D-filter.

For posets, <-semilattices are precisely the meet semilattices in the usual sense.
Proposition 3.5. If < is a partial order on X, then
X 15 a <-semilattice & every x,y € X has an infimum x Ay € X.

Proof. If every x;y € X has an infimum z A y € X, then the <-closure of the
A-closure of any Y C X is the <-filter generated by Y; so X is a <-semilattice.
If some x,y € X have no infimum, then

ﬂ{weX:zgw}

z<z,y
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is an intersection of <-filters containing x and y but no lower bound of x and y.
Thus {x,y} does not generate a <-filter, and hence X is not a <-semilattice. [J

Proposition 3.6. A} is a d-semilattice.

Proof. For any B C AL, let D be the ®-closure of B; so D is d-directed and
every d-filter containing B must contain D. Let F' be the d-closure of D; so F' is
a d-filter and every d-filter containing B, and hence D contains F'; that is, F'is
the d-filter generated by B. 0

Definition 3.7. We call Y C X D-centered if, for all y1,...,yx C Y,
ig}f(D(x, 1)+ ...+ D(x,ys) = 0.

If < is a partial order on X, then Y C X is <-centered if and only if every
finite subset of Y has a lower bound in X; that is, if and only if Y is centered in
the usual order theoretic sense.

As with filters, we see that the centered subset analogs for C*-algebras con-
sidered in [8] are precisely the d-centered subsets, this time in the positive unit
sphere AT! rather than the positive unit ball AL. Specifically, recall that C' C AT
is norm centered, according to [8, Definition 2.1], if the multiplicative closure of
C is contained in the unit sphere.

Proposition 3.8. For C C AT!, the following are equivalent.
(1) C is d-centered in AT'.
(2) C is h-centered in AT".
(3) C is norm centered.
(4) C generates a proper d-filter in AL .
Proof.
(1)=(2) Immediate from (2.4).
(2)=(1) If ||a]| = 1, then [|a"|| = 1 and, for any b € AL, (2.6) yields
d(a",b)* < d(a",a) + h(a,b) = h(a,b).
(1)=(3) If C'is d-centered, then, for any ay, ..., a; € C and € > 0, we have b € AT!
with d(b,a;) + ... +d(b,ar) < € so
1= ||b(ar + a7)||
< ||olaz + ay)as || + d(b, ar)
< ||b(a3 + aé)agalH +d(b,az) +d(b,ay) < ...
< ||bag ...a1|| +€
S ||Clk .. .CL1|| + €.
As € > 0 was arbitrary, C' is norm centered.
(3)=-(4) If the multiplicative closure of C'is contained in the unit sphere, then the
same goes for the closure D of C' under the operation (a,b) — aba. The

same then applies to the d-closure F' of D; so, in particular, I’ is proper.
As in the proof of Proposition 3.6, F'is the d-filter generated by C.
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(4)=(1) First note that a d-filter F' in A% is a proper subset of A} if and only if it
is contained in the positive unit sphere AT'. If @ € F and |[ja| < 1, then
a™ € F for all n. Thus, for any b € A!,

d(a",b) < [la"|| = [la]" — 0,
and hence b € F, as F is d-closed; that is, F' = A}, contradicting proper-
ness.
If C' is contained in such a d-filter F’, then, for any cq,...,¢c, € C,
inf d(a,c1) +...+d(a,c) < inlgd(a, c1)+...+d(a,c) =0,
ac

aeAi
as F'is d-directed; that is, C' is d-centered in Ail. [l

In particular, the maximal d-centered subsets of AT are precisely the maximal
proper d-filters in A%. These were the original quantum filters defined by Farah
and Weaver to study pure states. Pure states correspond to minimal projections
in A*, and, more generally, d-filters correspond to the compact projections in
A** introduced by Akemann (which was touched on briefly in [8, Corollary 3.4]).
This is the connection we explore next.

4. COMPACT PROJECTIONS
Let 1p denote the upper set in AL defined by any projection p € A**; that is,
tp={a€ Al :p<a}.

Also let /\ below denote the infimum with respect to < on AZ.

Definition 4.1. A projection p € A* is compact if p = /\ Tp.

Note for p to be compact it is implicit that 1p is nonempty (and actually has
an infimum in A*F — as A" is not a complete lattice, not all subsets have infima).

Theorem 4.2. We have mutually inverse bijections
p— Tp and F— /\ F

between compact projections p € A** and d-filters F C AY. Moreover, for com-
pact projections p,q € A** and corresponding d-filters F,G C A,

d(p,q) = sup inf d(a, b). (4.1)
beG aEF

Proof. Take a projection p € A**, and consider 1p. If p = pa, then pa® = pa = p;
that is, p < a implies p < a?; so Tp is 2-closed. Likewise, if p = pa, p = pb, and
e € (0,1), then p(ea+ (1 — €)b) = ep+ (1 — €)p = p; that is, p < (ea + (1 — €)b);
so T p is convex. Also p < a < b e Al implies p < b, as d* < doh on A},
so 1 p is <-closed. Finally, if a,, — a and p < a,, for all n, then d(p,a) <
lim, (d(p, a,) + e(a,,a)) = 0, as d is e-invariant; that is, p < a; so Tp is norm
closed, and thus a d-filter, by Theorem 3.2.

Conversely, take a d-filler FF C A} which, by (3.2), contains a dense <-filter
F'. The pointwise infimum of F” on A% is an affine function and thus defines an
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element p € A*. As < on A% is determined by A*', p = AF' = AF = A\ 1p.
As p takes A*+1 to [0, 1], p is positive and has norm at most 1; that is, p € A*+*1.
As F is d-initial,

supd(p,a)?® < sup inf (h(p,b) + d(b,a)) = 0;

acF acF b€
that is, for all a € F, p < a; so \/p < a. Thus \/p < AF = p; sopis a
projection.

Now take another d-filter G containing a dense <-filter G’ and defining a
compact projection ¢ = A G which is a pointwise infimum of G on A*+1. Then
pG'p is also <-directed; so pgp = A\ pG'p = A pGp is also a pointwise infimum on
A*!, and hence

d(p,q)* = |lpgp| = Py ¢(pg™p)
= o(p) — ¢>i§xf~; | ¢(pap)

=9(p) — ¢€Ai§fbea ¢(pbp)

= sup ¢(pbp)
¢6A11,beG

= sup  ¢(pbp) (4.2)
$eATL bea

bJ_2

= sup ||pb~?p||
beG

= supd(p, b)*.
beG

For (4.2), note that ||abLH2 = ||ab*2al| < ||ab*?|| < ||ab*]; so dy ~ dpr2e. Thus,
as G is d-initial and d-closed, b € G if and only if b2+ € G; that is,

bt beGy={"?:bc G}
Fix b € G, and define weak* continuous f, : A%' — [0,1] by
1a(@) = (9(b"ab™) — [btpb" )+

Then (f,)qer is a decreasing net in |0, 1]‘411 (with the product ordering) and
converges to 0 pointwise. As A*! is weak® compact, Dini’s theorem says (fo)acr
must actually converge uniformly to 0 on A*!, and hence

vab | < bt | < i [l0-ab]|

inf
acF’

As F is ?-closed and /~closed (as F'is <-closed),

inf HblablH = inf
aEF aEF

inf d(a,b)” = inf [[b-a®b|| = brabt|| = ||bpbt|| = d(p, b)*.

a€eF

Thus, together with the above we have
d(p,q) = supd(p,b) = sup inf d(a,b). (4.3)
beG

beG OEF
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Now note that
sup inf d(a,b) =0 & GCF (4.4)

beG aEF
Indeed, the d-initiality of F' yields <=, while the fact F' is d-closed yields =-.
Combined with (4.3), this shows that p = ¢ implies F' = G; that is, the map F
)\ F' is injective on d-filters. Thus the given maps are bijections, as required. [

In the above proof, we used dense <-filter subsets of d-filters in a couple of
places, but this was not absolutely necessary. Indeed, one could verify directly
that pointwise infimums on A% of h-directed subsets are affine and hence define
elements of A**. Likewise, Dini’s theorem can be generalized to h-directed subsets
and even h-Cauchy nets — see [10, Theorem 1].

The gist of Theorem 4.2 is that compact projections in A** can be more con-
cretely represented by d-filters in A, and this extends to various relations or func-
tions one might consider. For example, from (4.1) and (4.4) we immediately see
that, for compact projections p, g € A** and corresponding d-filters F,G C Al

p<gq & FDAdG.

Likewise, as ||p — ¢q|| = maux{HpqL , ||qu| }, (4.1) yields
Ip—qll = HlaX(ing inf d(a,b), sup inf d(b, a));

that is, the metric on compact projections corresponds to the Hausdorff metric
on d-filters. We can also show that the natural quantification of orthogonality
on compact projections is determined by the corresponding d-filters.

Theorem 4.3. For compact p,q € A** and d-filters F' = Tp and G = Tq,

lpall = inf llad]-

Proof. Let r = inf,cppeq ||abl|. As ' C tp and G C 1¢, we immediately have

Ipall” = llapall < inf llaa®al| = juf llaaall < _inf _fJa¥*a] =*

Conversely, take a dense <-filter I’ C F, and, for any a € I, consider
A, = {p e A §[G) = {1} and 6(a) > 12},
By [8, Theorem 2.2], each A*! is nonempty. So (), A%L is a directed intersec-

a a€F’ “*+a
tion of nonempty weak™ compact subsets and we thus have some ¢ € (), A’fa.

As ¢[G] = {1}, ¢(q) =1 and hence ||pq||* = |lapal| = ¢(apa) = d(p) = 1%, as p is
the pointwise infimum of F" on A*! (see the proof of Theorem 4.2). O

A natural question to ask is if the infimum above is actually a minimum.
Question 2 ([2]). Do we always have a € F and b € G with ||pq| = ||ab]|?

When pg = 0 the answer is yes, by Akemann’s noncommutative Urysohn lemma
— see [3, Lemma III.1]. However, we feel that a truly noncommutative Urysohn
lemma should apply to compact projections that do not commute.
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Speaking of commutativity, note that commuting a € AL and p € P(A*)
always satisfy the following (taking composition in Al )

(< oe)(p,a)=d(p,a). (4.5)

Indeed, if d(p,a) = r < 1, then p < f(a) € AL, for any continuous function f on
[0, 1] taking 0 to 0 and [1 —r, 1] to 1. Thus inf,yc a1 [|a — b]| = r as required. In
particular, for any projection p € A**, inf . AL ap=pa d(p,a) must either be 0 or 1.
However, the commutativity of p and a here is crucial.

Example 4.4. Take a rank one projection () € M,, and consider the C*-algebra
A={a € C([0,1], M) : a(0) € CQ}.

Take any other rank one projection P € My, and define p on [0, 1] by p(0) = @
and p(z) = P otherwise. This represents a closed projection in A** (as the atomic
representation is faithful on closed projections — see [20, Theorem 4.3.15]) with
inf,e a1 d(p,a) = ||P — QJ|, which can be anywhere between 0 and 1.

However, even when a and p do not commute, we can still prove a weaker
uniform substitute for (4.5) for certain ‘closed’” projections.

First, dual to compact projections, we define open projections. Specifically, let
lp denote the lower set in A defined by any projection p € A**; that is,

Ip={a€ Al :a<p}

Also let \/ below denote the supremum with respect to < on AZ.
Definition 4.5. A projection p € A** is open if p = \/ Ip.

Definition 4.6. A projection p € A** is closed if p* is open.

Note the following proof is inspired by interpolation arguments by Brown — see
[15] — and adapted by Akemann and Pedersen — see [7] (although the distance-like
functions they used were never formalized as such).

Theorem 4.7. Assume that p € A*™* is a closed projection. On AL, we have
p(Koe) 3 ,d (4.6)

Proof. 1f infaeA1+ d(p,a) > 0, then (4.6) holds vacuously on A% . So assume that
inf d(p,a) = 0. (4.7)

aeAi
We first claim a weakened form of (4.6) on A%, namely,

Ve>035>0Vae Al (4.8)
d(p,a)<d = Vy>03be Al (d(p,b) <7 and |ja—b| <e).

Indeed, we claim that we can take § = 3%62. To see this, take ¢ > 0 and a € AL

with d(p,a) < ;€. For any v > 0, we have u € AL with d(p,u) < $7*, by
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(4.7). As A has an approximate unit, we have v € A} with d(a,v) < 57* and
d(u,v) < 37* — d(p,u). Thus d(p,v) < d(p,u) + d(u,v) < 14* and, by (2.8),
a(a,v) < 2v/h(a,v) < 2v/2d(a,v) < 372
Hence we have w € A} with a < w and ||w — v|| < 372 Thus
d(p, w) < d(p,v) + e(v,w) < ° (4.9)
and h(w — a,p*) < h(at,pt) = h(p,a) < 2d(p,a) < (5% Asw —a—p*is
the pointwise infimum on A% of (w —a — ¢),15.c AL Dini’s theorem again yields
¢ € AL with ¢ < p* and h(w — a,¢) < 152, By (2.9), b(w — a,¢) < i¢; that is,
we have d € A} with d < cand |w —a —d|| < je. Setting b = (w —d),
lw—d—=bl =[l(d=w)[| < [(d+a—w)] <ld+a—w|<3e
solla—b| <l|la+d—w|+||lw—d—10b|]| <e Aspd=0and w—d <b,
d<p7 b)z < d(paw - d) + h(w - d? b) = d<p7 'LU) < 727
by (4.9); thus proving (4.8).

Now (4.6) is saying the same thing as (4.8), just with d(p, b) < -y strengthened
to p < b. To prove this, we iterate (4.8). First take positive (9,) satisfying (4.8)
with e replaced by €/2", for any fixed € > 0. For any a; € A} with d(p, a;) < &,
we can then recursively take a,41 € AL with d(p, an41) < 0pt1 and ||, — any1]| <
€/2". Thus (a,) has a limit b € AL with d(p,b) < d(p, a,) + e(an,,b) — 0; that
is, p < b. Also ||a; — b|| < > €/2" = ¢, thus proving (4.6). O

Now we can show that ‘compact’ is the same as ‘closed and bounded’. Indeed,
this is usually taken as the definition; that is, compact projections are usually
defined as closed projections satisfying some notion of boundedness, like p < a €
Ay (see [3, Definition IL.1]) or p < a € A} (see [19, §3.5]). However, these
definitions make it difficult to appreciate that ‘compact’ and ‘open’ are dual to
each other in a natural order theoretic way. To make this duality clear, and to
avoid any debate about the most appropriate notion of boundedness, we opted to
define compact and open projections independently via 1 p and | p, respectively
and save the discussion of boundedness until now.

Note that when A is commutative, (4.10) below actually holds for an arbitrary
p € P(A*) (see (4.5)). But in the noncommutative case, it is crucial for p to be
closed, as we show in Example 4.9 below.

Corollary 4.8. A projection p € A* is compact if and only if p is closed and
aierzfi d(p,a) =0.
Proof. If p is compact, then 1p is nonempty; so certainly infaeAl+ d(p,a) =0. To
see that p is closed, consider
B={a€A:ap=0=pa},
which is immediately seen to be a hereditary C*-subalgebra of A. In particular,

B has an approximate unit; so B}r is d-directed, and hence has a supremum
p' =\ Bl in A**, which is a projection and also a pointwise supremum on A%
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As bp = 0, for all b € B, we also have p’p = 0 and we claim that in fact p’ = p*. If
not, then, identifying A** with A" in the universal representation of A, we would
have a unit vector v with pv + p'v = 0. Then v defines a state ¢(a) = (av,v) in
A As ¢(p) = 0 and p is compact, we have a,, € 1p with ¢(a,) — 0, and hence
anv — 0. As ¢(1) = 1, we have (u,) C AL with ¢(u,) — 1, and hence u,v — v.
Thus b, = apu,a; € B satisfies b,v — v; so ¢(b,) — 1. But ¢(b,) < ¢(p') =0,
a contradiction. Thus p’ = p* is open; so p is closed.
If p is closed, then, by (4.6),

inf d(p,a)=0 =  JacA (p<a) (4.10)

1
acA;

So we can take a € 1p. For all b € | p*, we then have abta € Tp. Also, as p is
closed; that is, p* is open, we have p = p*+ = (\/ Lpt)* = Alph)*; so

p=apa= N\a(lp)a=N\abta:belp}>N\tp>p
(For the second equality note that, as ¢(a - a) € A*' whenever a € Al and

¢ € A infec d(c) = ¢(d), for all ¢ € A, implies inf.cc ¢p(aca) = ¢(ada), for
all ¢ € A1), Thus p is compact. O

Example 4.9. It is possible to have open p € A*™* with
inf d(p,a) =0  but fa € AL (p < a).

1
aeAJr

To see this, we consider a C*-subalgebra of C([0,1], B(H)); that is, the con-
tinuous functions from [0, 1] to B(H) for a separable infinite dimensional Hilbert
space H. First let (e,) be an orthonormal basis for H, and let (P,) be the
rank 1 projections onto (Ce,). Take (r,) C (0,1) with inf,r, = 0, and define

pn ¢ [0,1] = B(H) by
(z) P, ifxr>r,
n\T) =

P 0 ifx<nr,.
Define p on [0,1] by letting p(z) = \/, pn(x) (taking the supremum in the pro-
jection lattice of B(H)). Also let K = C([0,1],K(H)) and B = pKpN K. Let
@ be the projection onto Cuv, for v = Y 27 "¢,, and let A be the C*-subalgebra
of C([0,1], B(H)) generated by B and the constant projection Q+. As p =\/ B
pointwise on [0, 1], we may identify p with the open projection in A** defined
by B. For any n € N and continuous function f,, on [0,1] with f,(0) = 0 and
fo(z) =1, for all x € [%, 1], ap, = Q* + £,Q is an element of A. Moreover,

d(p, an) = llp(1 = f)Ql = 0;

that is, inf,e 41 d(p,a) = 0. However, for each z € (0,1),
{a(z) :a € A} = C1 + K(p'(z)Hp'(z)),
~ Alternatively, note inf, 1 d(p,a) = 0 implies that the facial support of p is given by
{peAl:op)=1}= [ {s€ A} :¢(a) >1-d(p,a)},

1
a€A+

which is weak* closed in A*!, so [5, Lemma 2.4] yields (4.10).
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where p/(z) = p(xz) V Q. Thus if p < a € AL, then, for all z € (0,1), we must
have a(z) = 1 — f(x)¢/(z), where ¢ = p' — p and f is some function on [0, 1].
But for each n € N, ¢ is discontinuous at r,, and so the only way a could be
continuous is if f(r,) = 0 and hence a(r,) = 1. But then continuity yields
a(0) = 1, contradicting the fact that a(0) < @*+. Thus there is no a € A% with
pLa.

Incidentally, there are several other boundedness conditions on p that one might

consider. However, they are all equivalent, even in a more general context.
Recall that B" denotes the r-ball of B; that is, B ={b e B : ||b|]| <r}.

Proposition 4.10. For any a € AL, r > 1 and C*-subalgebra B C A, the
following are equivalent .

(1) 3be B’ (a < D).
(2) 1nfb€Bsa h(a,b) = 0.
(3) infyepr d(a,b) = 0.
(4) infyep d(a b) = 0.
Proof. We immediately have (1)=(2) and (3)=(4).
(2)=(3) By (2.6) (and the existence of an approximate unit for B in B}),

inf d(a,b)* < inf inf (h(a,c)+d(c, b)) = inf h(a,c).

beB ¢€Bsa be BY. c€Bsa
(4)=(2) If d(a, b,) — 0; that is, ab, — a, and hence b}ab, — a; then
h(a,b}b,) < h(a,b)ab,) < e(a,byab,) — 0.
(3)=(1) See [4, Theorem 1.2]. O
Another relation on compact projections one might like to quantify is ‘interior

containment’. Specifically, define the interior p° of any projection p € A** to be
the largest open projection below p; that is,

=\ lp.

We quantify the interior containment relation p < ¢° by

c(p,q) =d(p,q¢°).
Note d(p,¢°) < d(p,r°) +d(r°,r) + d(r,¢°) = d(p,r°) + d(r,¢°); so c is also a
distance. Another closely related function on compact projections comes from
the ‘reverse Hausdorff distance’ on the corresponding d-filters defined by

g(p,q) = inf supd(a,b),
a€Tp petq

Proposition 4.11. If A is commutative, then ¢ = g on compact projections in
A,

Proof. We may assume that A = Cy(X), for some locally compact X, and identify
p and ¢ with characteristic functions of compact subsets of X; that is, {0,1}-
valued functions such that p~'{1} and ¢~'{1} are compact. First note that

p<q¢ &  ZacAl (p<a<y). (4.11)
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If p < a < g, then p~'{1} C a'(0,1] € ¢ {1} and hence p~*{1} € ¢ '{1}*;
that is, p < ¢°. Conversely, if p < ¢°, then Urysohn’s lemma yields a € Cy(X)
with ¢=1{0} C = '{0} and p™* {1} CaH{1};s0p<a<gq Andifp <a <g,
then

inf supd(f. g) < supd(a, g) < d(a,q) = 0.
fer geqG gelG

Thus g(p,q) = 0 = c(p, g) when p < ¢°.

Conversely, say p % ¢°, and hence c(p,q) = 1. For any a € F and r € (0,1),
at(r,1] C ¢ {1} would imply p~ {1} C ¢ *{1}°, a contradiction. Thus we have
z € a(r,1]\ ¢ {1} and again Urysohn’s lemma (or the complete regularity of
X) yields b € Co(X) with b(z) = 0 and ¢ {1} C b='{1}. Thus b € G and
d(a,b) > a(z)(1 —b(z)) > r. As r was arbitrary, sup,cod(a,b) = 1, and, as
a was arbitrary, inf,cpsup,cod(a,b) = 1. Thus g(p,q) = 1 = c(p,q) when
pLq. O

In fact, (4.11) holds for any C*-algebra A, by Akemann’s noncommutative
Urysohn lemma (see [3, Lemma III.1]). However, this is not true for c = g.

Example 4.12. There can be compact p, ¢ € A** with g(p, q) = 0 but c(p, q) = 1.
To see this, we follow Example 4.9 where we defined A and B satisfying

inf sup d(b,a) = 0. (4.12)

Al 1
acdy beBL

Moreover, any a € AL with ab = 0, for all b € B, would have to be of the
form f¢' for some function f on [0,1]. Again, as ¢’ is discontinuous at r,, the
continuity of a would imply f’(r,) = 0. As long as we chose (r,) € (0,1) to
be dense in [0, 1], the continuity of @ would then imply a = 0. This remains
true in the unitization, for if we had nonzero a € IZEL with ab = 0, then, as A
is essential in A, we would have ¢ € AL with ca # 0; so 0 # ac’a € Al even
though ac?ab = 0, ~a contradiction. Hence, for the nonzero compact projections
p=(VAL* € A" and ¢ = (V BL)* € A™, we have | ¢ = {0}; that is,
¢° = 0so ¢(p,q) = d(p,0) = ||p|| = 1. But (4.12) implies that g(p,q) = 0, as
d(b,a) = d(at,bt).

In general, ¢ can also fail to be e-invariant, even in a weak uniform sense.

Example 4.13. It is possible to have ¢ Z e o ¢ on compact projections.
To see this, let A = ([0, 1], M3), and let Py be the projection onto C(sin 6, cos ),

[ sin?@  sinfcosf
7 |sinfcos®  cos?f
For € > 0, consider the compact projections p. represented by
Pe in if v > 07
pg(l') — S (1/1‘) 1 x
1 ifter=0

(this is a projection in the atomic representation of A rather than the universal
representation A** but again this does not matter as the atomic representation
is faithful on open and closed projections, by [20, Theorem 4.3.15]). So p(zx) is a
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rank 1 projection which ‘wiggles’” with amplitude ¢ and increasing frequency as
x — 0. This means, for € > 0, any a € A with a < p. must satisfy a(0) = 0; so

° - Pesin(l/@) if z > 07
pe(z) = {0 if x =0.

Also let p be the compact projection defined by p(z) = P, for all 2 € [0, 1]; so
pg = p. For all € > 0, c(p,pe) > ||p(0) — p(0)p2(0)|| = || Pol| = 1 even though

(coe)(p,p) < c(p,po) +e(po,pc) = e(po,pe) = |Po — Pe|| =0, ase—0.

This contrasts with g, which is e-invariant and even h-invariant. Moreover, g
can also be calculated from h instead of d. These facts suggest g may actually be
the more natural extension of interior containment to noncommutative A. This
is especially so if one is to consider d-filters in a domain theoretic way — see [L1].

Theorem 4.14. g is an h-invariant distance on compact projections satisfying

g(p,q) = inf suph(a,b). (4.13)

a€TP betq

Proof. By (4.1) and the general relationships between classical and reverse Haus-
dorff distances given in [11, Proposition 10.2], we have

g < dog,god < gog.

By Corollary 2.10, d = h on (compact) projections. As h? is reflexive, the relevant
reverse inequalities are immediate so g is an h-invariant distance.
For (4.13), take compact projections p,q € A** with corresponding d-filters

F =1pand G = Tq. As in the proof of Theorem 4.2,

inf d(a,b) = inf d d inf h(a,b) = inf h

Inf sup (a,b) = inf d(a,q) and  inf Sup (a,b) = inf h(a, q),
Let ag € A*™ denote the spectral projection of a € Al corresponding to S C [0, 1],
and consider

P ={ap_c1:a € F and € > 0}.

Note P and F' are coinitial in each other, with respect to both d and h; that is,

0 = sup inf d(p, a) = sup inf d(p, a) = Sup inf h(p,a) = Sup inf h(a, p).

a€F PE pEP @
Thus
inf < inf — inf
;ng(a, q) < ae;,l}pep(d(a,p) +d(p, q)) ;gpd(p, q)
< 1 =] .
< nf d(p,a)+d(a,q)=infd(aq)

Likewise in£ h(a,q) = in}f) h(p, q). Now simply note that, by Corollary 2.10,
ae pe
inf = inf h ) O
inf d(p,q) = inf h(p, )
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