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Abstract: In this paper, we consider an order-preserving mapping T on a complete partial b-metric
space satisfying some contractive condition. We were able to show the existence and uniqueness of
the fixed point of T. In the application aspect, the fidelity of quantum states was used to establish the
existence of a fixed quantum state associated to an order-preserving quantum operation. The method
we presented is an alternative in showing the existence of a fixed quantum state associated to
quantum operations. Our method does not capitalise on the commutativity of the quantum effects
with the fixed quantum state(s) (Luders’s compatibility criteria). The Luders’s compatibility criteria
in higher finite dimensional spaces is rather difficult to check for any prospective fixed quantum
state. Some part of our results cover the famous contractive fixed point results of Banach, Kannan
and Chatterjea.

Keywords: partial b-metric space; order-preserving; fixed point; quantum operation; fidelity of
quantum state; quantum state

1. Introduction

The early research motivations in the area of fixed point theory were for solving problems in
differential equations [1-3]. In 1883, Poincaré [4] established a theorem that was later proved as an
equivalence to the Brouwer’s [5] fixed point theorem. It was in 1912 that Brouwer [5] published
his fixed point theorem of self-continuous mappings on a closed ball, while in the same year (1912),
Poincaré [6] published his fixed point theorem for area-preserving mappings of an annulus, see [7,8].
No doubt, Poincaré understood the early fixed point theorems and was using them as a tool in finding
solutions of some differential equations see [3,4,6,9]).

On the other hand, another research motivation can be linked to the work of Picard [2]; he
was utilising systematic application of successive approximations method for finding solutions of
different differential equation problems, see [10]. As a consequence, the famous Banach contraction
principle [11] emerged in 1922, see [7]. Moreover, it was the same year that boundary value problems

Symmetry 2020, 12, 759; d0i:10.3390/sym12050759 www.mdpi.com/journal /symmetry


http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
https://orcid.org/0000-0002-7501-1295
https://orcid.org/0000-0002-5463-4581
https://orcid.org/0000-0002-6604-8686
http://www.mdpi.com/2073-8994/12/5/759?type=check_update&version=1
http://dx.doi.org/10.3390/sym12050759
http://www.mdpi.com/journal/symmetry

Symmetry 2020, 12, 759 2of 16

of nonlinear ordinary differential equations prompt Birkhoff-Kellogg [1] to lead the struggle for
extending Brouwer’s fixed point theorem to function space, see [7].

Another angle of fixed point research emerged with the advent of the Knaster—Tarski Fixed point
theorem [12,13]. The idea was first initiated from both authors (Knaster and Tarski) in 1927 [12],
and later Tarski found some improvement of the work in 1939, which he discussed in some public
lectures between 1939 and 1942 [13,14]. Finally, in 1955, Tarski [13] published the comprehensive
results together with some applications. A distinctive property of this theorem is that it involves an
order relation defined on the space of consideration. Indeed, the order relation serve as an alternative
to the continuity and contraction of the mappings as found in Brouwer [5] and Banach [11] fixed point
theorems, respectively, see [13].

After the advent of the Brouwer [5], Banach [11] and Knaster-Tarski [13] fixed point theorem:s,
many researchers engage in extension [15-17], generalisation [15,18-21] and improvements [22-26]
of the theorems using different spaces and functions. Along the direction of generalising spaces
was Bourbaki-Bakhtin-Cezerwik’s b-metric space [27-29], Matthews's partial metric space [30] and
Shukla’s Partial b-metric space [31].

Looking into the direction of quantum operations, many researchers are interested in finding
the condition(s) that guarantees the existence of fixed points/states of quantum operations and the
properties attached to the fixed point sets of the quantum operations, see [32-36].

In the area of quantum information theory, qubit is seen as a quantum system, whereas quantum
operation can be viewed as measurement of quantum system; it describes the evolution of the system
through the quantum states. Measurements use to have some errors which can be corrected through
quantum error correction codes. The quantum error correction codes are easily developed through
the information-preserving structures with the help of the fixed points set of the associated quantum
operation. Therefore, the study of quantum operations is vital in the field of quantum information
theory, at least in developing the error correction codes, knowing the state of the system (qubit) and
the description of energy dissipation effects due to loss of energy from a quantum system [37].

In 1951, Liiders [38] discussed the compatibility of quantum states in measurements (quantum
operations). He also showed that the compatibility of quantum states in measurements is equivalent
to commutativity of the states with each quantum effects in the measurement.

In 1998, Busch et al. [33] proved a proposition that generalises the Liider’s theorem and shows
that a state is invariant under a quantum operation if the state commutes with every quantum effect
that described the quantum operation.

In 2002, Arias et al. [32] studied the fixed point sets of a quantum operation and gave some
conditions to which the set is equal to a commutant set of the quantum effects that described the
quantum operation.

In 2011, Long and Zhang [35] studied the fixed point set of quantum operations, they gave
some necessary and sufficient conditions for the existence of a non-trivial fixed point set. Similarly,
in 2012, Zhang and Ji [34] studied the existence of a non-trivial fixed point set of a generalised
quantum operation.

In 2016, Zhang and Si [39] investigated the conditions for which the fixed point set of a quantum
operation (¢ 4) with respect to a row contraction A equals to the fixed point set of the power of the
quantum operation 471'4 for some 1 < j < co.

Remark 1. It is worth noting that the existence of fixed point(s) of a quantum operation in a finite dimensional
Hilbert space depends on the compatibility criteria as provided by Liiders [38]; fixed quantum states must
commute with all quantum effects. Therefore, it is difficult to test the compatibility criteria in higher dimensional
spaces; testing commutativity of the state with many quantum effects. Thus, the need for other alternatives arises.

In this paper, motivated by Batsari et al. [18], Du et al. [21] and Dung et al. [40], we establish some
fixed point results in partial b-metric spaces with a contraction condition that is different from that of
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Banach [11], Kannan [26] and Chatterjea [23]. As an application of our result(s), we consider using some
contractive conditions in establishing the existence of fixed point of a depolarising and generalised
amplitude damping quantum operations. For, the depolarising quantum operation is an important
source of noise/error in quantum communication that can be found in finite dimensional cases when
the quantum system interact with the environment, whereas the generalised amplitude damping is
used in the description of energy dissipation effects due to loss of energy from a quantum system.

Moreover, the technique we adopted in establishing the existence of fixed point of quantum
operation is entirely different to that of Arias et al. [32], Busch et al. [33] and Liiders [38]. We do
not utilise the properties of quantum effects, rather we utilise the properties of the Bloch vectors
associated to the quantum states in consideration. Thus, it is an alternative to the existing methods in
the literature. Our results generalise and improve some existing results in the literature.

2. Preliminaries

Let X be a nonempty set, R4 denotes the set of non negative real numbers, R denotes the set of
real numbers, (X, <) denotes the partially ordered set on X and (X, d) is a metric space.

A b-metric on X is a function d; : X x X — R such that,

(Ds1) Vx,y € X, ds(x,y) > 0.

(Ds2) Vx,y € X, ds(x,y) =0« x=1y.

(Ds3) Vx,y € X, ds(x,y) = ds(y, x).

(Ds4) There exists a real number s > 1, for which ds(x,y) < s[ds(x,z) +ds(z,y)], Vx,y,z € X.

(X, ds) denotes the b—metric space. It is clear to see that, every metric is a b-metric with s = 1
(see [27-29]).

The converse is not true in general. For example, taking d; : X x X — Ry, if ds(x,y) =
ly — x\z, x,y € R, then d; is a b—metric with s = 2. However, it is not a metric for x = 5,y = 3 and
z = 4, condition ds(x, y) < ds(x,z) + ds(z,y) fails [18].

Example 1. [18] Let X =R, n € 2N. Defined, : X x X — Ry by ds = (x —y)", Vx,y € X. Then, ds isa
b-metric with s = 2"~ and d, is not a metric.

A partial metric or pmetric on X is a function p : X x X — R such that,

PHVx,y e X, x=y < p(x,x) =plxy) =pyy)

P2)Vx,y € X, p(x,x) < p(x,y).

(P3)Vx,y € X, p(x,y) = p(y,x).

PHVx,y,z€ X, p(x,z) < ploy) +p(y,z) —pyy)

(X, p) denotes the partial metric space. Observe that every metric is a partial metric with
p(x,x) =0, Vx € X (see [30]). However, the converse is not necessary true.

Example 2. [41] Define a mapping¥ : R x R — R by
‘I’(xl,xz) = max{xl,xz},
where x1, xy € R. Therefore, ¥ is not a metric but, a partial metric.

A partial b-metric on the set X is a function p; : X x X — Ry such that,
(P1)Vx,y € X, x =y < ps(x,x) = ps(x,y) = ps(y, )
(Pp2) Vx,y € X, ps(x,x) < ps(x,y).
(Pp3) Vx,y € X, ps(x,y) = ps(y, x).
(Py4) There exist a real number s > 1 such that, Vx,y,z € X ps(x,z) < s[ps(x,v) + ps(y,2)] — ps(v,y).
X, ps) denotes the partial b—metric space. Note that, every partial metric is a partial b-metric
with s = 1. Also, every b-metric is a partial b-metric with ps(x,x) =0, V x € X (see [31]).
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Example 3. [42] Let X = [0,100]. Define ps : X x X — Ry by ps(x,y) = e Yl forall x,y € X. Then, ps
is a partial b-metric on X, which is neither a b-metric nor a partial metric on X.

An open b-ball for a partial b-metric p, : X x X — Ry is a set of the form
By(x,€):={y € X:ps(x,y) < e+ ps(x,x)} fore > 0,and x € X [31].

Every partial b-metric defined on a nonempty set X generates a topology 1, on X, whose base
is the family of the open b-balls, where 7, = {B,(x,€) : x € X and € > 0}. Moreover, the topological
space (X, 13,) is Tp but not necessary Ty [31].

A sequence {x, } in the space (X, ps) converges with respect to the topology 1, to a point x € X,
if and only if

lim ps(xy, x) = ps(x, x) 1)

n—oo

(see [31]). The sequence {x,} is Cauchy in (X, ps) if the below limit exists and is finite

Hm  ps(xp, xm) < 0 )

n,m—o0

(see [31]). A partial b-metric space (X, ps) is complete, if every Cauchy sequence {x,} in (X, ps)
converges to a point x € X such that,

n};r_l}w ps(xXn, xm) = ps(x,x)

(see [31]).
A mapping T is said to be order-preserving on X, whenever x < y implies T(x) < T(y) Vx,y € X.

3. Results

Theorem 1. Let (X, ps) be a complete partial b-metric space with s > 1, and associated with a partial order <.
Suppose an order preserving mapping T : X — X satisfies

ps(T(x), T(y)) < g [ max{ps(x,), ps(x, T(y)), ps(y, T(x))} +min{ps(x, T(x)), ps(y, T¥))}], 3)

for all comparable x,y € X, where p € [0,a) and o = min{siz, ﬁ} If there exist xg € X such that
xo < T(xg), then T has a unique fixed point * € X such that ps(%,%) = 0.

Proof of Theorem 1. First, we will prove the uniqueness of the fixed point assuming it exists. Let
x1, X2 € X be two distinct comparable fixed points of T. Then,

ps(X1, x2)

(
(T(x1), T(x2))
[ max{pe (1, x2), ps (1, T(x2), ps (2, T(x1))} + min{ps (x1, T(x1)), ps (2, T(x2)}

[max{ps(x1,x2), ps(x1, x2), ps(x2, %1) } + min{ps(x1, x1), ps(x2, x2) }]

2NN

AN
[

[ps(x1,x2) + ps(x1,x2)]

R3]

= 5 [2ps(ri 1))
= aps(x1,x2)

< Ps(xl/x2)~

Thus, is a contradiction. Therefore, the fixed point is unique if it exist, for x; = x».
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Next we prove that if £ € X is a fixed point of T, then p;(£, £) = 0. Suppose ps(%, £) # 0. Then,

ps(2,%) = ps(T(%),T(%))
< B [max{p.(5,9), po( T(@), (5, T(D)} + min{pu(£, (), po(2, T()]
= B max{pu (e, TG0, P T(), Pl T(} + mingp (2, T, po(2, T}
= Pl () + po(5, ()]
= Popa)
< %Zps(f,f)

Thus contradicting the fact that ps (£, £) # 0. Therefore, ps(£, £) = 0.

Now, we proceed to prove the existence of the fixed point of T satisfying (3). Let xy € X be such
that xg = T(xg). If T(xg) = x then, x is a fixed point of T. Recall that, T is order-preserving
and xyp < T(xp) then, we have xg <X T(xg) = x1, x1 2 T(x1) = xp, x2 = T(x3) = x3, -+~
Xy = T(xn) = x,4+1. By transitivity of <, wehavexg < x; < xp a3 <+ 2 x, < xp47 <X ---.

Suppose xg # T(xp), define a sequence {x,} C X by x, = T"(xp) and let g, = ps(xy, X;41). Itis
clear that if x,, = x,, 41 for some natural number n, then x,, is a fixed point of T, i.e., x,, 11 = T(Xn) = Xxp.
Let x,, 11 # x, Vn € N. Then, we proceed as follows,

7

qn
= ps(xn Xnt1)
= ps(T(xp—1), T(xn))
< g [max{ps Xn—1,%n), Ps(Xn—1, T(xn)), ps(xn, T(xn-1)) } + min{ps(xy—1, T(xn-1)), ps(xn, T(xn))}]
= g [maX{Ps (xn—l/ Xn), Ps(xn—lz Xn41) Ps(xn, xn)} + min{Ps (Xp—1,%n), Ps (xn/ xn+1)}}
< g [maX{Ps (Xn—1,Xn), s(ps (Xp—1,xn) + ps (X, Xp41)) — Ps (X, Xn), Ps (xn, xn)}]
£ mingps (v 1,0, o 5000)1]
< g [max{ps(xn—lf xn)/ S(ps(xn—lz xn) + ps (xn/ xn+1))/ Ps (xnr xn) }]
+ B tmin{pe (1,000, G )
= g [s(ps(xn-1,%n) + ps(xn, Xp11)) +min{ps(xn—1,%n), ps(Xn, Xn+1)}]
< B st ) + o s 4 (B2 S i) )|
_ E |:(25+1)(p5(xn711xn) +Ps(xn/xn+1))
2 2
= B {(25"‘1)(}75(%—1/?) "‘Ps(xn/xnﬂ))}

_ p[Eraa )]
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Thus, we have

gn < ﬁ(ZS-'-l) (qn—14+‘7n)/

which implies

(=pn), o (28, “
By simplifying (4), we have
2
< (125525 ) o ®

For B € [0,a), we deduce that
0< BSEP g
4-2Bs—p
Therefore, from (5), we conclude that ps(xn, X44+1) = qn < qu—1 = ps(Xn—1,%n). Thus, {g.}3"_,
a monotone non-increasing sequence of real numbers, and bounded below by 0. Therefore, lim; s g, = 0,
see Chidume et al. [43].
Next, we show {x,,}>_; is Cauchy. Let xy,, x;, € X, Vn,m € N. Then,

is

ps(xn, xm) = ps(T"(x0), T" x0)
PS(T(xnfl)r T(xmfl»

< B(max{ps(xp-1,%m-1), Ps(Xn-1, T(Xm-1)), Ps(Xm-1, T(xn-1))})

+B (min{ps(x, -1, T(xn-1)), ps(Xm—1, T (Xm-1))})
= B((max{pe(¥a-1, X1, Po(a-1, Xor), Pe (B2, %)} + min{ps(xut, %), Ps (ot 3n)})
< B(max{A,s[ps(xn-1,2n) + ps(Xn, Xm)], s[ps(Xm—1, Xm) + ps(Xm, xu)]})

+B (min{ ps (x5 -1, Xn), ps(Xm—1,%m) })
B(5(ps (X1, %) + 5(ps(n, Xm) + ps (s Xr-1))) + mind ps (%1, %), ps (X1, %)} ),

where A = s(ps(xy—1, Xn) + 5(ps(Xn, Xm) + ps(Xm, Xm—1)). By further simplifying we have

(1- 552>(P5(xn/xm» < Bsps(xXn—1,xn) + ﬁszps(xm,xmfl) + /3[min{ps(xn—lzxn)/Ps(xm—lzxm)}}/

which implies

Ps(xn/ xm)
< a —ﬂﬁsz) [sps(xn—l, xXn) + 82ps (X1, Xm) +min{ ps(x,_1, Xn), ps (X1, xm)}}
< 7 _ﬁﬁsz (SPs(xnl,xn) +82ps (X1, Xm) + Ps(%n-1, %n) q;ps(xml,xm)> (6)

B B (25 + 1) ps(xn—1,%n) + (25 + 1) ps (Xp—1, Xm)
1 Bs2 ( 2 > ’

Now, taking the limit as n, m — oo in (6), we have

fim P ) =0

Therefore, {x,} is a Cauchy sequence in X. For X being complete, there exists £ € X such that

nlg{}o ps(xn, %) = H}%IEOO ps(xXn, Xm) = ps(%,£) = 0.
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For showing % € X is a fixed point of T, we proceed as follows,

ps(2,T(%)) < s[ps(£,xn41) + ps(xns1, T(X))] = ps(xn11, Xny1)
< s[ps(® xnt1) + ps(T(xn), T(2))]
< s {PS(JE/ Xpt1) + g(max{ps(xn,a?),ps(xn,T(J?)),ps(ﬁ,T(xn))}) (7)

58 [min {ps en, 1140), po(5,T(9))].

Case I: Suppose max{ps(xu, £), ps(xn, T(%)), ps (£, T(x4)) } = ps(xn, £). Then, from inequality (7),
we have

Ps_(frT(f))

S Ps(f/ xn+1) + gps(xn/ ) +
[ A A nrin + T A

ps(x,xn+1)+§ (ps(xn,x)+ Ps(xn, Xut1) + ps(£, T(%) )] ®)

- 2 7 7 T A
= s ps(f,xn+1)_|_’[;< ps(xn )+PS(XH:n+1 +Ps X, x )]

§m1n{ps(xn,xn+1) ps(%,T(%) )}}

IN

IN
1)

From inequality (8), we have

(F58) pe( T80 < § 8 500) + B @10, ) + il 500,
which implies
(2. T(9)) < 5= 5 [ps (£ 5s0) + B (2900, %) + peon )] ©)
We can observe that, for € [0, &), we have
4—5sB>4—sa. (10)
Ifa = Slz, then from inequality (10) we have

4—sf > 4—sa

= 4_s— 11
55 (1
S

> 0, Vs>1

Similarly, if & = ﬁ, inequality (10) implies

4—sB > 4—sa
2s
= 44— — 12
2541 (12)
> 0, Vs> 1.

From the inequalities (11) and (12), we conclude that, the right hand side of (9) is non-negative.
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Case II: Suppose max{ps(x, %), ps(xn, T(%)), ps(%, T(x4n))} = ps(xn, T(£)). Then, from
inequality (7), we have

(5, T(2))
< s ) + B, T + G min{pu (i 5), ol T

< s |:Ps(£rxn+l)+§ <ps(me(£)>+ Ps(xn,XnH);‘Ps(J?,T(J?))ﬂ (13)
< s[paCt ) + B (sl 0) 4 ol 7)) — pie, ) 4 Tt 2P T

< slpu(e ) + B (stpaton )+ pole, () 4 B Brt 2P T

From (13), we have

(1= - E) e 1@) <5 [t man) + & (sputa ) + L) )]

so that

4s

ps(ﬁ, T(f)) < m

X, X
{Ps(f/ Xpi1) + g (sps(xn,a?) + ”S(”Z”H)ﬂ . (14)
From the fact that, € [0, «) we have
4—25°B—sp >4 —25%n — su. (15)

Ifa = Slz, then from inequality (15) we have

4-28%B—sp > 4-—2s%a—sa

1 1
= 4—252;2—5;2 (16)
= 4—2—1
s
0, Vs >1.
Similarly, if & = ﬁ, inequality (15) implies
4-28%B—sBp > 4-—25%a—sa
2 2
= 4-25° —
T2+l 241
1 1
< 4-2885 5 17
< B Rt 17)
= 4—2—1
s
> 0,Vs > 1.

From the inequalities (16) and (17), we conclude that, the right hand side of (14) is non-negative.
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Case III: Suppose max{ps(xu, %), ps(xn, T(%)),ps(X, T(xn))} = ps(X,T(xn)). Then, from
inequality (7), we have

ps(%,T(2))
< s [Ps(}?, Xny1) + gps(a?,T(xn)) + gmin{ps(xn,xn+1),ps(f, T(x"))}:|
< s [Ps(f, an) + g <PS(£/ T(Xn)) + ps(xn, anrl);' Ps(f, T(f)))] (18)
= [peemn) + 8 (et )+ e E2 BT

By simplifying the inequality (18), we have

ps(%,T(%)) <

4 S\ 1ns+tn
s [Pt + 5 (e ) L], (19)

Note that, for any value of p € [0,a) and s > 1,4 — s > 0. Thus, the right hand side of (19) is
non-negative.

Taking the limit as n — oo of both sides in the respective inequalities (9), (14) and (19), we generally
conclude that

ps(%,T(2)) lim ps(%, T(%))

n—o0

= 0.
Thus, T(%) = %. O

Corollary 1. Let (X, ds) be a complete b-metric space with s > 1, and associated with a partial order <.
Suppose an order-preserving mapping T : X — X satisfies

(T, T() < & [maxtds(x,y),ds(x, T(r)), oy, T(0)} + min{ds (x, T(x), ds, T(3))}], 20

for all comparable x,y € X, where p € [0,a) and & = min{slz, 5= }. If there exist xo € X such that
xo < T(xg) then, T has a unique fixed point £ € X.

Corollary 2. Let (X,p) be a complete partial metric space associated with a partial order <. Suppose an
order-preserving mapping T : X — X satisfies

p(T(x),T(y)) < g[max{P(x,y),P(x,T(y)),p(y,T(x))}+min{P(x,T(x)),p(y,T(y))}],(21)

for all comparable x,y € X, where B € [0, %) If there exist xg € X such that xg = T(xg), then T has a unique
fixed point £ € X and p(%,%) = 0.

Theorem 2. Let (X, ps) be a complete partial b-metric space associated with a partial order <, and s > 1. Let
an order-preserving mapping T : X — X comply with

ps(T(x), T(y)) < g[maX{Ps(x,y),ps(x,T(y)),Ps(x/T(x))}+min{Ps(y,T(y))/Ps(y/T(x))}}/(ZZ)

for comparable elements x,y € X, where p € [0,a) and x = min{sz—s, 25%5} If there exist xy € X such that
xo < T(xg) then, T has a unique fixed point * € X such that, ps(%, %) = 0.

Proof of Theorem 2. The proof is similar to that of Theorem 1. [
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Remark 2. We can view the difference between Theorems 1 and 2 in the positions that the terms ps(x, T(x))
and ps(y, T(x)) took in conditions (3) and (22).

Corollary 3. Let (X, ds) be a complete b-metric space associated with a partial order < and s > 1. Let the
order-preserving mapping T : X — X comply with

(1), () < B[ max{ds(x,y),ds(x, T(y)), ds(x, T(x))} + min{ds(y, T(y), ds(y, T(x)}], 23)

for comparable elements x,y € X, where p € [0,a) and & = min{_%s, % . If there exist xy € X such that

s2+s
xo = T(xo) then, T has a unique fixed point £ € X.

Corollary 4. Let (X,p) be a complete partial metric space associated with a partial order <. Let an
order-preserving mapping T : X — X comply with

N[

p(Tx, Ty) < 5 [max{p(x,y), p(x, Ty), p(x, Tx)} + min{p(y, Ty), p(y, Tx)}], (24)
for comparable elements x,y € X, where p € [0, 3). If there exist xg € X such that xo < T(xo) then, T has a
unique fixed point £ € X such that, p(%,%) = 0.

4. Application to Quantum Operations

In quantum systems, measurements can be seen as quantum operations [44]. Quantum operations
are very important in describing quantum systems that interact with the environment.

Let B(H) be the set of bounded linear operators on the separable complex Hilbert space H; 5(H)
is the state space of consideration. Suppose A = {A;, A} :i= 1,2,3- -} is a collection of operators
Ai’s € B(H) satisfying )" A;A7 < 1. Amap ¢ : B(H) — B(H) of the form ¢ 4(B) = }_ A;BA} is called
a quantum operation [32], quantum operations can be used in quantum measurements of states. If the
Aj’s are self adjoint then, ¢ 4 is self-adjoint.

General quantum measurements that have more than two values are described by effect-valued
measures [32]. Denote the set of quantum effects by E(H) = {A € B(H) : 0 < A < I}. Consider the
discrete effect-valued measures described by a sequence of E; € £(H),i = 1,2, - - satisfying }_E; = I

where the sum converges in the strong operator topology. Therefore, the probability that outcome
1 1

. . . . . . EZpE?
i occurs in the state p is P,(E;) and the post-measurement state given that i occurs is t;(g L) [32].

Furthermore, the resulting state after the execution of measurement without making any observation
is given by
1
¢(0) = ) E}pE}. (25)
If the measurement does not disturb the state p, then we have ¢(p) = p (fixed point equation).

Furthermore, the probability that an effect A occurs in the state p given that, the measurement
was performed is

11 1 1
Pyo)(A) = tr [AZEl?pEl?] =tr (ZEZ?AEl?p). (26)
If A is not disturbed by the measurement in any state we have
11
Y E?AE? = A,
101
and by defining ¢(A) = Y E? AE?, we end up with ¢(A) = A.

More measurements are frequently used in quantum dynamics, quantum computation and
quantum information theory [37,45,46].
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Henceforth we will be dealing with a two-level (]0), |1)) single qubit quantum system. Where a
quantum state [¥) can be described as

|¥) = al0) + b|1), with a,b € C and |a)* + |b> =1,

(see [37]). Considering the representation of a two-level quantum system by the Bloch sphere (Figure 1)
above, a quantum state (|'¥)) can be represented with the below density matrix (p),

1 14+7ncos® ne ?sind
%) =p = ( e

2 qei‘PsinG 1 1 cosh ), nel0,1], 0<0<m and0 < ¢ <27 (27)

2

|0)

11)

Figure 1. Bloch sphere.

Furthermore, the density (p) matrix can also take below representation [37],

1 _ 1 14+7r, ry—ir
- 201 ol == y 28
p=sll+7-l=3 retir, 1—r, (28)
where 7, = [ry, 1y, 7;] is the Bloch vector with ||7,[| < 1, and 7 = [0y, 0y, 03] for 0y, 0y, 0 being the

Pauli matrices.

(01 0_0—1‘ a1 0
T A1o0)7V i oo ) Lo -1

Note that the Bloch vectors with norm less than one are associated to the mixed quantum states,
whereas Bloch vectors with norm equals one are associated to the pure quantum states.

Let p, 0 be two quantum states in a two level quantum system. Then, the Bures fidelity [47]
between the quantum states p and ¢ is defined as

F(p,0) = [tr\/p2op2

(see [47]). The Bures fidelity satisfies 0 < F(p, o) < 1,itis 1if p = ¢ and 0 if p and ¢ have an orthogonal
support (perfectly distinguishable) [37].
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Now consider a two-level quantum system X represented with the collection of density matrices
{p : pis as defined in Equation (28)}. Define the function ps : X x X — R, by

0, p=90
,0) = i
pient) { max{ 7o, 75 e 0-F09), p
It is easy to show that p; is a b-metric on X (partial b-metric) with s = et ~ 1. Define an order
relation < on X by

p 2 diff theline from origin joining the point 75 passes through7,. (29)
It is obvious that, the order relation defined above (29) is a partial order.

Corollary 5. Let (ps, X) be a complete partial b-metric space associated with the above order < (29). Suppose
an order-preserving quantum operation T : X — X that satisfies either conditions in Theorems 1 or 2. Then, T
has a fixed point.

Below example covers both Theorems 1 and 2. However, we precisely execute the solution
procedure in favour of Theorem 1.

Example 4. Consider the depolarising quantum operation T on the Bloch sphere X; T(p) = {p+ (1 —p)p
with the depolarising parameter p € [0,1]. Let the comparable quantum states satisfy (29).

We will check that, T : X — X satisfy all the conditions of our theorem(s), as such, it has a unique
fixed point.

Now, letp, 6 € X. If the order = is as defined in (29), we will start by showing T is order-preserving.
Note that, T is order-preserving if the angle of rotation describing any two comparable quantum states
is invariant under T, and the distance from origin to T(p) is less than or equal to the distance from
origin to T(d), i.e.,if p < 6 then Tp < T9.

Therefore, using the Bloch sphere representation of states in a two-level quantum system below

1( 14+0cosf oe '¥sinf
T2\ 0e¥sin® 1-—gcosf

), 0€[0,1], 0<0<7, and 0 < ¢ <27,

we proceed as follows,

1({p O 1—p ( 1+0cos® ge ?sind
T = — _ .
(o) 2 ( 0 p > T ( 0e?sinf® 11— gcosf
_1fpo0 —I—l 1+qcosf g sing | 1( p+pocosé poe ¥sind
200 p 2\ 0¢¥sind 1—ocosf 2\ poe?sind p—pocosb
_ 1 [ p+1+gcosf—p—pgcosh (1—p)oe ¥ sin6
2 (1— p)oe'?sin@ p+1—o0cos —p+ pocosf

1 14+(1—p)ocosd (1—p)oe?sinf
2\ (1—p)oe?sin® 1—(1—p)ocosd |~

Clearly, the angles 6 and ¢ are not affected by the depolarising quantum operation T. Furthermore,
we can deduce that the distance of the quantum state p from origin given by g is greater than or equal
to the distance of the new quantum state T(p) from origin given by (1 — p)o, p € [0,1]. Therefore,
for any two comparable quantum states p,6 € X (p =< ), with respective distances from origin
0p and ¢; such that, ¢, < g5, the depolarising quantum operation T produces two quantum states
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T(p), T(6) € X, with respective distances from origin (1 — p)g, and (1 — p)gs for p € [0,1]. As ¢, < 05,
then (1 — p)o, < (1 —p)os, Vp € [0,1]. Thus, T(p) < T(5); Tis order—preserving
The fidelity of any two quantum states p = 1 (I, +7, - #) and 6 = 1(I, + 75 - #) can take the form

1 - - -
F(p,6) = 511+ 7+ /1= [Fl/1 = IFsl12), (30)

(see, [48]), where 7, - ?5 is the inner/dot product between the vectors 7, and 75. So, for any comparable
quantum states p = (L + 7, - &) and 6 = 1(L + 75 - ), %o - 75 = ||Fo||7s]| cos ® for 8 being the angle
between 7, and 7. Using Equation (30), one can show that,

L Flp,p) =
2 Flp, >=
3. F(p,p-)

Thus, for p,d € X, 1.000 < e5(1-F(04) < 1.105.
Furthermore, using s = 1 the condition B € [0, 3) is imposed on both Theorems 1 and 2. From the
known facts and definitions, we proceed as

3 for p a pure state and o the completely mixed state(origin/center).
= 0; for p_ a pure state that is 180° separated from p.

ps(Tp,T6) = max{|Tp], || Ts] }es-F(ToTo)
_ %H(sne%(l—nmwn
%(H(sue%(l*F(TM)) + llplles 1=F(Tep)y

1/1
= 5 (300 + ps(To.p1)

1/1 )
= 5 (2 [max{ps(p,9), ps(o, Td), ps(6, Tp)} + min{ps(p, Tp), ps(4, T§)}]) .

Taking B = 3, condition (3) in Theorem 1 is satisfied. A similar procedure can be used to prove
the compliance of condition (22) in Theorem 2. Finally, in reference to Theorem 1, we conclude that T
has a unique fixed point % € X (centre). A similar conclusion can be attained using Theorem 2.

Example 5. Consider the quantum operation (T) known as the generalised amplitude damping on the Bloch
sphere X defined as

T 1| 14r re—iry 1 1+92p—1)+r/1—7 /T — —iry/T—7 (31)
20 rydiry 1-r, 2 reVI—y+irgyT—7  1—[y2p—1)+ryI—79] |’
with damping parameter -y € [0,1] and p € [0, 1]. Let the comparable quantum states satisfies (29). Then, T

has a fixed point.

In a similar way as we demonstrated in Example 4, one can show the existence of the invariant
p

0 1-
effect of the generalised amplitude damping is like a flow of states on the Bloch sphere (Unit ball)
towards the fixed state p. The generalised amplitude damping can be used in description of energy

state p = for the generalised amplitude damping T as presented in Equation (31). The

dissipation effects due to loss of energy from a quantum system. Note that, the invariant state is unique
for every p € [0,1].

5. Conclusions

The results in this paper cover some part of the famous contractive fixed point results of
Banach [11], Kannan [26] and Chatterjea [23]. The contractive conditions (3) and (22) presented can be
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seen as an improvement to the work of Batsari et al. [18], Du et al. [21] and Dung et al. [40]; as the
conditions contain both maximum and minimum functions. Moreover, our results are generalisations
of many other existing results in terms of the space in consideration (partial-b metric space).

On the other hand, although the fidelity function is not a metric, we have shown how it can be
utilised in studying fixed points of some quantum operations. Moreover, the existence of fixed points
of some quantum operations can be studied without given much attention to the quantum effects as
seen from Examples 4 and 5. Thus, the criteria and procedure we presented can serve as an alternative
in guaranteeing the existence and finding the fixed points of some quantum operations respectively if
compared with the existing ones provided by Liiders [38] and Busch et al. [45]. Our choice for using
depolarising and generalised amplitude damping quantum operations was related to their importance
as source of quantum error and in description of energy dissipation effect respectively.

Author Contributions: Conceptualization, U.B.Y., PK. and S.Y.-K.; methodology, U.B.Y., PK. and S.Y.-K,; formal
analysis, U.B.Y., PK. and S.Y.-K,; investigation, U.B.Y., PK. and S.Y.-K.; writing—original draft preparation, U.B.Y.;
writing—review and editing, U.B.Y. and S.Y.-K,; supervision, PK,; funding acquisition, PX. All authors have read
and agreed to the published version of the manuscript.

Funding: Umar Batsari Yusuf was supported by the Petchra Pra Jom Klao Ph. D. Research Scholarship from King
Mongkut’s University of Technology Thonburi with grant number (Grant No. 55/2559).

Acknowledgments: The authors acknowledge the financial support provided by King Mongkut’s University
of Technology Thonburi, through the “KMUTT 55th Anniversary Commemorative Fund”. The authors also
acknowledge the financial support provided by the Center of Excellence in Theoretical and Computational Science
(TaCS-CoE), KMUTT.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Birkhoff, G.D.; Kellogg, O.D. Invariant points in function space. Trans. Am. Math. Soc. 1922, 23, 96-115.
[CrossRef]

2. Picard, E. Mémoire sur la théorie des équations aux dérivés partielles et la méthode des approximations

successives. J. Math. Pures Appl. 1890, 6, 145-210.

Poincaré, H. Sur le probleme des trois corps et les équations de la dynamique. Acta Math. 1890, 13, 1-270.

Poincaré, H. Sur certaines solutions particulieres du probleme des trois corps. C. R. Acad. Sci. 1883, 97, 251-252.

Brouwer, L.E.]. Uber Abbildung von Mannigfaltigkeiten. Math. Ann. 1912, 71, 97-115. [CrossRef]

Poincaré, H. Sur un théoréme de géométrie. Rend. Circ. Mat. Palermo 1912, 33, 375-407.

Mawlin, ]. Topological fixed point theory and nonlinear differential equations. In Hand Book of Topological

NSO

Fixed Point Theory; Brown, R.E, Furi, M., Gérniewicz, L., Jiang, B., Eds.; Springer: Dordrecht, The Netherlands,
2005; pp. 867-904.

8.  Park, S. Ninety years of the Brouwer fixed point theorem. Vietnam J. Math. 1999, 27, 187-222.

9.  Aleksandrov, P.S. Poincaré and topology. Russ. Math. Surv. 1972, 27, 157-168. [CrossRef]

10. Lal, M.; Moffatt, D. Picard’s successive approximation for non-linear two-point boundary-value problems.
J. Comput Appl. Math. 1982, 8, 233-236. [CrossRef]

11.  Banach, S. Sur les opérations dans les ensembles abstraits et leur application aux équations intégrales.
Fund. Math. 1922, 3, 133-181. [CrossRef]

12. Knaster, B. Un théoréme sur les fonctions d’ensembles. Ann. Soc. Polon. Math. 1928, 6, 133-134.

13. Tarski, A. A Lattice-theoretical fxed point theorem and its applications. Pac. J. Math. 1995, 5, 285-309.
[CrossRef]

14. Tarski, A. A fixed point theorem for lattices and its applications (preliminary report). Bull. Am. Math. Soc.
1949, 55, 1051-1052.

15. Browder, EE. On the generalization of the Schauder fixed point theorem. Duke Math. . 1959, 26, 291-303.
[CrossRef]

16. Leray, J.; Schauder, J. Topologie et équations fonctionnelles. Ann. Sci. Ecole Norm. Sup. 1934, 51, 45-78.
[CrossRef]


http://dx.doi.org/10.1090/S0002-9947-1922-1501192-9
http://dx.doi.org/10.1007/BF01456931
http://dx.doi.org/10.1070/RM1972v027n01ABEH001365
http://dx.doi.org/10.1016/0771-050X(82)90045-6
http://dx.doi.org/10.4064/fm-3-1-133-181
http://dx.doi.org/10.2140/pjm.1955.5.285
http://dx.doi.org/10.1215/S0012-7094-59-02629-8
http://dx.doi.org/10.24033/asens.836

Symmetry 2020, 12, 759 15 of 16

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Schauder, J. Der Fixpunktsatz in Funktionalrdumen. Stud. Math. 1930, 2, 171-180. [CrossRef]

Batsari, U.Y.; Kumam, P; Sitthithakerngkiet, K. Some globally stable fixed points in b-metric spaces. Symmetry
2018, 10, 555 [CrossRef]

Kakutani, S. A Generalization of Brouwer Fixed Point Theorem. Duke Math. |. 1941, 8, 457—459. [CrossRef]
Tayyab, K.; Maria, S.; UL Ain, Q. A Generalisation of b-Metric Space and Some Fixed Point Theorems.
Mathematics 2017, 5,19 .

Wei-Shih, D.; Erdal, K.; Zhenhua, H. Some simultaneous generalisations of well-knownf fixed point theorems
and their applications to fixed point theory. Mathematics 2018, 6, 117.

Batsari, U.Y. Fixed point approximations with finite relatively nonexpansive maps in some real Banach
spaces. Adv. Anal. (AAN) 2017, 2, 19-28. [CrossRef]

Chatterjea, S.K. Fixed point theorems. C. R. Acad. Bulgare Sci. 1972, 25, 727-730. [CrossRef]

Batsari, U.Y.; Kumam, P. A globally stable fixed point in an ordered partial metric space. In Studies
in Computational Intelligence; Anh, L., Dong, L., Kreinovich, V., Thach, N., Eds.; Springer International
Publishing AG: Cham, Switzerland, 2018; Volume 760, pp. 360-368.

Khan, S.; Swaleh, M.; Sessa, S. Fixed point theorems by altering distances between the points. Bull. Aust.
Math. Soc. 1984, 30, 1-9. [CrossRef]

Kannan, R. Some results on fixed points-1V. Fund. Math. 1972, LXXIV, 181-187. [CrossRef]

Bakhtin, I.A. The contraction mapping principle in almost metric spaces. Funct. Anal. 1989, 30, 26-37.
Bourbaki, N. Topologie Generale; Herman: Paris, France, 1974.

Czerwik, S. Contraction mappings in b-metric spaces. Acta Math. Inform. Univ. Ostra. 1993, 1, 5-11.
Matthews, S.G. Partial metric topology. Proceedings of the 8th Summer Conference on General Topology
and Applications. Ann. N.Y. Acad. Sci. 1994, 728, 183-197. [CrossRef]

Shukla, S. Partial b-metric spaces and fixed point theorems. Mediterr. ]. Math. 2014, 11, 703-711. [CrossRef]
Arias, A.; Gheondea, A.; Gudder, S. Fixed Points of Quantum Operations. J. Math. Phys. 2002, 43, 5872-5881.
[CrossRef]

Busch, P; Singh, J. Liiders Theorem for Unsharp Quantum Measurements. Phys. Lett. A 1998, 249, 10-12.
[CrossRef]

Zhang, H.; Ji, G. A note on fixed point of general quantum operation. Rep. Math. Phys. 2012, 70, 111-117.
Long, L.; Zhang, S. Fixed points of commutative super-operators. J. Phys. A Math. Theor. 2011, 44, 1-10.
[CrossRef]

Zhang, H.; Mingzhi, X. Fixed points of trace preserving completely positive maps. Linear Multilinear Algebra
2015, 64, 404-411. [CrossRef]

Nielsen, M.; Chuang, I. Quantum Computation and Quantum Information; Cambridge University Press:
Cambridge, UK, 2000; pp. 45-380.

Liiders, G. Uber die Zustandsénderung durch den Mefprozef, 1950 443 (8), 322-328. Translated by
Kirkpatrick K. A. Liiders, G. Concerning the state-change due to the measurement process. Ann. Physik.
2006, 15, 663-670.

Zhang, H.; Si, H. Fixed points associated to power of normal completely positive maps*. ]. Appl. Math. Phys.
2016, 4, 925-929. [CrossRef]

Dung, N.V,; Hang, V.T.L. Remarks on partial b-metric spaces and fixed point theorems. Mat. Vesnik 2017, 69,
231-240.

Batsari, U.Y.; Kumam, P.; Dhompongsa, S. Fixed points of terminating mappings in partial metric spaces.
J. Fixed Point Theory Appl. 2019, 2019, 1-20. [CrossRef]

Batsari, U.Y.; Kumam, P. A partial b-metric space with stable fixed point. . Nonlinear Convex Anal. 2019, 20,
2019-2026.

Chidume, C.E.; Chidume, C.O. Foundations of Mathematical Analysis; Ibadan University Press: Ibadan,
Nigeria, 2014.

Seevinck, M.P. Quantum Operations and Measurement, 2nd ed.; Utrecht University: Utrecht, The Netherlands, 2003.
Busch, P; Lahti, PJ.; Mittelstaedt, P. The Quantum Theory of Measurements; Springer: Berlin, Germany, 1996.
Davies, E.B. Quantum Theory of Open Systems; Academic Press: London, UK, 1976.


http://dx.doi.org/10.4064/sm-2-1-171-180
http://dx.doi.org/10.3390/sym10110555
http://dx.doi.org/10.1215/S0012-7094-41-00838-4
http://dx.doi.org/10.22606/aan.2017.11004
http://dx.doi.org/10.1501/Commua1_0000000548
http://dx.doi.org/10.1017/S0004972700001659
http://dx.doi.org/10.4064/fm-74-3-181-187
http://dx.doi.org/10.1111/j.1749-6632.1994.tb44144.x
http://dx.doi.org/10.1007/s00009-013-0327-4
http://dx.doi.org/10.1063/1.1519669
http://dx.doi.org/10.1016/S0375-9601(98)00704-X
http://dx.doi.org/10.1088/1751-8113/44/9/095201
http://dx.doi.org/10.1080/03081087.2015.1043718
http://dx.doi.org/10.4236/jamp.2016.45101
http://dx.doi.org/10.1007/s11784-019-0672-4

Symmetry 2020, 12, 759 16 of 16

47. Burse, D. An Extension of Kakutani’s Theorem on Infinite Product Measures to the Tensor Product of
Semifinite w*-Algebras. Trans. Am. Math. Soc. 1969, 135, 199-212. [CrossRef]

48. Chen,]J.-L.; Fu, L.; Ungar, A.A.; Zhao, X.-G. Alternative fidelity measure between two states of an N-state
quantum system. Phys. Rev. A 2002, 65, 024303. [CrossRef]

® (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.2307/1995012
http://dx.doi.org/10.1103/PhysRevA.65.024303
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Preliminaries
	Results
	Application to Quantum Operations
	Conclusions
	References

