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Abstract

We study the probability measure on the set of density matrices induced by the
metric defined by using superfidelity. We give the formula for the probability
density of eigenvalues. We also study some statistical properties of the set of
density matrices equipped with the introduced measure and provide a method
for generating density matrices according to the introduced measure.

PACS numbers: 03.65.—w, 02.10.Yn, 45.10.Na
1. Introduction

Recent applications of quantum mechanics are based on processing and transferring
information encoded in quantum states. Random quantum states can be used to study various

effects unique to quantum information theory [1]. This is especially true if one needs to obtain
some information about the typical properties of the system in question [2]. In many cases,
it is important to quantify to what degree states are similar to the average state or how, on
average, a given quantity evolves during the execution of a quantum procedure. The crucial
question emerging in this situation is how one should choose a random sample from the set of
quantum states.

The aforementioned question can be answered easily in the case of pure quantum states.
In this situation there exists a single, natural measure for constructing ensembles of states,
namely the Fubini—Study measure. The situation is more complex in the case of mixed quantum
states. The probability measure can be introduced using various distance measures between
quantum states [2]. By choosing the metric we also choose the probability measure on the
set of density matrices. Among the most commonly used metrics we can point out the trace
distance, Hilbert—Schmidt distance and Bures distance.

In the analysis of mixed quantum states, Bures distance is the most commonly used metric
among the ones mentioned above. It has many important properties [2]. In particular, it is a
Riemannian and monotone metric. On the set of pure states it reduces to the Fubini—Study
metric [3] and induces the statistical distance in the subset of diagonal density matrices [4].

The main aim of this paper is the analysis of the probability measure on the set of density
matrices induced by the metric defined in terms of superfidelity [5]. We calculate the formula
for the probability density of eigenvalues and study some properties of the set of quantum
states equipped with the introduced measure. We also provide a method for sampling random
density matrices according to the introduced distribution.
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This paper is organized as follows. In section 2, we introduce notation and basic facts
used in the following sections. In section 3, we calculate the volume element for the measure
generated by the metric based on superfidelity and compare it with the analogous metric based
on quantum fidelity. In section 4, we provide a formula for a probability density function on a
simplex of eigenvalues. We also calculate the normalization constant in the low-dimensional
case. In section 5, we provide a method for sampling density matrices according to the
introduced measure. Finally, in section 6 we provide a summary of the presented results.

2. Preliminaries

Let use denote by My the set of density matrices of size N, i.e. N x N positive-semidefinite
matrices with unit trace. The set My forms a convex set in the real space of Hermitian
matrices of size N. By A we denote the simplex of eigenvalues, i.e. A = {A eRYV: A >0,
Zi‘vzl A= 1}

For two density matrices p, 0 € My, Bures distance can be defined in terms of quantum
fidelity [3] as

dg(p,0) =/2—-2/F(p,0), (D

where fidelity, F(p,0) = [tr\/\/p0 ﬁ]z,provides a measure of similarity on the set of
density matrices.

The probability measure on the simplex of eigenvalues generated by the Bures metric was
calculated in [6-8]. Various statistical properties of ensembles of quantum states with respect
to this measure were discussed in [9].

Bures distance is commonly used in quantum information theory as a natural metric on the
set of density matrices. Unfortunately, fidelity used to express dg has some serious drawbacks.
In particular, in order to calculate fidelity between two quantum states one needs to compute
the square root of the matrix, which is generally a computationally hard task. Also, fidelity
cannot be measured directly in the laboratory and thus cannot be used to analyse experiments
directly.

These drawbacks motivated the introduction of a new measure of similarity, namely
superfidelity [5], defined for p, 0 € My as

G(p,o) =trpo + /1 —trp2y/1—tro?. )

Superfidelity shares many features with fidelity, i.e. it is bounded, symmetric and unitarily
invariant. Moreover, it is jointly concave and supermultiplicative. It was proved that
superfidelity gives an upper bound for fidelity, F(p,o0) < G(p, o), where the equality is
for p, 0 € M, or in the case where one of the states is pure. It was also shown that, although
G is not monotone [10], it can be used to define metric on M. Using the correspondence
between quantum operations and quantum states, superfidelity can be used to introduce a
metric on the set of quantum channels [11]. Superfidelity was also proved to be useful in
providing bounds on the trace distance [12] (i.e. distinguishability of states [13]) and as a tool
for studying new metrics on the set of quantum states [14].

In the following, we use a metric on the set of density matrices defined for p, 0 € My as

dg(p,0) =+/2—2G(p,0). 3)
Before we discuss further properties of this metric we should stress that the direct analogue of

the Bures distance, d@(p, o) =+/2—24G(p,0), is not a metric. It was shown in [10], that

the function d s generally does not obey the triangle inequality. One should also note that
since G is not monotone it cannot be analysed using the Morozova—Cencov—Petz theorem [2].
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3. Volume element for the measure

To obtain the probability measure induced by the metric equation (3) one needs to derive the
volume element.

The calculations below follow the approach used by Hiibner [6]. We begin with the
calculation of the line element

dg(p, p+dp) =2 —2G(p, p +dp). 4)
We introduce function A(¢) = G(p, p + t dp),which allows us to write the line element
i1 &
>_gido'dp! = S5 [dG (0. p +1dp)]], )
ij
as
> gijdp'dp’ = —A"(1)]=o. ©6)

ij
Equivalently, with the use of matrix entries, the line element reads

o (il dpli 2
> gidp'dp’ = % + ) (il (dp)?1i). (7
i i i

Infinitesimal shift p + dp can be decomposed as a shift in eigenvalues and infinitesimal
unitary rotation [7]

p+dp=p+dA+[dU, p], 8)
where dA = )", dA;|i)(i| and (dU)" = —dU. Rewriting dU in computational basis gives
dU = " (dxji + idyje) |j) (k] ©)
ik
with real coefficients dx;; = —dx; and dy jx = dy;. After some calculations, one obtains
trdp? =Y (A7 +2) (= 2)2[(dxip)? + (dyip)’] (10)
i i<j
and
trpdp =Y Aidh;. (1)
Expanding this we obtain the entries of the metric tensor
P hikj
ij LJ
+ 20— 1) [(dxi)* + (dyi)’]. (13)
i<j

To obtain the volume element of the sought measure, one must calculate the appropriate
determinant

AiAj
dVg = [det [ —L— +&; ) dry...dA, (14)
1 —trp?
X 1_[2()”' — )\.]‘)2 dxij dy,‘j. (15)
i<j
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Using the equality
AiAj tr p? 1
det( —21=+6;) =1 = : 16
e(l—tr,o2+ 1) +1—tr,02 1 —trp? (16)
we obtain the expression for the volume element
dxy...dx,
dvg = [ T2 = 2)* dxij dyy;. (17)

V/I_Zi)"iz i<j

One can compare the above formulas for the line element with the analogous result for
the metric given in terms of fidelity as

A} (p. p+dp) =2 (1 —F(p, p+dp)). (18)
In this case, it is easy to check that the line element is given by the formula
[(ildp]j)?
dy(p,p+dp) =) ——. 19
5 (o, p+dp) 2,: ey (19)

In the one-qubit case, the above formula reads

dz (p, p +dp) = (m) ldon ? + ldpial® + Idpa ], (20)

where A and 1 — A are eigenvalues of p and dp;; = (i|dp|j) and we have used the equality
(1]dp|1) = —(2|dp|2). This is identical to (7) for N = 2, which is what one expects since in
this case F(p,0) = G(p, o).

4. Probability density function

In order to obtain the probability measure, we need to specify the normalizing constant. This
constant is an inverse of the integral of the volume element dV; over the group of unitary
matrices and over the simplex of eigenvalues.

4.1. Normalization constant
Integration with respect to U (N) is independent from the integration over the simplex of
eigenvalues. We can rewrite equation (17) as

IN(N—1)/2
dvg = —H(xi—,\j)z dkl...dknn dy;; dy;;. Q1)

=2 A i [y

After integrating this formula over U (N) we obtain

IN(N-1)/2
VG=TN/ T =27 | dhy .., (22)
A

J1I= YA

where Yy is the volume of projective U (N) [4, equation (148)]

TNN=1)/2
Yy= —— 23
tT e =
and A is the simplex of eigenvalues.
The probability density function on a simplex of eigenvalues is given by
1
fan(h) =C§ [0 =2 (24)

i<j NAED IS,

where Cy is a normalization constant. For N = 3, function fg y is presented in figure 1(a).
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Figure 1. Distribution of the eigenvalues for one-qutrit (N = 3) density matrices for different
probability measures. (a) Measure generated by the /1 — G metric. (b) Measure generated by the
Bures metric.

The normalization constant C](E, is the following integral:

1
(A — 2 ) ———dxr (25)
/ o= Ji-xo

over the simplex of eigenvalues.
The above integral can be written in terms of the expectation value with respect to the
Hilbert—-Schmidt measure

1 1 1
- art [ﬁ} .
where p is a random state distributed with the Hilbert—Schmidt measure and
HS T(N?)
N, T ke 4+ 1)
The distribution of purity (tr p?) for random states is a subject of much study [15-17].
The probability distribution function of purity is known for Hilbert—-Schmidt random

states in the case of N = 2 and N = 3 [16]. Using these results, we can write explicitly
normalizing constants

27)

23/2
5 =——0", 28
2 3r 2 (28)
4322
5 = ——C". 29
37T 317 3 29

In the case of N > 3, one can use the series expansion of \/% and rewrite the above as

1 2k —
_S CHSZ( k,zk ) (30)
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The moments of purity for the Hilbert—Schmidt random state are given by [15, 16]

NI(N? = 1)! k!
E[(trp>)]= ——— 7 . 31
[(rp )] (N2+2N_ 1)!kl+‘§w:k 1—15\/:1 kl' ( )
L (n 2k — i) . .
XHW [] @ki—i-2ki+)). (32)

i=1 I1<i<j<n

The constant C](\E, can be bounded from the above by using the Jensen inequality

1 1 1
Ry - (N (33)
g ab |:\/1—trp2j|

5 L ! _ L (34)
O VI-Elwp] OF -
N2+
thus
cS <l 1 - 1\122—111 (35)
Since the distribution of purity has the variance given by
o2 p?) = U (36)
(N2 + 1)2(N? +2)(N? +3)
it tends to be more concentrated around the mean given by
Efwp’)= 2N (37)
N2 +1

which tends to zero for large N. For small x, function 1/4/1 — x can be approximated with a
small error by a linear function. Thus, the Jensen inequality gives a good approximation of C
for large values of N, where tr p? tends to be small.

4.2 Mean purity

Let pg be a random state distributed with measure G. Then, the mean purity is given as

cS tr p?
E[trpl] = XE| — |, (38)
[ G] C]]\—JIS |: 1 —tr ,02:|

where p has the Hilbert—Schmidt distribution. Next, we have

tr p? 5 1
E| ——— | 2 E[t E| —|, 39
|:\/1—tr,02:| el |:‘/1—trp2j| 9

which follows from the fact that random variables tr p> and !

are associated (see e.g.

A/ 1—tr p?
[18]). Finally, by using equation (26), we obtain
E[trpt] > C—SE[tr p*1E SN E[tr p*]. (40)
17 s V1 —trp?

From the above equation, we can see that the mean purity for the random state distributed
with the measure induced by the superfidelity is greater than the mean purity for the random
state distributed with the Hilbert—Schmidt distribution.
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5. Generating random states

5.1. One-qubit case

In the case of 2 x 2 matrices, the density function on the simplex of eigenvalues reads

221
Je2(A, 1 —2) = A= (41)

Then, the cumulative probability function for eigenvalues by integrating f;; » over interval
[0, f] reads

Foo(t) = ;(\/(1 — 1)t — 2/ (1 — )3 + arcsin /7). (42)

From the above, we obtain a simple method for generating matrices with the above
distribution. First, one must generate eigenvalues of the matrix by inverting the cumulative
distribution function and then rotate it by a random unitary matrix distributed with respect to
the Haar measure.

5.2. General case

To generate random state of dimension N > 2 distributed with the measure induced by the
superfidelity, one can use the rejection method (see e.g. [19]).
The probability density function fg v on a simplex of eigenvalues can be bounded as

fon@) < cfgn(R), VA € A, (43)

where fgy is a probability density function generated by the Bures measure [2] (see
figure 1(b))

fonoy=ci—L T —))? .
, N L ity
Indeed, we have
fon()  CSN-N2@2/NNN-D/2
b —a 45)
A fB,N()") CN 1 — 1/N
and using the bound for C§; one can take
N2—-N 2\__N/2
'(N*)x
S (46)

¢ 1‘[{\/:1 F(i)zN(N—l)/2F(N2/2)NN2/2
as the constant in equation (43).

In order to generate a matrix distributed according to the measure induced by the
superfidelity, one needs to generate a random matrix X distributed with the Bures measure
[20] and a random number u distributed uniformly over the unit interval [0, 1]. To accept
X as a matrix distributed according to the measure induced by the superfidelity, we check
if u < 148 Ko1ds, Unfortunately, constant ¢ increases very rapidly with N and thus this

¢ fan(X) .
method does not work very efficiently for large N.

6. Summary

We have analysed random density matrices distributed according to the probability measure
induced by superfidelity. We have derived the formula for the probability density of eigenvalues
according to this measure. We have also shown that random states distributed according to this
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measure have mean purity larger than in the case of the Hilbert—Schmidt measure. We also
provide a method for generating random matrices according to the introduced distribution.

We conclude by saying that there is no single, naturally distinguished probability measure
in the set of density matrices. The question is how one should choose a random density matrix
if one needs to obtain some information about the typical properties of the system. In this
paper, we have presented a new probability measure defined on the basis of superfidelity,
which can be used in studying the properties of the set of density matrices. The metric based
on superfidelity has properties which makes it useful for quantifying the distance between
quantum states. Superfidelity shares many properties with quantum fidelity, (e.g. bounds,
symmetry, unitary invariance, concavity), but it is much easier to calculate than fidelity, and
furthermore, there exists a scheme to measure it between arbitrary mixed states [5].

Still there are some problems which require further investigation. The first is the
calculation of the exact formula for the normalization constant for the probability density
function. This is directly related to the distribution of purity for measures induced by the
partial trace [16, 15]. The second problem is the inefficient method of sampling random states
with the introduced measure, which could be used for numerical studies of the geometry of
quantum states [2, 21, 22].

Acknowledgments

The work of ZP was partially supported by the Polish National Science Centre under the
research project N N514 513340 and partially by the Polish Ministry of Science and Higher
Education under the research project IP 2010 033 470. The work of JAM was partially
supported by the Polish National Science Centre under the research project N N516 475440
and partially by the Polish Ministry of Science and Higher Education under the research
project IP 2010 052 270. The authors would like to thank K Zyczkowski and P Gawron for
motivation and interesting discussions.

References

[1] Zyczkowski K, Penson K A, Nechita I and Collins B 2011 Generating random density matrices J. Math.
Phys. 52 062201
[2] Bengtsson I and Zyczkowski K 2006 Geometry of Quantum States: An Introduction to Quantum Entanglement
(Cambridge: Cambridge University Press)
[3] Uhlmann A 1976 The ‘transition probability’ in the state space of a *~algebra Rep. Math. Phys. 9 273
[4] Caves CM 2001 Measures and volumes for spheres, the probability simplex, projective Hilbert space, and
density operators (http://info.phys.unm.edu/~caves/reports/measures.pdf)
[5] Miszczak J A, Puchata Z, Horodecki P, Uhlmann A and Zyczkowski K 2009 Sub- and super-fidelity as bounds
for quantum fidelity Quantum Inform. Comput. 9 0103
[6] Hiibner M 1992 Explicit computation of the Bures distance for density matrices Phys. Lett. A 163 239
[7] Hall M J W 1998 Random quantum correlations and density operator distributions Phys. Lett. A 242 123
[8] Zyczkowski K and Sommers H-J 2003 Bures volume of the set of mixed quantum states J. Phys. A: Math.
Gen. 36 10083
[9] Sommers H-J and Zyczkowski K 2004 Statistical properties of random density matrices J. Phys. A: Math.
Gen. 37 8457
[10] Mendonca P E M F, Napolitano R d J, Marchiolli M A, Foster C J and Liang Y-C 2008 An alternative fidelity
measure for quantum states Phys. Rev. A 78 052330
[11] Puchata Z, Miszczak J A, Gawron P and Gardas B 2011 Experimentally feasible measures of distance between
quantum operations Quantum Inform. Process 10 1
[12] Puchata Z and Miszczak J A 2009 Bound on trace distance based on superfidelity Phys. Rev. A 79 024302
[13] Englert B-G 1996 Fringe visibility and which-way information: an inequality Phys. Rev. Lett. 77 2154
[14] ChenZH, MaZ, Zhang F L and Chen J L 2011 Super fidelity and related metrics Cent. Eur: J. Phys. 9 1036


http://dx.doi.org/10.1063/1.3595693
http://dx.doi.org/10.1017/CBO9780511535048
http://dx.doi.org/10.1016/0034-4877(76)90060-4
http://info.phys.unm.edu/~caves/reports/measures.pdf
http://dx.doi.org/10.1016/0375-9601(92)91004-B
http://dx.doi.org/10.1016/S0375-9601(98)00190-X
http://dx.doi.org/10.1088/0305-4470/36/39/308
http://dx.doi.org/10.1088/0305-4470/37/35/004
http://dx.doi.org/10.1103/PhysRevA.78.052330
http://dx.doi.org/10.1007/s11128-010-0166-1
http://dx.doi.org/10.1103/PhysRevA.79.024302
http://dx.doi.org/10.1103/PhysRevLett.77.2154
http://dx.doi.org/10.2478/s11534-010-0123-8

J. Phys. A: Math. Theor. 44 (2011) 405301 Z Puchata and J A Miszczak

[15]
[16]
[17]
(18]

[19]
(20]

[21]

(22]

Giraud O 2007 Distribution of bipartite entanglement for random pure states J. Phys. A: Math. Theor. 40 2793

Giraud O 2007 Purity distribution for bipartite random pure states J. Phys. A: Math. Theor. 40 F1053

Scott A J and Caves C M 2003 Entangling power of the quantum baker’s map J. Phys. A: Math. Gen. 36 9553

Tong Y L 1997 Relationship between stochastic inequalities and some classical mathematical inequalities
J. Inequal. Appl. 1 85

Devroye L 1986 Non-Uniform Random Variate Generation (New York: Springer)

Osipov V A, Sommers H-J and Zyczkowski K 2010 Random Bures mixed states and the distribution of their
purity J. Phys. A: Math. Theor. 43 055302

Dunkl C F, Gawron P, Holbrook J A, Puchata Z and Zyczkowski K 2011 Numerical shadows: measures and
densities on the numerical range Linear Algebra Appl. 434 2042-80

Dunkl C F, Gawron P, Holbrook J A, Miszczak J A, Puchata Z and Zyczkowski K 2011 Numerical shadow and
geometry of quantum states J. Phys. A: Math. Theor. 44 335301


http://dx.doi.org/10.1088/1751-8113/40/11/014
http://dx.doi.org/10.1088/1751-8113/40/49/F03
http://dx.doi.org/10.1088/0305-4470/36/36/308
http://dx.doi.org/10.1155/S1025583497000064
http://dx.doi.org/10.1088/1751-8113/43/5/055302
http://dx.doi.org/10.1016/j.laa.2010.12.003
http://dx.doi.org/10.1088/1751-8113/44/33/335301

