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1. Introduction

There are at least two mathematically rigorous algebraic formulations for the notion of ‘quantum (noncommutative) metric space’ in the
literature. The famous one is due to Rieffel, and the other has been recently introduced by G. Kuperberg and N. Weaver. Following some
ideas from Connes [1, Chapter VI] in noncommutative Riemannian geometry [2], Rieffel has introduced the notions of ‘compact quantum
metric space’ and ‘quantum Hausdorff-Gromov distance’ [6, 7, 8]. In his theory, a compact quantum metric space q is identified with the
state space of a unital C*-algebra .2 (or more generally, with the state space of an order unit space) together with a weak*-compatible metric
which must be induced by a ‘Lipschitz seminorm’ on .2/ via Monge-Kantorovich’s formula. Thus, in the Rieffel theory, the role of quantum
metrics is played by Lipschitz seminorms. In Kuperberg-Weaver theory [4] the noncommutative space is distinguished by a von Neumann
algebra .2 C L(5¢) and the role of quantum metric is played by a specific one-parameter family {¥;},;>0 of weak closed operator systems
in L(#) such that ¥ = .#’. This construction also can be characterized by a specific “quantum distance function” between projections of
the von Neumann algebra .# QL(¢2).

The notion of ‘quantum metric’ recently has been considered by many authors. See [5, 9, 10, 11] and references therein. In this note, we
introduce two new models for ‘quantum metrics on noncommutative spaces’. Our formulations are natural translations of the concept of
‘(ordinary) metric’ into noncommutative geometric language. In Section 2, we give our first model for quantum metrics based on ‘atomic
representation’ of C*-algebras. We also consider some basic properties of this model. In Section 3, we show that there is no quantum metric
of the first model on ‘noncommutative two point space’. In Section 4, we consider a relation between our first model and the Rieffel’s model
of quantum metrics. In Section 5, we introduce our second model of quantum metrics.

2. The first new model of quantum metrics

For preliminaries on C* and von Neumann algebras we refer the reader to [3] or [12]. Let .Z" be a compact metrizable space. A function p is
a compatible metric on 2" if and only if p € C(2?) = C(2)®C(Z") and the following five conditions are satisfied for x,y,z € & .

1 p(x,y) >0.

(2) p(x,x)=0.

3) If p(x,y) =0, then x = y.
@ p(x,y) =px).

(S plx,y) <p(x,2) +p(z,y)-

Let .o be a unital C*-algebra. Suppose that an element p € .o/ ©.27 deserves to be called a compatible metric on q.27. Then, p must satisfy
the following analogues of (1),(4),(5).

(') p e (Ad).
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@) F(p)=p, where § : R — o/ D/ denotes the flip.
5" Mp) <p@1+1®@p, where M : &/ .o/ — o %.o/ .o/ denotes the *-morphism that puts 1 in the mid position, i.e. M(a @ b) :=
a®1®b(a,be o).

There are many ways to state the noncommutative analogues of (2) and (3). But, it seems that the most effective and applicable way is
as follows. Let 7 : &7 — L(J¢) denote a representation for .7 by bounded operators on a Hilbert space .7°. We say that 7 is an aromic
representation if there is a family {7; : &/ — L(%)} of pairwise inequivalent irreducible representations of <7 such that 7 = @;. (Note that
our atomic representations are special cases of the atomic representations defined in [12].) Then, it follows from [3, Corollary 10.3.9] that the
enveloping von Neumann algebra 7(.o7)” is equal to &;L(J%). Let 7w : o — L(J#) be a faithful atomic representation of .. We consider
4/ as a subalgebra of L(5#) and write /" for m(7)". The characteristic function of the diagonal (w.r.t. ) of g/ x q./ is denoted by Ps
and defined to be the supremum of the family of all projections of the form p ® p in &"®@&" = (/&7 )" C L(H# &) such that p € 7"
is a minimal projection. (In the classical case that & = C(.2"), if we choose 7 to be the reduced atomic representation then m(C(2"))" is
isomorphic to £*(Z2") and Py is identified with the usual characteristic function of the diagonal of 2" x Z".) The analogues of (2) and (3)
are as follows.

2') pPs=Psp =0.
(3") Let 55 denote the the image of the projection Py in s#®.#. Then, 0 is not an eigenvalue of the operator p| A € L(%L)‘

Definition 2.1. Let <7 be a unital C*-algebra and let m : of — L(J€) be a faithful atomic representation. A (compatible) quantum metric
w.rt. T on q.<f is an element p € &/ @47 satisfying (1')-(5'). In this case, we call (o ,p,T) a compact quantum metric space.

Let (<7, p, ) be a compact quantum metric space. Comparing with the classical case, it is natural that we consider the value ||p|| as the
diameter of p. It is clear that if (27, p) is an ordinary compact metric space then (C(.2"), p,7) is a compact quantum metric space where 7
is an arbitrary atomic representation of C(.2"). (Indeed, it is easily checked that for any of such representation 7£(C(.2"))" is isomorphic to
02 (Z0) where 2y is a dense subspace of 2".)

Similar to the case of ordinary metric spaces, we have the following three theorems.

Theorem 2.2. Let py and py be quantum metrics on qo/ w.r.t. the same representation © of /. Then, for every positive real number r,
p1 + rp2 is a quantum metric on 4/ w.rt. T.

Proof. Straightforward. O

Theorem 2.3. Let (<71, p1, ™) and (o5, pa, Ty ) be compact quantum metric spaces and let r be a real number not less than 2~ max(||p1 ||, ||p2]))-
Then, (2] @ 2h,p, T ® Mp) is a compact quantum metric space where p = py + pr + rer/l Sty T rl%@m-

Proof. The conditions (1") and (4') are trivial for p. (2') and (3') follows from the fact that any minimal projection in (7] @ ) (2 ® @4)" =
w1 ()" ® my(at)" is a minimal projection of 7y (e/)" or of my(a5)". Let M, 9,90, denote the corresponding morphisms as in (5)
respectively for &7 © 95,9 ,49%. With the notation 1;j; := ly/iéﬂl_@m we have,

Mp1) <Mi(p1) +2rl121,  M(p2) <My (p2) +2rla1s.

It follows that,

2
>
I

M(p1) +M(p2) +rlia+rlipo+rlag +rlxg

M(p1) + T (p2) +2rl121 +2rla12 +rljp+rlon +rlog +rlang

p1RL+11®p1+p2 @1+ 10®p2+2rlio) +2rlp1p +rlin +rlio +rlag +rla
Pi®LI+p1 @+ @11 +p2 @12 +rlipp+rlia+rla +rlann
Lepi+hepi+hi®@pr+L®@pa+rlin+ring+rln +rin

pR1+1ap.

+ IANIAIA

O

Theorem 2.4. Let (,py, 7)) and (h,p2, M) be compact quantum metric spaces. Then, (o) @.9t,p, T ® M) is a compact quantum
metric space where

P = (P10 50+ i ©P2) € (AR )E( ) = (G (A Q).

Proof. Straightforward. O

3. A non-example

In this section, we show that there is no quantum metric on the two-point noncommutative space qM;,. Let o/ = M, be the algebra of
complex 2 x 2 matrices. Then, 7 = id is an atomic representation of & on J¢ = C2. Let {e1,e2} (resp. {f1,---,f4}) denote the Euclidean
basis of C? (resp. C*). We identify C? ® C? with C* via e; @ e; — fi, ex@ep — f4, €1 @ er — f2, ea@eq — f3. Then, My @ My is
identified with My via,

Mt Az M2 A
Tl 1 Mzt Az A2 Az

Z ijkelij @ lgg — A A A A
ST 2111 A2z A A2
bzt Az Ao Anx
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With these identifications, Py is the projection onto the linear subspace generated by f1, f4, f> + f3, and hence,

1 0 0 0
b |0 12 12 0
5= o0 12 12 0
0 O 0 1
Suppose that p € My satisfies (1')-(4"). Then, p must be of the form,
0 0 0 0
1o A -2 0
P=lo -2 a2 o
0 0 0 o0

for some real number A > 0. The 8 x 8 matrix M = p® 1+ 1®p —M(p) is equal to,

0 0 0 0 0 0 0 0
o 0 -1 o0 1 0 0 0
0o -1 2 0o -1 0 0 0
0 0 0 0 0 -1 1 0
M=21"o 1 —1 0o 0 0o 0 0
0 0 0 -1 0 2 -1 0
0 0 0 1 o -1 0 O
0 0 0 0 0 0 0 0
For any vector X = (x1,---,x3) € R® we have,

ATHMX X)) = (x3 —x2 —x5)> + (1] — x5 —x2) + (x6 — x4 —x7)* + (xF —xF — 7).

Thus M is not positive and hence p does not satisfy (5').
Although we just mentioned a negative result on the existence of quantum metrics but it seems that there must be a huge class of quantum
metrics on qM,, for n > 3.

Question 3.1. Does there exist a quantum metric on qM,, for some n > 3?

4. Some relation between our first model and Rieffel’s model of quantum metrics

In this section, we consider some relations between our first model of ‘compact quantum metric space’ and the model introduced by Rieffel
[7]. Let («7,p,7) be a compact quantum metric space. We are able to define a new seminorm on & which generalizes the Lipschitz
seminorm for continuous functions on an ordinary metric space. Let % denote the Hilbert space of 7 and let 5 be as in (3'). Let p*1
denote the inverse of the operator p| s € L(%l). For any a € o7, the Lipschitz seminorm ||a||;, are defined to be the (possibly infinite)

value ||(a®1—1®a)p~'|, that is the operator norm of (a®1—1®a)p~!

a,b € o/ with ab = ba the Leibnitz rule is satisfied:

as an operator from the image of p\/yé L into SR . For

lablliy = (@b 1—1@ab)p™|

= |(ab®1—a@b+axb—12ab)p~ "
[[(a@)(b@1-10b)+(a®1—12a)(12b)p~ !
[(@a@1)(b@1—1@b)p | +](1b)(a®1—1ca)p™ |
llallllbllzip + llallzip| 5]

IN A

Also, it is clear that for any normal element a we have ||a||Lip = [|a*||Lip- The seminorm || - ||z, gives rise to a semimetric on the state space
S(&7) of o7 via Monge-Kantorovich formula:

d((l),l[l) = sup |<¢_W7a>| (¢7W€S(d))

a*=a,|al|Lip<1

We give an upper bound for d(¢, y) in the case that ¢ and y are some special pure states of .«/: Let 7 be the direct sum of {m; : & —
L(%)}. Suppose that i # j, and let v and w be two unit vectors respectively in % and /7. Let ¢ and y be pure states on <7 defined
respectively by a — (m;(a)v,v) and a — (;(a)w,w). Let a be a self-adjoint element of ./ with ||a|;, < 1. Since v w € Ji%l, we have
la(v) @ w—v&@a(w)| < p(v@w). Thus,

(o —w.a)> =

IN
o~~~
Q
~
<
AN
Q
~
<
=
=
+
—~
2
=
=
Q
~
=
=
=
[
[
=
D
= =
<
=
<
<
=
Q
~
=
=
<

This shows that d(¢, y) < |[p(vew)].
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5. The second new model of quantum metrics

As we saw above, the most problematic part of the definition of a quantum metric is the translation of conditions (2) and (3). We now translate
these conditions in another way where there is no using of enveloping von Neumann algebras. Let ./ be a unital spatially continuous
multiplication C*-algebra, that means the multiplication of <7, m : a® b — ab, is continuous w.r.t. spatial tensor norm (e.g. <7 is abelian or
finite dimensional). For p € &/ ®.o7 satisfying (1), consider the following conditions.

") m(p) = 0.
(3") For every positive element v € &7 ©.«7 with m(v) = 1 and §(v) = v, the element p + V is invertible in &7 &.o7 .

In the case that & = C(.Z"), it is easily checked that these conditions coincide with (2),(3).

Definition 5.1. Let o/ be a unital spatially continuous multiplication C*-algebra. An element p € <f .o/ which satisfies (1'),(2"),
(3"),(4'),(5) is called an algebraic (compatible) quantum metric on q.<. In this case, (<, p) is called an algebraic compact quantum metric
space.

Theorem 5.2. Let (/),p1) and (o, p;) be algebraic compact quantum metric spaces. Then, (2 & o,p) is an algebraic compact
quantum metric space where p is as in Theorem 2.3.

Proof. We only show that p satisfies (3"). The other conditions are easily checked. Let .27 := o) ® 2/ . Let m,m1,m, denote respectively
the multiplications of &, &/, %%, and let §,§1,$2 denote the corresponding flips as in (4'). We have &/ Q47 = &; j:lgszfi(f@ﬂfj. Let v be
a positive element of o/ ®.7 with m(v) = 1 and F(v) = v. Let v;; € #&.2/; be such that v =Y v;;. Then, v;; is positive and we have
m;(Vii) = 1o and §i(Vi;) = vi;. It follows that p; + v;; is invertible in «®.0%, and rl ;@ 1, + vi; is invertible in o7& .c7; for i # j. Thus,
P + Vv is invertible in .o/ %.7 . O

Theorem 5.3. Let (1, p1) and (o, p2) be algebraic compact quantum metric spaces such that &) is commutative. Then, (/) @25, p) is
an algebraic compact quantum metric space where p is as in Theorem 2.4.

Proof. We only show that p satisfies (3”). The other conditions are easily checked. Let m,m; denote respectively the multiplications
of o, .o/, and let §,§, denote the corresponding flips as in (4'). Let 2" denote the Gelfand spectrum of 7. Thus, ] =2 C(.2") and
@t =2 C(X, ), the algebra of &% valued continuous functions on 2. Let v € C(2 x 2, @5 ®.4%) be a positive element with
m(v) =1 and F(v) = v. Then, for every x,y € 2, v(x,y) is positive, my (v (x,y)) = 14, and §»(v(x,y)) = v(x,y). Thus, p> + v(x,y) is
invertible in @5 ¢.a%. It follows that 1, 5 .. ® p2 4 v (which is equal to the function (x,y) — p2 + v(x,y)) is invertible. Thus, p + v is also
invertible. O

The main gap in our work is the lack of a nonclassical example:

Problem 5.4. Give an example of a nonclassical (algebraic) quantum metric.
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