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Abstract

Given a unital C*-algebra and a faithful trace, we prove that the topology on the associated density space
induced by the C*-norm is finer than the Bures metric topology. We also provide an example when this
containment is strict. Next, we provide a metric on the density space induced by a quantum metric in the
sense of Rieffel and prove that the induced topology is the same as the topology induced by the Bures
metric and C*-norm when the C*-algebra is assumed to be finite dimensional. Finally, we provide an
example where the Bures metric and induced quantum metric are not metric equivalent. Thus, we provide
a bridge between these aspects of quantum information theory and noncommutative metric geometry.
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1. Introduction and background

The Bures metric, which was introduced by Bures in [2], is a vital tool in quantum
information theory (for example, the Bures metric is the quantum version of the
Hellinger distance; see [6, Section 3.1.2]). Recently, the Bures metric has been
adapted to von Neumann algebras and C*-algebras by Farenick and Rahaman [4].
The quantum metric, which was introduced by Rieffel in [11], allows one to prove
powerful results about convergence of quantum spaces including those arising from
high energy physics (see [10], where Rieffel proved that matrix algebras converge
to the sphere and continuity of quantum tori) and many more continuity results
related to the C*-algebraic structure and noncommutative geometric structure (see
[1,5,7-9]). This paper brings these two important metrics together in a natural way to
make comparisons between their topological and geometric properties in the hope of
introducing these methods of measurement to the other field.

In Section 2, we provide comparisons of the topological structure of the Bures
metric and a third metric, the one induced by the C*-norm on the density space. The
purpose of bringing this third metric into the picture is not just to provide another
interesting comparison, but also to provide a method of comparing the Bures metric
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and the quantum metric. In Section 3, we show how one can place a metric on
the density space using quantum metrics, and then show that this induced quantum
metric is topologically equivalent to the Bures metric. Our approach uses the results in
Section 2. Finally, in Section 4, we provide a case when the Bures metric and induced
quantum metric are not metric equivalent, which is of interest since contractivity of
quantum channels is a main aspect of quantum information theory [4]. The quantum
metric approach offers a truly new avenue to study contractivity of quantum channels
and fixed points while still agreeing with the Bures metric topology. For the remainder
of this section, we provide some necessary background for the rest of the paper.

CONVENTION 1.1. Given a unital C*-algebra A, we denote its unit by 1 4, its norm by
Il - |l&, its self-adjoint elements by sa(A) and positive elements by A,. We denote its
state space by S(A). We also denote the metric induced by || - [|# by d4.

However, given a compact Hausdorff space X, we denote the C*-norm on C(X) by
|| - |lx and the unit (the constant 1 function) by 1.

DEFINITION 1.2 [11]. Let A be a unital C*-algebra. If L : A — [0, oo] is a seminorm
on A such that:

(1) dom(L) ={a e A: L(a) < oo} is dense in A;

(2) L(a) =0ifand only if a € Cl #;

(3) L(a) = L(a*) for every a € A; and

(4) the Monge—Kantorovich metric, defined for any two states ¢, € S(A) by

mkz (g, ) = supflp(a) — Y (a) : a € A, L(a) < 1},

metrises the weak* topology on S(A),

then (A, L) is a compact quantum metric space, and we call L an L-seminorm.

THEOREM-DEFINITION 1.3 [4, Theorem 2.6]. Let A be a unital C*-algebra. Let T be
a faithful trace. Define the density space with respect to T to be

D;(A)={aec A, :1(a) = 1}.

Define the Bures metric with respect to T for every x,y € D (A) by

dp(x,y) = /1 = T(Vx\D.

Here, by a faithful trace, we mean a positive linear functional (not necessarily of
norm one) such that, for every a, b € A, we have t(ab) = 7(ba) and 7(a*a) = 0 implies
that a = 0. We call the statement above a ‘“Theorem-Definition’ since the proof that the
Bures metric is indeed a metric in this general setting of unital C*-algebras equipped
with a faithful trace is a nontrivial result of [4].

We also formally state what we mean by topological equivalence and metric
equivalence so that there is no confusion.
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DEFINITION 1.4. Let X be a nonempty set and let d and d’ be two metrics on X.

(1) We say that d and d’ are fopologically equivalent if they induce the same
topologies.
(2) We say that d and d” are metric equivalent if there exist @, 8 > 0 such that
ad(x,y) < d'(x,y) < Bd(x,y) foreveryx,ye€X,
or, equivalently,
)
d(x,y)

< B forevery x,y € X such that x # y.

2. Comparison of the C*-metric and Bures metric topologies

In this section, we show that the C*-metric topology is finer than the topology
induced by the Bures metric. We also show that this containment can be strict
by providing an explicit example in the C*-algebra of complex-valued continuous
functions on [0, 1] with the trace given by Lebesgue integration. First, we prove two
lemmas that are likely to be well known, but we provide their proofs for convenience.

LEMMA 2.1. Let A be a unital C*-algebra. Let (x,),en be a sequence in A,
that converges in the C*-norm to x € A;. Let r > 0 be such that, for any n €N,
[l IXla < v If f:[0,r] = R is continuous, then (f(x,))q.en converges to f(x) in
the C*-norm.

PROOF. By the Weierstrass approximation theorem, there exist polynomials (p,)nen
that converge uniformly to f on [0, r].

Let £ > 0. By uniform convergence of (p,),ay to f, there exists N € N such that, for
any n > N, we have ||p, — flljo,7 < &/3, and, in particular, ||py — flljo.,q < &/3. Since
pn is a polynomial, there exists N > N such that, for any n > N’,

mmm—mwM<§

Let n > N’. By functional calculus,

W[ M

1f(xn) = pnG)lla = Lf = Palloey < ILf = pallion <
since o (x,) C [0, r]. Similarly,

Wm—m@h<§

since o (x) C [0, r]. By the triangle inequality for the norm,

1/ Cen) = FOOlla < 1 () = pvGe)lla + [1Pn () = pOOlla + Il () = fO)lla

e & &
< § + 5 + 5 =E&.

Thus, for any & > 0, we can find N’ such that || f(x,) — f(x)||l# < eforany n > N’. Thus,

(f(x4))nenw converges to f(x) in the C*-norm. O
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LEMMA 2.2. Let A be a unital C*-algebra. If (x,),en is a sequence in A that converges
in the C*-norm to some x € A, then (|x,|),en converges in the C*-norm to |x|.

PROOF. Note that |x| = Vx*x and |x,| = \x:x, for every n € N. For any n € N, let
a, = x;x, and a = x*x. Since multiplication and the adjoint are continuous in the
C*-norm, (a,)nen converges to a in the C*-norm. For any n €N, [x| = va and
|x,| = 4/a,,. Therefore, by Lemma 2.1 and continuity of the square root, we know that
(Ixn])nen converges to |x| in the C*-norm. O

We now prove our main theorem that allows us to compare the C*-metric topology
and the Bures metric topology.

THEOREM 2.3. Let A be a unital C*-algebra and let T be a faithful trace. Let (x,)nen
be a sequence in D:(A) and let x € D (A). If (x,,)nen converges to x in the C*-norm,
then (x,)nen converges to x with respect to the Bures metric dj,.

PROOF. If (x,),en converges to x in the C*-norm, then, since g(x) = /x is continuous,
(\/Xn)nen converges to 4/x in the C*-norm by Lemma 2.1.

Since x is positive and fixed, (/X - VX)en converges to Vx - v/x in the C*-norm. By
definition, v - Vx = x, s0 (/X - VX)sen converges in the C*-norm to x. By Lemma 2.2,
this implies that (|, - VX|)nex converges in the C*-norm to |x| = x.

Since 7 is C*-norm continuous, (|4/x, - VX)nen converging to x in the C*-norm
implies that (7(]yX, - Vx|))nen converges to 7(x). Since x € D;(A), we have 7(x) = 1.
Hence, (7(|y/X; - VxI))nen converges to 1.

Consider
(dpins nery = (1 =71y - VD) .

Since ((|v/Xy - Vx|))new converges to 1, it follows that (d(Xn, X))pen converges to
V1 -1 = 0. Hence, (x;),en converges to x with respect to the Bures metric dj. O

COROLLARY 2.4. Let A be a unital C*-algebra and let T be a faithful trace. Then the
topology induced by da is finer than the topology induced by dj,.

This raises the question of whether these topologies are the same in general. The
answer is no, and the rest of this section is devoted to providing an example on which
these topologies disagree.

Consider, C([0, 1]), the C*-algebra of continuous complex-valued functions on
[0, 1]. The map

1
p:feC(0,1]) — fo f(x)dx,

where fol - dx is the standard Lebesgue integral, is a faithful trace on C([0, 1]).

PROPOSITION 2.5. The topology induced by the metric dcqo,) induced by the
C*-norm on the density space D,(C([0, 1])) is strictly finer than the topology induced
by the Bures metric dg.
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FIGURE 1. fi, f>, f3 given by the formula (2.1). (Plotted in GeoGebra).

PROOF. The fact that the topology induced by d¢o,1p is finer is provided by
Corollary 2.4. Thus, it remains to show that the topologies are not equal. To accomplish
this, we find a sequence in D,(C([0, 1])) that converges with respect to d°, but does
not converge uniformly (that is, with respect to dc(jo,17))-

Let n € N. Consider

2nx if x € [0, 1/2n],
Sux) =41 ifx e (1/2n,1 - 1/2n), 2.1
2nx—2n+2 ifxe[l-1/2n,1],
defined for all x € [0, 1] (see Figure 1). Note that f, € C([0, 1]). Define f : [0,1] - R
by f(x) = 1 for all x € [0, 1]. Note that /' € D,(C([0, 1])).

Next, we check that f, € D,(C([0, 1]) for every n € N. Let n € N. First, f,, > 0 by
construction. Second,

1 1/2n 1-1/2n 1
p(fn) = f fu@)dx = f 2nx dx + f 1dx + f (2nx — 2n + 2) dx
0 0 1 1

/2n —1/2n

= [nx2](l)/2n + [x]i/—zl},{Zn + [nx2 - 2nx + 2)6]}_1/2”
1 1

=—+1--+ i =1L
4n n 4n

Hence, f, € D,(C([0, 1])).
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We now prove that the sequence of functions (f;),en converges to the function f in
the Bures metric, dg, but fails to converge to f uniformly.
Let n € N. Then

1-1/2n

1/2n
p(JE\/?)zf (\/2nx-1)dx+f (V1-1)dx
0

1/2n

1
+f (V2nx —2n+2-1)dx
1

—1/2n

1/2n 1-1/2n 1
:f V2nxdx+f 1dx+f V2nx —2n + 2 dx
0 1 1-1/2n

/2n

2 1/2n 2 1
= 2n-[—x3/2] +[x]}_21/2"+\/§-[—-(nx—n+1)3/2

3 0 /2n 3n 1-1/2n
_ 1o 122 1 3-2V2
" 3n n 3n 3n 3n

Therefore,

0= o -3 1

and lim,,_, dg( fus ) = 0. Therefore, we have shown that (f;,),en converges to f in the
p-Bures metric.

Finally, suppose, by way of contradiction, that (f,),cq converges uniformly to f.
Then, for any ¢ > 0, there exists M € N such that, for any n > M and any x € [0, 1],
we have |f,,(x) — f| < ¢. Therefore, for some ¢y € (0, 1), there exists M, € N such that,
for any n > Mj and any x € [0, 1], we have |f,,(x) — f| < dp. However, let x = 1. Then
|fn(1) = f(1)] =12 =1] =1 > 6y, which is a contradiction. Hence, our assumption is
false. O

3. Topological equivalence of Bures C*- and quantum metrics for
finite-dimensional C*-algebras

Although we just saw an example where the C*-metric topology and Bures metric
topology do not agree on the density space, in this section, we will see that if the
Cr-algebra is assumed to be finite dimensional, then these topologies agree. Moreover,
we will also show that in the finite-dimensional case, the Bures metric agrees with a
metric on the density space induced by the quantum metric, which thus brings these
two important metrics together. Some of the results in this section are similar to some
of those of [4] or can be obtained from finite-dimensionality arguments without much
further effort. We include the results and proofs of this section to create a bridge
between the previous section and the next, while also introducing the third metric
that we study in this article.
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We first show how one can induce a metric on the density space using a quantum
metric in a natural way. Let A be a unital C*-algebra. Let 7 be a faithful trace on A.
For each a € D (A), define

¢ (b) =t(ab) forevery b € A.
The next result might be well known, but we provide a proof here for convenience.

PROPOSITION 3.1. Let A be a unital C*-algebra and let T be a faithful trace on A.
The map

D, :a € D(A) —> ¢, € S(A)
is well defined and injective.

PROOF. For a € A,, there exists b € A such that a = b*b by [3, Lemma 1.4.3]. Let
c € A. Since 1 is a trace,

¢i(c*c) = (b*bc*c) = t(cb*bc™) = 1(cb*(cb™)") = 0.
Thus, ¢ is a positive linear functional, and, in particular, ¢} (14) = ll¢illop by [3,
Lemma 1.9.5]. Since a € D(A),
llegllop = (ala) = T(a) = 1.

Thus, ¢} is a state, and therefore, @, is well defined.

Next, leta,a’ € A, such that @ (a) = ®-(a’). Hence, ¢ ((a — a’)") = ¢, ((a —a’)").
Thus, t(a(a—-d)")=1(a'(a—a’)") and so 7((a—a’)a—-a)")=0. Therefore,
a —a’ =0 as 7 is faithful, that is, a = @’. Thus, @, is injective. |

This allows us to define a new metric on D, (A).

DEFINITION 3.2. Let (A, L) be a compact quantum metric space. Let 7 be a faithful
trace on A. For every x,y € D (A), define

di(x,y) = mk (D (x), @(y)) = mk.(py, ¢y),

which defines a metric on D, (A) since @, is well defined and injective. We will still
call df a quantum metric.

Before moving on to the finite-dimensional setting, we prove that the topology
generated by the C*-norm is always finer than the topology induced by a quantum
metric.

PROPOSITION 3.3. Let (A,L) be a compact quantum metric space and let T be a
Jaithful trace on A. Then, on D.(A), the topology induced by d is finer than the
topology induced by d; .

PROOF. Let (a,),ay be a sequence in D (A) that converges to a € D, (A) with respect
to d#. Then, for each b € A,

lim ¢;, (b) = lim 7(a,b) = 7(ab) = ¢,(b)
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since multiplication is continuous and 7 is continuous. Since convergence in mky, is
equivalent to weak* convergence by definition, the proof is complete. ]

For the remainder of this section, A will be a finite-dimensional C*-algebra. We
will now prove that the C*-metric topology and quantum metric topology are the same.
First, we establish that (D.(A), d#) is a compact metric space.

PROPOSITION 3.4. If A is a finite-dimensional C*-algebra, then (D (A),dx) is a
compact metric space.

PROOF. We only need to show that D.(A) is closed and bounded with respect to the
C*-norm. First, it is closed since 7 is continuous with respect to the C*-norm.

Since A is finite dimensional, the norms || - ||# and || - ||; are equivalent, where
llall; = Vr(a*a) for a € A. Now, let a € D.(A) and let va denote its unique positive
square root. By the C*-identity,

Vllalla = \I(Va) Valla = [1Valla
< allVall: = ayT(Va)Va) = ay1(a) = a,

since 7(a) = 1. So |lall4 < a?. Hence, D,(A) is bounded and thus is compact by the
Heine—Borel theorem. O

THEOREM 3.5. Let (A, L) be a compact quantum metric space and let T be a faithful
trace on A. If A is finite dimensional, then d] and d# are topologically equivalent.

PROOF. The proof that @ is continuous from (D;(A), dn) to (D-(A),d]) is the same
as the proof of Proposition 3.3. Since (D.(A), d#) is compact by Proposition 3.4, @,
is a homeomorphism onto its image with respect to the weak™ topology on S(A).
Since convergence in mky is equivalent to weak* convergence by definition, d 4 and
d; are topologically equivalent. ]

Now, we establish the topological equivalence of the C*-metric and Bures metric.

THEOREM 3.6. Let A be a unital C*-algebra and let T be a faithful trace on A. If A
is finite dimensional, then the C*-metric d# and the Bures metric dy are topologically
equivalent.

PROOF. Consider
idp, () : (D(A),da) — (D(A), dp).

By Theorem 2.3, convergence in dz implies convergence in dj. Hence, idp, () 18
continuous, and since (D.(A), d#) is compact, idp_#) is a homeomorphism. Hence,
d# and dj, are topologically equivalent. ]

We conclude this section with the topological equivalence of the Bures metric and
quantum metric.
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COROLLARY 3.7. Let (A, L) be a compact quantum metric space and let T be a faithful
trace on A. If A is finite dimensional, then the Bures metric dy and quantum metric
d; are topologically equivalent.

PROOF. This follows immediately from Theorems 3.6 and 3.5 and since homeomor-
phism is an equivalence relation. |

4. Metric inequivalence for C>

In this last section, we see that, although the Bures metric and quantum
metric are topologically equivalent for finite-dimensional C*-algebras, there exist
finite-dimensional C*-algebras for which they are not equivalent as metric spaces. Our
approach also proves that the Bures metric and C*-norm are not metrically equivalent
since we find a quantum metric that, in fact, agrees with the metric on the density
space induced by the C*-norm.

Consider the unital C*-algebra C. For every x = (x|, x,) € C2, define

LP(x) = bt = xl.

Then L2 is an L-seminorm since C? is finite dimensional and by [11, Proposition 1.6].
So mk; s is a quantum metric.
Consider the faithful trace 7 on C? defined by

T7(x) = x; +x» forx = (x1,x,) € C2.

The Bures metric is given explicitly by the trace, but as the quantum metric is defined
by way of a supremum, we first find a formula to explicitly calculate the quantum
metric in this case. This recovers the C*-metric.

THEOREM 4.1. With the setting as above, for every x,y € D(C?),
dis(x,y) = lx1 = yil =k = yllee = da(x, y).
PROOF. First, let x € D-(C?) and let x’ € C2. Then
O (0)(x) = ¢p(x') = T(xx") = x1x] + x2%5.
Now, assume that y € D.(C?). Since 7(x) = 1 = 7(y), wehave x; + x» = 1 = y; + y, and
SO X| — Y| = y» — Xx». Hence, if LB(x’) < 1,

T (x") = (X = lx1x] + x2x5 — y1x| — yox|
= |(xp = y)x] + (x2 = yo)x|
= |(x; = y)x] = (2 = x2)x5|
= () —y)x] — (xp =y
= |(x; = yD(] = x5)|
=1 =yl - ) = x5

< Jep =yl
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Now, consider x” = (1,0). Then
lor(x") = @y (N = 1 = il
Thus,
dpp(x,y) = sup{lei(x) — @i ()] : L) < 1) = ey = yil.
We also note that
e = yllcz = max{lx; — yil, b2 = y2l} = max{lx; — yil, ey = yil} = g =yl
as desired. ]
THEOREM 4.2. Let d = dZB’ the Bures metric, or d = dg. With the setting as above,
the quantum metric dj, and d are topologically equivalent but not metric equivalent.

PROOF. Corollary 3.7 provides topological equivalence.
Consider x = (1,0) € D-(C?). Let y = (y1,y2) € D:(C?). By Theorem 4.1,

dis(x,y) =11 =yl
Also,

dy(x.y) = N1 = TVEV3D = \[1 - V.

Now, consider the ratio

dy(xy) N1V
diy(vy) 1=yl

We have lim,, ;- 1/1 —4/y1 = 0and lim,,_,;- 1 — y; = 0. Further,

d -1 d
(1) = ——=. -(-y)=-I
! -
and
-1
R . 1 _
lim —— = lim ———— = .

yi—1- - yi—1- 4\/y—] 1_\/)}—]
Thus, by L"Hopital’s rule,

. dp(x,y)
lim — =00
n—-1 dLB(x’y)
Hence, the set
dy(x,y)
{ £ Y xyeDi(C).x # y}
dLB ('x9 y)
is unbounded, and so the metrics d and d}, are not metric equivalent. ]
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