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Quantum distinguishability measures: Projectors versus state maximization
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The distinguishability between two quantum states can be defined in terms of their trace distance. The
operational meaning of this definition involves a maximization over measurement projectors. Here we introduce
an alternative definition of distinguishability which, instead of projectors, is based on maximization over
normalized states (density matrices). It is shown that this procedure leads to a distance (between two states) that
in contrast to the usual approach based on a 1-norm, is based on an infinite-norm. Properties such as convexity,
monotonicity, and invariance under unitary transformations are fulfilled. Equivalent operational implementations
based on maximization over classical probabilities and hypothesis-testing scenarios are also established. When
considering the action of completely positive transformations, contractivity is only granted for unital maps. This
feature allows us to introduce a measure of the quantumness of nonunital maps that can be written in terms of
the proposed distinguishability measure and corresponds to the maximal possible deviation from contractivity.
Particular examples sustain the main results and conclusions.
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I. INTRODUCTION

Measuring the distinguishability between two quantum
states is a central ingredient when evaluating the performance
of any quantum information protocol. A solid basis of pro-
posals and results have been developed in recent years [1-5].
Nevertheless, due to its relevance, this issue has been period-
ically reviewed and still remains as an active area of research
[6-14].

A usual and standard definition of distinguishability relies
on the following expressions [1-5]. Given two quantum states
pa and pp in an arbitrary Hilbert space, their distinguishability
is defined as

Drn(pa, pp) = n{ﬂg}x |Tr[TT(0a — pB)]I. (D

Here, Tr[-] is the trace operation. Maximization is performed
over arbitrary projectors, I1 = T1". In general, these projectors
may have an arbitrary rank (equal or greater than one). It is
well known that the operational definition of Dr(pa, pg) is
equivalent to the expression [1]

Dri(pa, ps) = 3Trlpa — pal. 2)

Hence, Dri(p4, pp) corresponds to the trace distance between
the states p4 and pg.

Motivated by recent advances in the definition of envi-
ronment quantumness in open quantum systems [15-24], the
main goal of this paper is to introduce an alternative definition
of quantum distinguishability, providing, in addition, a full
characterization of its properties. While the standard approach
(1) relies on maximization over projectors, here we propose
to replace projectors with normalized states, that is, density
matrices.
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We find that this alternative definition can be related to
a distance based on an infinite-norm. In contrast, the trace
norm is related to a 1-norm [2]. In addition, we prove that
some general properties hold in the alternative approach. The
proposed distinguishability measure is a metric on the space
of density matrices. Furthermore, it is convex on both entries.
Monotonicity and invariance under unitary transformations
are also fulfilled. Complementarily, we show that equivalent
implementations can be defined in terms of maximization over
classical probabilities and hypothesis-testing scenarios [5,25].
We also find the conditions under which the state-based and
projector-based distinguishability measures are equal.

Added to the intrinsic theoretical and practical interest of
the previous results, we find that the alternative definition, in
contrast to the standard approach [Egs. (1) and (2)], allows
one to quantify departures from classicality of open quantum
dynamics. This quantum-classical border [15-24] is studied
by considering the action of completely positive maps. Con-
sistent with the results of Ref. [26], we find that in general,
contractivity does not hold here. Hence, the distance between
the output states could increase with respect to the distance
between the input states. The specific states and maps that
lead to maximal violation of contractivity are explicitly stated.
These results provide the basis for defining a measure that
quantifies the quantumness of dissipative (nonunital) open
system dynamics. Furthermore, a close relationship with re-
cently proposed measures of environment quantumness [24]
emerges from these analyses.

The manuscript is outlined as follows. In Sec. II, we
introduce the distinguishability measure based on maximiza-
tion over states. Its relationship with an infinite norm is
demonstrated. Equivalent operational implementations such
as maximization over classical probabilities and hypothesis-
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testing scenario are established. Furthermore, we compare the
projector and state-based measures, establishing the condi-
tions under which they are equal. In Sec. III, we study its
properties when considering the action of completely positive
maps. In Sec. IV, we study some specific examples of distance
between states and quantum maps. In Sec. V, we provide
the conclusions. Extra related results are provided in the
Appendices.

I1. DISTINGUISHABILITY MEASURE BASED
ON MAXIMIZATION OVER STATES

Here, we introduce an alternative definition of distin-
guishability. In contrast to a maximization over projectors
[Eq. (1)], it emerges from a maximization over states. Given
two quantum states p4 and pp (Tr[pa] = Tr[pp] = 1), it reads

D,(pa, pp) = max [Tr[o(oa — pB)]1I, 3)

where p is an arbitrary density matrix, Tr[p] = 1. We notice
that being a state, p has positive eigenvalues in the interval
[0,1]. Furthermore, similarly to Dy, D, is also a dimension-
less quantity.

The definition (3) can be read as a maximization over
states p of the expectation value of the “Hermitian operator”
(pa — pp). In Appendix A, we provide a general solution to
this problem (arbitrary operator A). Introducing the eigenval-
ues and eigenvectors associated to (o4 — pp),

(pa — pp)li) = &ili), 4)
the maximization in Eq. (3) leads to [see Eq. (AS)]
Dy(pa, pp) = H}gx{lcil}. 4)

Hence, D,(pa, pp) corresponds to the eigenvalue of (o4 —
pg) with maximal absolute value. In contrast, notice that
the projector-based definition [Eq. (2)] can be written as
Dr(pa, pg) = (1/2) Y, I¢i]. On the other hand, the state p
that solves the maximization in Eq. (3), while in general not
unique (see Appendix A), can always be chosen as

£ = limax) {imax|, (6)

where |inay) 1S the eigenstate of (p4 — pp) associated to the
eigenvalue with maximal absolute value, that is, max; {|Z;]}.

In order to understand the difference between D, (o4, pg)
and Dr(pa, pg), we notice that Eq. (5) can be written in the
alternative way,

D,(pa, pp) = lim /Trlps — psl*. @)

This expression allows one to read D,(p4, pp) as a distance
between states based on a infinite-norm, while D(p4, pB)
[Eq. (2)] is a distance based on a 1-norm [given an operator A,
its @-norm (o > 1) is given by |A|, = /Tr|A|*].

The proposed distinguishability measure is defined by
Eq. (3), whose explicit calculation is solved by Eq. (5). In
Appendix B, we demonstrate that D,(p4, pg) fulfills some
general properties. In particular, it is shown that it defines
a metric in the space of states, it is convex in both entries
and monotonicity for bipartite systems, and invariance under
unitary transformations are also corroborated.

A. Equivalent operational interpretations

Below we study different equivalent operational interpre-
tations of D,,.

1. Maximization in terms of probabilities

Let {|k)} be the basis where an arbitrary state p is diagonal,
p = Y, prlk)(k|. Given two quantum states ps and pg, define
P = (k|palk), and p%’ = (k|pg|k). Then, the distinguisha-

bility measure [Eq. (3)] can alternatively be written as

D,(pa, pp) = max D:(pa, ps), ®)

where the maximization is over all possible states {p}. With
pa=1{ pX‘)} and pg = { pg‘)}, we denote both sets of probabil-
ities. Their distinguishability is

De(pa, pg) = H{lgxﬂl’ff) - ry|}- ©

We notice that Eq. (8) implies that D,(p4, pp) is the dis-
tinguishability D.(pa, pp) between probabilities maximized
over all possible states p. A similar result is valid for
Dr(pa, pg) [1], but where the probabilities are defined in
terms of an arbitrary positive operator value measure [27].

Demonstration. Below we demonstrate the validity of the
operational representation defined by Egs. (8) and (9). By
using the explicit expressions of pX‘) and pg‘), it is possible
to rewrite D.(pa, pg) as

Dc(pa, pp) = H{l}g}x{Hkl(pA — pp)lk)1}. (10)
From Eq. (4), we write

(o — pp) = D _ & li)il, (11)

where {|i)} is the basis where (p4 — pp) is a diagonal matrix.
Hence, the previous expression becomes

> [kl
< max {Dm |<k|i>|2}

. 1 2
< (n}gx{lal}) n{lgxgunkn

= m{gx{ml} = Dp(pA’ pB)’

D.(pa, pp) = rr{l}fl}X{

which demonstrates Eq. (8). In fact, the equality is achieved
when the basis {|k)}, where the state p is diagonal, is the same
basis {|i)}, where (ps — pp) is a diagonal operator.

2. Hypothesis-testing scenario

Here we demonstrate that under an appropriate constraint,
D, plays the same role as Dy in a “hypothesis-testing sce-
nario” [5,25]. Let Alice prepare two quantum states p; and po,
each one with probability 1/2. Bob can perform a binary “pos-
itive operator value measure” with elements A = {Aq, Ao}
to distinguish the two states. Central for the following argu-
ments, here A is restricted to be a 1-rank projector, while Ag
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is its complement, A; + Ay = I. For example,

Ay = 1Y) {Ynl, Ao =1— Y1) {Ynl = Z i) (¥ul, (12)
i#1
where {|1;)} is a complete basis.
When the outcome 1 or 0 is obtained, Bob guesses the state
p1 or pg, respectively. Thus, the probability pg,.(A) for this
hypothesis-testing scenario is

Psuce(A) = Tr[A1p115 + Tr[Aopols
= 11+ Tr[A1(p1 — po)]},

where we have used that Ay + Ag = 1. Now, we assume
that Bob can freely choose the projectors {A, Ao} such that
Psucc(A) is maximized. The success probability with respect
to all measurements, under the constraint (12), can then be
defined as

(13a)
(13b)

1 I +max,y Tr[A (o1 — po)]
Psuce(A)= = max o (14)
2 I —minga,y Tr[A1 (01 — po)].

This expression can be rewritten as

Psuce(A) = 711 + max ITr[A1 (o1 — ,00)]|}~ (15)
Using that A, is a one-dimensional projector [Eq. (12)] and
given that the states p that maximize D, can always be chosen
as pure states [Eq. (6)], it follows that

I&wf ITr[A1 (o1 — po)ll = D, (p1, o), (16)
1

which implies that
Psuce(A) = 511+ Dy(p1, po)]- a7)

Consequently, the proposed distinguishability measure D, is
related to the maximum success probability in distinguishing
two quantum states in a quantum hypothesis-testing experi-
ment. We notice that when the rank of A can be greater than
one, the success probability psucc(A), instead of D, (o1, o), is
defined in terms of D (o1, po) [5].

B. Comparison between metrics

From the previous analysis, one can conclude that
Dri(pa, ps) and D,(pa, pp) [Egs. (1) and (3), respectively] are
intrinsically different distinguishability measures. Here, we
establish when they are equal and how they differ in general.

Both distinguishability measures always coincide when the
Hilbert space dimension dim(#) is equal to two and three,

D,(pa, pg) = Dn(pa, pp), dim(H)=2,3. (18)

Furthermore, when dim(#) > 4, the inequalities

D, (pa, pg) < Dri(pa, pg) < ND,y(pa, ps) (19)

are fulfilled, where the constant \ is
N = Int[dim(H)/2]. (20)

Int[a] denotes the integer part of real number a.
The conditions under which the equalities in Eq. (19)
are satisfied [higher-dimensional spaces, dim(7{) > 4] are

also well defined. D,(pa, pp) = Dni(pa, pg) When the eigen-
value of (ps — pp) with maximal absolute value is not
degenerate. Equivalently, this occurs when (o4 — pp) has a
unique positive (or negative) eigenvalue. On the other hand,
Dr(pa, pg) = /\/'Dp(pA, pp) when the eigenvalue of (ps —
pp) with maximal absolute value has degeneracy N

Demonstration. Below we demonstrate the validity
of Egs. (18) and (19). By wusing Eq. (11), (poa —
pg) = Y ;& li){i], the projector-based measure [Eq. (2)],
Dr(pa, pg) = (1/2)Tr|ps — ppl, can be written in terms of
the eigenvalues {¢;} of (o4 — pp) as

1 1 ny n_
Dr(pa, pp) = 7 2,: &l = 7 ;Ci(ﬂ + ]2_1: |§; )|

(2D
In the second equality, We split the addition in positive and
negative eigenvalues, {;“ }and {C( N, respectively. Further-
more, n4 and n_ count their quant1ty, respectively, ny +n_ =
dim(H) [28]. Given that Tr[(p4 — pp)] = 0, it is fulfilled that
St = P |§;_) |. Hence, straightforwardly, it follows
that

Dri(pa, pp) = Z;(“

Zw( |, (22)
i=1

On the other hand, Eq. (5) tells us that D,(pa, o) =
maxy;{|¢;|}. Consequently, when the number n or n_ of pos-
itive and negative eigenvalues is equal to one, both measures
coincide, that is,

ng=1 or n_.=1%D,=Dp. (23)

In fact, in this situation, the unique positive (or negatlve)
eigenvalue, due to the equality ) ", §i(+) = Z ity )], is
also the eigenvalue with maximal absolute value Wthh, in
turn, is not degenerate. This condition can be rephrased as
follows: when (p4 — pp) has a unique positive (or negative)
eigenvalue, then D,(p4, pp) = Dn(pa, pp)-

The previous condition [Eq. (23)] is always fulfilled when

dim(H) = 2, where ny =n_ = 1. The same occurs when
dim(H) = 3 because it can only occur that ny =2, n_ =1
or, complementarily, n, =1, n_ = 2. The same occurs if

there is a null eigenvalue, which implies ny =1, n_ = 1.
Consequently, Eq. (18) is established.

For Hilbert spaces with dim(#H) > 4, the equality of
D,(pa, pp) and Dri(pa, pp) is not valid in general, but acci-
dentally it occurs when ny = 1 or n_ = 1. On the other hand,
from Eq. (22), it follows that Dri(pa, p) < nymax{|&]} =
nyD,(pa, pp), where ny is the number of positive or negative
eigenvalues and s = %1 gives the sign of the eigenvalue with
maximal absolute value. Given that Y7+ ¢ = p 1z,
the maximal possible value of n; is N = Int[dlm(H) /2] [29].
These results lead to the upper constraint in Eq. (19). It is
achieved when the eigenvalue with maximal absolute value
has degeneracy N. Thus, the conditions under which the
equalities in Eq. (19) are fulfilled are established.

ITII. CONTRACTIVITY UNDER QUANTUM OPERATIONS

Here, we characterize the behavior of D, under quantum
operations. Since it is based on an infinite norm [see Eq. (7)],
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from Ref. [26], we can anticipate that contractivity is not ful-
filled here. The alternative analysis developed below allows us
to establish the states and maps that lead to maximal violation
of contractivity, which further leads to the formulation of a
quantumness measure for nonunital maps.

First, we notice that given a trace-preserving com-
pletely positive map, p — £(p), the projector-based measure
[Egs. (1) and (2)] always satisfies contractivity [1],

Dr(Elpal, Elpl) < Dulpa, pp). (24)

Hence, the distance between two states can never increase
under the action of the map £. For the state-based mea-
sure [Egs. (3) and (5)], when the Hilbert space dimension is
dim(H) = 2 and dim(H) = 3, we find that

D, (Elpal. Elp]) < Dy(pa, pp). (25)

This result follows straightforwardly because, with this
dimensionality, D,(p4, pg) = Dn(pa, pg) [Eq. (18)]. In addi-
tion, contractivity [Eq. (25)] is always satisfied if £ is a unital
map, that is, when £[I] =1 (I is the identity operator). For
nonunital maps, £[I] # I, and for higher-dimensional spaces
[dim(H) > 4], it is possible to obtain

D,(E[pal, ELps]) < CD,(pa, pB). (26)
The constant C is bounded as
1 <C < dim(H), 27

implying that standard contractivity is not fulfilled in general
(C # 1). Furthermore, C can be written as

C = max Tr[Vg p] = max{vy}. (28)
{r} {k}

The positive definite operator Vg reads

Ve =Ell =) VoV, = ulk)(kl, (29)
o k

where {v;} and {|k)} are the corresponding eigenvalues and
eigenbasis. Thus, C is the largest eigenvalue of the operator
Ve. On the other hand, the set of operators {V,} defines the
Kraus representation [1] of the map £ and its dual £, the
latter being defined by the relation Tr[AE[p]] = Tr[pE*[A].
Explicitly,

Elpl =) VapVy. Eflpl=) VipVe.  (30)

Notice that trace preservation implies Y, V.'V, = I.
Demonstration. First, we notice that Vg = E[I] =
dim(H)E[/ dim(H)]. Consequently, Tr[Vg] = dim(H) =
>« Uk, Which, for nonunital maps, supports the inequality
(27). Furthermore, considering unital maps, Vg — I (which
implies vy = 1 Vk) leading to C — 1.
Based on the definition (3), we write

D, (Elpal. Elps]) =max ITr[p(ELpal — ELpsDII
= max |Tr[p&lpa — p&lll
{p}
= max ITr[E¥[p1(oa — o]

= max (Tr[E* 1N Trlpe (pa—pp)]D),  (31)

where we have used that Tr[£[p]] > 0 and defined the state

E*p]

—_— 32
TrE o] (52)

pe = pelpl =

Given that pg¢ is a positive definite operator with unit trace, the
second factor in the last line of Eq. (31) fulfills |Tr[pg(0a —
p8)]ll < D,(pa, pp), leading to the inequality

D, (Elpal, ElpsD) < (I?ngr[E#[p]])Dp(pA, ps).  (33)

From here, we recover Eq. (26) with

C=?§nwﬁmy (34)
o

Using the Kraus representation [Eq. (30)], the cyclic prop-
erty of the trace operation, and the maximization defined in
Appendix A, this last expression recovers Eq. (28).

A. Maximal departure from contractivity

Given a nonunital map &, the inequality (26) implies that
there may (or may not) exist states p4 and pp such that the
usual contractivity is violated. Taking into account that the
states that maximize the definition of D, [Eq. (3)] can always
be chosen as pure states [see Egs. (6) and (16)], we expect that
contractivity is not fulfilled for states (o4 and pg) whose purity
is increased by the map. Nevertheless, this relation is not valid
in general (over the complete set of possible input states). On
the other hand, here we analyze the conditions under which
maximal departure could be achieved, D,(E[pal, Elppl) =
CD,(pa, pB)-

Taking into account the last line of Eq. (31), the equality
in Eq. (26) is fulfilled when the state p™* that maximizes
the definition of D,(p4, pg) can be written as o™ = pg[py]
where p, is the state that maximizes Eq. (34). The state p,
can always be chosen as the projector (or mixed state) as-
sociated to the space spanned by the eigenstate of Vg with
maximal eigenvalue [Eq. (28)] (Appendix A). Due to the
action of £* [Eq. (32)], pe is, in general, a mixed state.
Consequently, maximal departure can be reached under the
following conditions: (i) The eigenvalue of (ps — pp) with
maximal absolute value must be degenerate such that p™#*
can be chosen as an arbitrary statistical superposition (mixed
state) of the corresponding eigenvectors (Appendix A). (ii)
The equality p™* = pg[p,] must be fulfilled.

B. Witnessing maximal violation of contractivity

For an arbitrary map &, the previous conditions could not
be fulfilled. In such a case, maximal violation of contractivity
is not observed. In contrast, here we demonstrate that by
adding a passive ancillary system, maximal departure from
contractivity is always achieved.

For simplicity, the ancilla is taken as a two-level system
with associated basis of states {|£)}. The map is extended to
the “system-ancilla” Hilbert space as

E=€E®1, (35)
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where [, is the identity operator for the ancilla system. Fur-
thermore, we consider the states

pA = dlm—(H) ® [+){+|, pp= dim(H) ® [—){—I|. (36)
Therefore, it is simple to obtain
~ ~ 1
Elpal = Elppl = —=Ve Q (|H)(+] — |=)(=D), (37)

dim(H)

where we have used that £[I] = Vg. From the previous
two expressions, it follows that D,(p4, pg) = 1/dim(H)
and D,(E[pal, E[psl) = C/dim(H), where C is defined by
Eq. (28). Consequently,

D,(Elpal, ElpB]) = CD,(pa, pB). (38)

Consistently, the previously defined conditions (i) and (ii)
are satisfied. Furthermore, in agreement with the quali-
tative argument based on the purity of the states, here
Tr[(E[pal)’] + Tr[(€1p))*] > Trlp;] + Tr[pj]. On the other
hand, f0r~the same states [Eq. (36)], we have Dri(p4, pg) = 1
and Dri(E[pal, Elpp]) = Tr[Vel/ dim(H) = 1.

It is important to notice that the states p4 and pp that
lead to the previous result are not unique. In fact, un-
der the replacements ps — (1 — w)os, + wps and pp —
(1 — w)ose + wpp, where 0 < w < 1 and gy, is an arbitrary
system-ancilla state, one again arrives at the equality (38).

C. Quantumness of nonunital maps

The classicality, or complementarily the quantumness, of
a given open system evolution can be tackled from different
perspectives [15-24]. Consistent with Refs. [15,24], here a
map p — E(p) with the structure

E(p) =) pUepU], (39)

where U, is a unitary transformation and whose weigh is p,,
is read as a classical one. In fact, this structure can always
be implemented without involving any quantum feature of
the environment. Notice that all maps that admit this classi-
cal interpretation are also unital (the inverse implication in
general is not true; see, for example, [30]). Consequently, in
contrast with Dry, the lack of contractivity of D, witnesses
the nonclassicality of nonunital maps. This property allows
us to introduce a degree of map quantumness M, which
gives one the main supports of the present approach. Given
that the constant C measures the maximal departure from
contractivity, M is defined as

Mop=C—-1= rr{la}x ITr[E¥[p]] — 1], (40)
0

where the equality is based on Eq. (34). Furthermore, it is
bounded as 0 < My < dim(H) — 1.

Using the relation between a map and its dual, Eq. (40) can
equivalently be rewritten as

My
dim(H)
where p; = [/ dim(#H) is the maximal mixed state. This equal-

ity explicitly shows the role of D, in the present definition.
Furthermore, it allows one to understand the scheme that

:D,o(g[pl]v 101)7 (41)

permits its determination [Eq. (38)]. In fact, the states (36)
involve the (system) maximally mixed state. They lead to
maximal departure from contractivity but, in addition, they
lead to My = 0 [Eq. (41)] when the map is unital.

Even when D, is contractive when dim(H) =2 and
dim(H) = 3, Mg can be determined in these cases because
the extra ancilla leads to a higher-dimensional space (see
Sec. IV C). With this dimensionality, the constant C must be
read from the general expression (28). On the other hand, we
remark that M, also applies to time-dependent open system
dynamics after identifying the map £ with the propagator of
the system density matrix. Equation (41) also recovers the
degree of environment quantumness introduced in Ref. [24]
when studying continuous-in-time evolutions characterized
by a unique stationary state [see analysis below Eq. (48)].

IV. EXAMPLES

Here we characterize the proposed distinguishability mea-
sure for some particular quantum states. In addition, its
behavior under different completely positive maps is studied
in detail.

A. Particular cases

(a) When both states are pure, ps = |¥a)(¥al, o =
|¥g) (s, from Eq. (3) we get,
D, (pa, pg) = max {¥alpl¥a) — (Wslol¥e)l. (42)

This expression can be solved after calculating the eigen-
values ¢ defined by (pa — pp)l¥) = C|¥), where |¢) =
alya) + blyg). We get & = £4/1 — |(Y¥a|¥p)|2. The rest of
the eigenvalues, { = 0, correspond to eigenvectors that are
perpendicular to the plane spanned by [¥4) and |{). Thus,
from Eq. (5), it follows that

D,(pa, pg) = v 1 — [(Yalvp) % (43)
Given that Dri(pa, pg) = v/ 1 — [(¥al¥g) > [11, D, (pa, pB) =

Dri(pa, pp)- In fact, (p4 — pp) has a unique positive (nega-
tive) eigenvalue [see Eq. (23)].
For orthogonal states, Eq. (43) leads to

(Val¥s) = 0,= Dy(pa, pg) = 1. (44)

Nevertheless, the inverse implication is not valid, that is,
D,(pa, pg) = 1 does not imply that p4 and pp are pure states.
Take, for example, ps = |Ya) (Val and pg = Y, wi W) (WA,
where the positive weights are normalized, Zk wi = 1, and
(WhlWa) = 0 VK.

In general, it is simple to realize that D,(pa, pp) = 1 if and
only if p4 and pp have support on orthogonal subspaces and
pa or pp is a pure state. Instead, Drj(pa, pp) = 1, whenever
pa and pp have support on orthogonal subspaces.

(b) Here we consider two qubit states,

pa=1/D)A+a-0), pp=1/2)A+p-0), (45)

where « and S are the Bloch vectors and o is the
vector of Pauli matrices. Then, p4 — pp = (1/2)(a — B) -
o =(1/2)|la — Bl(n- o), where n =(o — B)/|a — B]. Given
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that the eigenvalues of (n - o) are %1, it follows that

D, (pa, pp) = %l — BI. (46)

In an alternative way, this result explicitly confirms that when
dim(#) = 2, both measures coincide: in fact, D,(p4, pp) =
Drn(pa, pg) = (1/2)|a — B| [1].

(c) Now we consider that one of the density matrices is
the maximally mixed state. Under the replacements py —
0, where o is an arbitrary density matrix, and pp — pr =
I/ dim(H), from Eq. (5), we get

il
- , (47)
dim(H)

where {};} are the eigenvalues of po. This expression can be
rewritten as

D, (o, p1) ZH}%XHM

1 .
D,(0, p1) = Timcag, max (D, D), (48)

m(H)
where the coefficients are

D™ = dim(H) max{r;} — 1, (49a)

(49b)

Here, max{A;} and min{}A;} are the maximal and mini-
mal eigenvalues of o. These expressions recover the degree
of environment quantumness Dy introduced in Ref. [24].
With the present notation, it can be written as Dy =
dim(#H)D,(Poo, p1), Where poo = lim,_, o p; (disregarding a
technical time-inversion operation) is the system stationary
state. Under the identification p,, — E[p1], this last expres-
sion for Dy assumes the structure of Eq. (41).
(d) Take both density matrices as diagonal ones, with

pa = (1/10)diag(5, 2,2, 1},
pp = (1/4)diag{1, 1,1, 1}.

Given that pp is the maximally mixed state, p4 can be read
as an arbitrary quantum state written in its eigenbasis. We
notice that (p4 — pg) only has one positive eigenvalue. This
eigenvalue is not degenerate and coincides with the eigenvalue
with maximal absolute value. Thus, both measures [Egs. (2)
and (5)] coincide. In fact,

D,(pa, pg) = Dn(pa, pp) = 0.25. (50)
(e) Instead, taking
pa = (1/10)diag{5s, 3, 1, 1},
pp = (1/4)diagf{1, 1, 1, 1},

it follows that ps — pp has two positive and two negative
eigenvalues. In this case, both measures differ [Eqs. (2) and
(5)]. We get

D, (pa, pp) = 0.25 < Dri(pa, pp) = 0.3. GD
(f) In this example,
pa = (1/10)diag{4, 4, 1, 1},
pp = (1/4)diag{1, 1, 1, 1}.

Hence, ps — pp has two degenerate positive eigenvalues, as
well as two degenerate negative eigenvalues. In this case,
both measures differ [Eqs. (2) and (5)]. It is fulfilled that

Dg‘i“ = 1 — dim(H) min{x;}.

0.0 r T r r 0.0 T T T T
0.0 02 04 06 08 10 0.0 02 04 06 08 10
S S

FIG. 1. Distances between the quantum states defined by
Eq. (53). The full lines correspond to D,(pa, pg), the dashed lines
to Dri(pa, pg), while the dotted lines correspond to 2D,(pa, o).
The figures show the dependence with the parameter s associated
to pp. The left and right panels correspond to » = 0.1 and r = 0.5,
respectively, where r is the parameter associated to p4.

0.15 = D,(pa, pg) < Dr(pa, pp) =0.3. In addition, the
eigenvalue with maximal absolute value has degeneracy equal
to two. Consistently with Eq. (19), it is fulfilled that

Dri(pa, pp) = 0.3 = 2D, (pa, pB)- (52)
(g) Here we take the quantum states
(53a)
(53b)

pa = 3L +ro.) ® 3(L + roy),
pp = 14 + 50, ® 03),

where the parameters are constrained as 0 <7 < 1 and 0 <
s < 1. The dimensionality of the identity matrix / is denoted
with its subindex. Furthermore, o; are the Pauli matrices.
We notice that while p4 (a separable state) is diagonal in
the natural basis, pp is diagonal in the Bell basis. The four
eigenvalues of (ps — pp) are {¢;} = (1/4){(£s — r?), (rr +
~/4r? + s?)}. Hence, D,(pa, pg) and Dr(pa, pp) follow from
Egs. (5) and (22), respectively. After some algebra, we find
that D,(pa, pg) = Dn(pa, pp) if s < . In Fig. 1, we plot
both distinguishability measures as a function of s for two
different values of r. Consistently, the behaviors confirm both
the inequalities (A = 2) and equalities defined by Eq. (19).

B. Depolarizing maps

Depolarizing maps (in any Hilbert space dimension) can be
defined as

p — Eylpl =wp + (1 —w) (54)

I
dim(H)’
where 0 < w < 1. Given that this map is unital [1], our
previous analysis guarantees that contractivity is fulfilled
[Eq. (25)]. In fact, by writing ps — pp = Y_ &) {il, it follows
that E[pal — Elpp]l = w(pa — pp) = w Y_&li)(i|. Given that
w|&;| < |& Vi, using Eq. (5), it follows that

D,[Ew(pa), Eu(pp)] < Dy(pa, pB), (55)

where  D,[&,(pa), Eu(pp)] = wmaxg{lg]}, while D,
(pa, pp) = max{1&i1}.

C. Zero-temperature qubit map

A qubit system coupled to a zero-temperature reservoir can
be described by the map E[p] = Vo,oVOT +Vi ,OV]T, with Kraus
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operators

(JT=7 0 (0 0
(5T Y (G Y

where y € [0, 1]. The action over an arbitrary state p is

_(p ¢ _(d=y)p JT—vyc
P—(C* q)%g[,@]—(mc* C]+)/p>’ (57)

where p and g denote populations, while ¢ denotes coherence.
Notice that the parameter y gives the probability for a transi-
tion from the upper to the lower level, [+) — |—).

Consistent with the trace-preservation property, it is ful-
filled that Vo + V| Vi = I. On the other hand,

0

1—
5[1]=v0v0*+v1vﬁ=< o 14y

) #1. (58)
Thus, the map is not unital (also nonclassical). Nevertheless,
given the system dimensionality, dim(H) = 2, contractivity
must be fulfilled [Eq. (25)]. This property is corroborated in
Appendix C.

Here we study the two qubits map,

E=E,Q6&, (59)

where the maps &, and &, are defined by the Kraus operators
(56) under the replacements y — y, and y — y,, respec-
tively.

Instead of proposing a set of states p4 and pp, we write
their difference (p4 — pp) in its proper eigenbasis as

x 0 0 0
0 0 0
A=pa—ps=[gy ¢ z 0 (60)

00 0 —(x+y+2)

Under appropriate constraints on these parameters [eigenval-
ues x, y, zand —(x +y +2)],

I<L <1 <l x+y+zi<1, (6l
jointly with
k+yl<1l, Ix+zI<1, Iy+z <1 (61b)

the matrix A represents a difference of two arbitrary density
matrices (see derivation in Appendix D). From its defini-
tion (5), the distance between the input states [D,(p4, pp) =
D,(A)]is

D,(A) = max{|x|, [yl |z, |x +y + z[}. (62)

In order to solve the action of the map on the difference
of states, A, we need to explicitly specify the basis where it
is diagonal. For simplicity, we take the same basis where the
Kraus operators are defined, {| + +), | + =), | — +), | — —)}.
In this case, the application of the map (59) over A leads to a
diagonal matrix £[A], whose four elements are

E[A]+ = (A = v — yp)x, (63a)
E[AL— = (1 = va)(xys + ), (63b)
E[A]-+ = (1 = vp)(xya + 2), (63¢)
E[A]— = —(1 = yavp)x — (1 = ya)y — (1 — yp)z.  (63d)

FIG. 2. Witness W [Eq. (65)] for the two qubit map (59) as a
function of (x, y) and fixed z [Eq. (60)]. The map parameters are y, =
1/2 and y, = 1/4. The horizontal full line corresponds to the level
curve W = 0. The gray plane corresponds to the domain of (x, y)
given that here, z = 0.5.

We notice that here the symmetry under interchange of sub-
systems, a <> b, is consistently fulfilled under the parameter
changes y, <> yp and y <> z. The distance between the output
states, from (5), can be written as

D,(E[A]) = r{na;}({IE[A]m/l}, s==41, s ==+1. (64)

Both D,(A) and D,(E[A]) [Egs. (62) and (64)] depend
on (x, Yy, z). This dependence labels different possible states
pa and pg. In order to quantify the violation of (standard)
contractivity [Eq. (26)], we introduce the (dimensionless) wit-
ness,

D,(pa, pg) — D,(Elpal, ELpB])
D,(pa, pp)(C —1)

If W > 0, the usual contractivity is fulfilled. Whenever W <
0, the usual contractivity is not fulfilled. When W = —1, the
maximal violation of contractivity is achieved. In fact, in this
case, D,(E[pal, Elprl) = CD,(pa, pp). Furthermore, notice
that W = W (x, y, z) where D,(pa, pg) = D,(A) [Eq. (62)]
and D,,(€[pal. Elpp]) = D,(E[A]) [Eq. (64)].

For the bipartite map (59), the constant C, from Egs. (28)
and (58), is

W= (65)

C=0+y)1+y) <4 (66)

Consistent with our definitions [Mg = C — 1; see Eq. (40)],
classicality is only achieved when y, = y, = 0, which re-
duces the map [Eq. (59)] to the identity.

In Figs. 2 and 3, we plot the contractivity witness W as a
function of (x, y) and fixed z. Given z, the domain of the (x, y)
variables corresponds to the surface defined by z = const in
the three-dimensional body defined by Eq. (61) (see Fig. 4 in
Appendix D).

In Fig. 2, the map parameters [Eqs. (57) and (59)] are y,, =
1/2 and y, = 1/4. Furthermore, we take z = 0.5. Depending
on the values of (x, y), we observe a transition between con-
tractivity (W > 0) and its violation (W < 0). Furthermore, we
observe that the limit of maximal departure from contractivity
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FIG. 3. Witness W [Eq. (65)] for the two qubit map (59) as a
function of (x,y) and fixed z [Eq. (60)]. The map parameters are
Y. = 1/2 and y,, = 0. The horizontal full line corresponds to the level
curve W = 0. The gray plane corresponds to the domain of (x, y)
given that here, z = 0.3.

is not achieved (W # —1). We checked that these properties
remain the same when considering other possible values of z.

In general, the dependence of W on (x,y,z) defines a
complex landscape. It may include regions where W is con-
stant or even develops nonsmooth nonderivable behaviors.
These features are inherited from the expressions for the input
and output distances, Eqs. (62) and (64), which involve a
maximization associated to the definition of D,. Given this
feature, in general, it is not easy or even possible to infer
(analytically) general properties of W as a function of the
underlying parameters, here y, and y,. Nevertheless, for this
example, it is possible to check the following properties.

Assuming that y, < y,, the witness W = W(x, y, z) as-
sumes its minimal value,

2Ya
Wain=1— ——-—7——, (67)
(Ya + Vo + Va¥s)
when x = z, y = —z and arbitrary z in its domain. For this

choice, its domain is |z] < 1/2 [see Eq. (61)]. From the ex-
pression of Wy, it follows that when

Ya
< —5
1+ )

there exist input states [values (x, y, z) = (z, —z, 2), With z #
0] where contractivity is not fulfilled (Wi, < 0). The param-
eters of Fig. 2 are in this regime, where Wy, = —0.14 at
x=0.5, y=-0.5 z=0.5.

From Eq. (67), it follows that maximal departure (Wi, =
—1) can only be achieved when y;, = 0. Hence, the subsystem
b can be read as the passive ancillary system associated to
the scheme of Sec. III B, which allows one to determine the
quantumness of the two-dimensional qubit map [Eq. (57)],

C=0+v), Mo=va (69)

In Fig. 3, we check this regime. The map parameters are
Yo = 1/2, yp = 0. Furthermore, z = 0.3. Consistently, when
x=0.3, y=-0.3, W = —1 is achieved. Here, the degen-
eracy of the value of z for getting W = —1 [(x,y,2) =
(z, —z, 2)] can straightforwardly be related to the nonunique-

Ve (68)

ness of the states that achieve maximal departure in the
proposed scheme (Sec. III B). Explicitly, here the states can
be taken as p4 = (1 — 2[z])oas + |2|(2 ® |[+)(+]) and pp =
(1 = 2|zDoas + 1z|(la ® |—){(—|), where g4 is an arbitrary
density matrix for two qubits. Hence, ps — pp (jointly with
pB — pa) recovers Eq. (60) withx = —y = z.

V. SUMMARY AND CONCLUSIONS

We have introduced an alternative distinguishability mea-
sure between quantum states. In contrast to the standard
definition based on maximization over projectors, the pro-
posed measure relies on a maximization over states [Eq. (3)].
This operation can be explicitly performed [Eq. (5)], which
allowed us to demonstrate that the proposed measure is a
metric in the space of density matrices based on an operator-
infinite-norm. In addition, it was shown that properties such
as convexity, monotonicity in bipartite Hilbert spaces, and
invariance under unitary transformations are also fulfilled.

Similarly to the usual projector-based definition, different
operational interpretations of the proposed distinguishability
measure have been established. It can be read as a maxi-
mization over states of a distance between probabilities, each
one being associated to each input state [Eq. (8)]. The distin-
guishability measure also defines the probability of success
in a hypothesis-testing scenario [Eq. (17)] where a state is
guessed in terms of a measurement process consisting of a
1-rank projector and its complement [Eq. (12)].

The projector- and state-based definitions are equal when
the Hilbert space dimension is two or three [Eq. (18)].
For higher-dimensional spaces [Eq. (19)], the relationship
between both objects depends on the eigenvalues of the dif-
ference of states. When the eigenvalue with maximal absolute
value is not degenerate, both measures coincide. When this
eigenvalue has maximal degeneracy, the state-based definition
achieves its minimal value with respect to the projector-based
definition.

In contrast to other distances in Hilbert space, we demon-
strated that the proposed measure is able to quantify the
quantum character of dissipative open system dynamics. This
result relies on the contractivity properties of the proposed
measure. For unital maps, contractivity is always satisfied,
while for nonunital maps, violation of contractivity is ex-
pected, meaning that there could be states such that their
distance increases after application of the map. It was shown
that maximal violation of contractivity is always achieved
when expanding the map to an extra ancillary Hilbert space
without dynamics [Eqs. (35) and (38)]. The quantumness
measure for nonunital maps is defined by the constant asso-
ciated to this scheme which, in turn, can be written in terms of
the proposed distinguishability measure [Eqs. (40) and (41)].

We have studied some particular cases and examples that
sustain the main results and conclusions. The proposed mea-
sure may find applications in quantum information tasks
as well as in the characterization of open quantum system
dynamics. In particular, given that dissipative nonclassical
(quantum) system-environment interactions lead to nonunital
dynamics, the present measure plays a central role when char-
acterizing this quantum-classical border.
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APPENDIX A: MAXIMIZATION OVER STATES
OF AN OPERATOR EXPECTATION VALUE

Let A be an arbitrary Hermitian operator, A = A'. Define
its maximized expectation value by

(A)max = max [Tr[pAll, (AD)
o

where the maximization is performed over positive-definite
normalized density matrices, Tr[p] = 1. Introducing the

eigenbasis {|i)} of the operator A,
Ali) = Aqli), (A2)

where {A;} are the corresponding eigenvalues, it follows that

> kalilol) D ib

Here, P; = (i|pli), 0 < P; < 1. Using the triangular inequal-
ity (la + b| < |a| + |b]), it follows that

D NP,
i

where maxg;(|A;]) is the eigenvalue of A with maximal abso-
lute value. Using that ), P, = 1, we obtain

(A)max = H}%X(M:D

. (A3

(A)max = max = max
{r} {P}

< AP < max(|a; P, A4
Z| | < max(| |>Z (A4)

(A5)

Hence, (A)max is the eigenvalue of the operator A with maxi-
mal absolute value. On the other hand, we notice that (A) .« =
0 & A = 0. Both implications follow straightforwardly from
Egs. (A1) and (AS), respectively.

The state p that achieves the maximal value in the defi-
nition (A1) can always be chosen as p = |imax) (imax|, Where
limax) 1S the eigenstate associated to maxg;(|2;]). If this eigen-
value (with a given sign) is degenerate, p can be taken as an
arbitrary mixed state over the corresponding subspace. On the
other hand, if there exists a subspace with null eigenvalues,
{Ax = 0}, the demonstration remains the same because ) ; P,
can always be normalized to one on the subspace with non-
null eigenvalues.

APPENDIX B: GENERAL PROPERTIES OF D,

The distinguishability measure D,(p4, op) fulfills some
general properties whose formulation and demonstration are
provided below.

(a) D,(pa, pg) is positive and bounded,

0< Dy(pa, pp) < 1. (B1)

This results follows from Eq. (5) after noticing that
Eq. (4) implies that (i|(pa — pp)li) = (ilpali) — (ilpsli) = &,
which is a difference between two populations leading to
-I<&G< L
(b) D,(pa, pg) is null if and only if p4 = pp,
D,(pa, pg) = 0 & pa = pp. (B2)
Both implications follow from Egs. (3) and (5).
(c) D,(pa, pp) is a distance or metric in the space of den-
sity operators, that is, in addition it satisfies
Dy(pa, pc) < Dy(pa, p8) + Dp(ps, po), (B3)

the triangular inequality.
Demonstration. By its definition [Eq. (3)], there exists a
state p™¥* such that

Dy(pa, pc) = |Te[p™ (pa — po)l
= |Tr[p™ (pa — pB)] + Tr[ 0™ (o — pc)]I
< Te[p™ (oa — pp)]| + [ Tr[ 0™ (08 — pc)]|
< Dy(pa, p) + Dy(pB, pc),

establishing that D,(pa, pp) is a metric. The inequality in the
third line relies on the usual triangular inequality (Ja + b| <
lal + |B]).

(d) Given a set of positive normalized weights, ) ", p; = 1,
convexity is

Dp(zpipis ZPiUi) <Y piD,(pi o), (B4)
i i i

where the sets of states {p;} and {o;} are arbitrary ones. In the
case in which o; — o, it follows that

Dp(Zpip,», a) <D piDy(piy o). (BS)

Thus, D,, is convex in both entries.
Demonstration. By its definition, there exists a state p™**
such that

D, ( Z PipPi, Z Pi@') =

Tr {pm‘”‘ > piloi — 0{)} '

Y piTr ™ (o — o)

<D pilTrlp™ (pi — 01|
< ZP:‘ max [Trlp(pi — o)
i

=Y piDo(pi. 01).
i

where the triangular inequality was used in the third line. The
demonstration of Eq. (B5) is the same as that before, replacing
o; — o and using that ), p; = 1.

(e) In a bipartite Hilbert space with subparts a and b,
monotonicity is

Dp(pav aa) < Dp()oabs O‘ab)s (B6)

where p, = Trp[pap] and o, = Trploys].
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Demonstration. There exists a state o' that leads to max-
imization,
D (pav Ga) - |Tra[ maX(Pa - O'a):”
= |Traw[ (02" © Ib) (Pab — Ous) ]|
< max ITrap[p(0ab — Oap)]l
= Dp(pabs Oub)

where, consistently, p (in the third line) is an arbitrary bipar-
tite state.
(f) Invariance under unitary rotations,

D,(UpaU',UpgU"Y = D,(pa, pB), (B7)

where UU™ = I. This result straightforwardly follows from
the definition (3) after using the cyclic property of the trace
and noting that U pU is also an arbitrary state.

APPENDIX C: CONTRACTIVITY OF THE

ZERO-TEMPERATURE QUBIT MAP

Given two arbitrary states p4 and pp, their difference is
denoted as (see, also, Appendix D)

1) éc
AEM-@zQﬁ 49. (el

The eigenvalues of A are £,/8p? + |8c|?. Consequently,

= /8p? + |8c|?. (C2)

The action of the map on the difference of states A, from
Eq. (57), is

D,y[A]

_ (U =v¥p J1=ydc
ISR (v = e B

The eigenvalues of E[A] are /(1 — ¥)28p% + (1 — y)|8c|.
Consequently,

DEAN = V(T =) V(1 = y)8p> + 8¢ (CH)
From Egs. (C2) and (C4), it follows that

D,[E[A]l €< D,[A]. (&%)

As expected, the usual contractivity [Eq. (25)] is fulfilled for
any input state.

APPENDIX D: SPACE ASSOCIATED TO DIFFERENCE
OF QUANTUM STATES

Here we establish how to parametrize, in a general way, the
difference between two density matrices. Given two states pa
and pg, define

A = pa — ps. (D1)

Hence, instead of p4 and pg, the goal is to parametrize A in an
independent way. Written in terms of the eigensystem (o4 —
op)|i) = &li), it follows that

A=) gl

(D2)

Thus, A can be characterized in terms of an arbitrary ba-
sis {|i)} and the eigenvalues {¢;}. Given that Tr[A] = 0, the
addition of the eigenvalues must vanish. Furthermore, each
eigenvalue must be in the interval [—1, 1], that is,

dim(H)

Z i =0,
i=1

where dim(H) is the dimension of the Hilbert space. Added to
these conditions, the sum of an arbitrary number of eigenval-
ues also must be in the interval [—1, 1]. This condition can
be explicitly written by introducing the vector of eigenval-
ues ¢ = (¢1,¢1, ..., &) and the vector b = (by, by, - -+ , by),
whose components are b; =0 or b; = 1. Thus, it must be
satisfied that for all vectors b [b # (1, 1, ..., 1)],

G < 1, (D3)

dim(H)

Z Gebi| <1
=1

We notice that the condition |¢;| < 1 is recovered when b
is the canomcal basis, by = §;;. On the other hand, the con-

[ -b| = (D4)

d1t10n Z ;, =0 can be written as |¢ -b| =0, where
=(,1,...,1).
Demonstration. The previous conditions [Egs. (D3)
and (D4)] can be derived as follows. Straightforwardly,

the condition Tr[A] =0 implies that the eigenvalues
fulfill Zi ¢ = 0. On the other hand, given A, there must
exist states p and o such that A + o = p. Taking matrix
elements in the basis {|i)} associated to A, it follows that
(i|AlQ) + (ilo]i) = (i|p]i). Given that 0 < (i|pli) <1 and
0 < (ilo]i) < 1, using that (i|Ali) = g, it follows that |¢;] <
1 [Eq. (D3)]. Furthermore, the addition of an arbitrary number
of diagonal components must be less than one. For example,
({|Ali) + (k| Alk) + (llGIl) (klo|k) = (l|p|l> (klplk) <
1. In general, B b k) ALk —|—Zk ) bik|o k) =
S by (ke plk) < 1 whlch leads to Eq. (D4).

FIG. 4. Domain of the parameters (x, y, z) that set the eigenval-
ues of the difference of states A = p4 — pp defined by Eq. (D5)
(four-dimensional Hilbert space). The constraints on (x,y, z) are
defined by Egs. (D6) and (D7).
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Four-dimensional case. Below, we characterize the dif-
ference of states, A, in a four-dimensional space. The basis
where it is diagonal remains unspecified. Thus, we write

A = ps — pp = diag{x,y, z, —(x +y + 2)}. (D5)

The condition Tr[A] = 0 is automatically fulfilled. Further-
more, the condition Eq. (D3) on the eigenvalues, here denoted

as x, y, z,and —(x 4+ y + z), is satisfied under the conditions

X <1, PpI<1, [zI<1, |x+y+zI<1l. (D6)
In addition, Eq. (D4) leads to the extra constraints,
x+yl <1, x4z <1, |Jy+z <L (D7)

The inequalities (D6) and (D7), in the space defined by
(x,y, z), define a three-dimensional body with 14 faces. It is
plotted in Fig. 4.
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