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The role of noisy channels in quantum teleportation
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In quantum information theory, the effects of quantum noise on teleportation are undeniable. Hence, we investigate the effect of noisy
channels including amplitude damping, phase damping, depolarizing and phase flip on the teleported state between Alice and Bob where they
share an entangled state by using atom-field interaction state. We analyze the fidelity and quantum correlations as a function of decoherence
rates and time scale of a state to be teleported. We observe that the average fidelity and quantum correlations accurately depend on types of
noise acting on quantum channels. It is found that atom-field interaction states are affected by amplitude damping channel are more useful
for teleportation than when the shared qubits are affected by noisy channels such as AD channel and phase flip. We also observe that if the
guantum channels are subject to phase flip noise, the average fidelity reproduces initial quantum correlations to possible values. On the other
hand, not only all the noisy quantum channels do not always destroy average fidelity but also they can yield the highest fidelity in noisy
conditions. In the current demonstration, our results provide that the average fidelity can have larggs thdront of the noise of named

other channels with increasing decoherence strength. Success in quantum states transfer in the present noise establishes the importance of
studying noisy channels.
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1. Introduction iments lead to creating entangled states which are obtained
from atom-photon interactions in optical and microwave cav-
A significant restriction on quantum devices for informationjties. Hence, as one of the promising candidates engineer-
processing and communication is environmental noise. Ujng quantum entanglement and quantum channel, the cavity
to now, the effects of several archetypal quantum operationguantum electrodynamics (QED) system has received much
on a qubit, the depolarizing, phase-damping (or phase-flipattention [21,22]. Entanglement states are useful tools for
and amplitude damping channels have been studied on dithe implementation of quantum information protocols such
ferent quantum information processing protocols and quanas quantum key distribution, quantum teleportation [23,24],
tum correlations. They have been widely applied for the im-super dense coding [23] and quantum computation. There-
plementation of quantum information processing. Howeverfore, generating entangled states and keeping them surviving
a real quantum system is, in general, influenced by its suffor a long time is an important task. For this aim, many ef-
rounding environment [1-6]. As a result, the communicationforts have been devoted to the study of the manipulation of
accomplished under noisy channels may not be trustable bguantum entanglement with atoms and photons in cavities.
cause the receiver may obtain partial or degrade informatiomrhey have been widely applied for the implementation of
different from the sender’s information. Studying how deCO-quantum information processing. However, a real quantum
herence affects quantum correlations has been investigateddystem is, in general, influenced by its surrounding environ-
several quantum systems [7-12]. ment [1-3]. As a result, the communication accomplished un-
Quantum teleportation is an extensively applied princi-der noisy channels may not be trustable because the receiver
ple for quantum information technologies, including quan-may obtain partial or degrade information different from the
tum communication and quantum computing [13,14]. It issender’s information.
the process in which two spatially separated parties Alice and
Bob share an entangled bipartite resource, and Alice trans- The study of correlations between quantum systems has
mits the unknown state of a qubit to Bob. If they share areceived great attention at the beginning of the last century.
maximally entangled state, then Alice can transmit the statén the bipartite system, no matter whether it is separable
successfully with unit fidelity following some set of proto- or entangled, one can exploit quantum discord (QD) mea-
cols. The main problem of quantum teleportation is relatedsures [25] and super quantum discord (SQD) measures [26]
to generate nearly perfect entangled states between distafior quantifying the quantum correlations. The QD can be
sites. One of the simplest theoretical models in quantum opdescribed as a difference between classical correlation and
tics is known as the Jaynes-Cummings model [15-19]. It haguantum mutual information, which is captured by the strong
been used extensively to describe the quantum features of tijprojective) measurements. When the quantum and classical
interaction of a single two-level atom with a single cavity correlations are the same, QD is zero. It is shown that sep-
mode. This model has been investigated not only theoretiarable states can be applied to distribute entanglement [27].
cally but also experimentally [18-20]. Many beautiful exper- It is illustrated that QD is the resource that causes this pro-
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cess feasible and enables entanglement distribution withowthich + = At is the dimensionless interaction time. The
actually sending an entangled state. Moreover, the measuratom-field wave function evolves with the interaction per-
ment of an arbitrary quantum state with using projective meaformed by Eq. 4), the state Eq/3) can be achieved as fol-
surement will result in coherence loss [1,28-30]. HoweverJows:
the system will be perturbed softly, and may not lose its co- oo
herence entirely, if the measurement device couples to the (1)) af = an [COS(T\/mNn’ €)

system weakly [31-35]. Weak measurements performed on ‘

one of the subsystems can lead to SQD that is always larger

than QD. The amount of information extracted using weak —isin(tvn+1)n + 1’g>:| (5)
measurements can be tunable in some cases. This feature is

helpful in protecting quantum entanglement from decoherhe density state of the atom-field is i2 & oo dimensional
ence [36]. Recently, it was shown that weak measuremeni§hace, For such states, we are interested ir2the2 sys-
also help to protect quantum entanglement from the decohefams. By a local action, we project the entire atom-field
ence [37]. In the present work, we investigate quantum telepig g subspace equivalent 2ox 2 system. Following this

portation through noisy channels by creating entangled stat§Sotocol in a two-dimensional space, the density operator
between atom and field. We obtain the fidelity of quantumy, . — 4 (t)), (1b(2)] is,

teleportation and quantum correlations as a function of de-

n=0

coherence time. We display that noisy quantum channels al-  p, /(t) = #1|n. ) (n, g| + raln, €)(n, ¢
ways diminish the range of states to be accurately teleported.
The layout is as follows: In Sec. 3, we present the Hamil- +rzlln,e)(n+ 1,9 = In+1,9)(n, ]
tonian of the Jaynes-Cummings model and noisy channels. +ran+1,9)(n+1,g]|
In Sec. 4, we pay attention to the effect of noise on tele-
ported states that have been created using the Jaynes Cum- +rs5ln+1,e)(n+ 1€, (6)
mings model. Finally, the main results will be summarized in . .
Sec. 5. where the matrix elements can be written as,
2
ool ; k1 = —=Lsin?(ry/n)
2. Description of the model and noisy channels TN ’
2
In the following we investigate the Jaynes Cummings model Ko = Py sin?(rv/n + 1),
of a single-two level atom interacts with a single cavity mode. N
The Hamiltonian of this system by considering the rotating P?
wave approximation has the form [37,38]: kg = iy sin(Tvn + 1) cos(rvn + 1),
—wala+ 1 $(af 1 2
H =wa'a+ zwoo. + A(a'|g)(e| +ale)(g]) (1) K = Wn sin?(rv/n + 1),

wherewy is the atomic transition frequenay,is the field fre-
uency and:! (a)is the annihilation (creation) o eratdr,is P?
q y (a) ( ) op n+1 Q(T\/m)’

the atomic-field coupling constant, is the atomic inversion Fs = 7N 9% @
operator, ande) ( |g)) are the excited and the ground statesWhere
of the atom, respectively. '
L fine the join m-field initial he fol- .
lowm(;trueslac:;n.et e joint atom-field initial states as the fo N = P2 sin®(ry/n) + P2 +P§+1cos2(r\/ﬁ).
[9(0))af =Yooy Paln,e) 2) The interaction of a noisy environment with a qubit can

be represented by a quantum operation acting only on the
velv. W der th i< initiallv in th ; d?—ﬁlbertspace associated with the qubit if we use the operator-
spectively. We consider that atom Is initially in the excited g, representation formalism. Based on the Kraus operator

statele), whereP;, = exp(—m/2)\/n" /n! is for a coherent o5 408 decoherence channels for a density matian be
state of mean photon number Now the state evolution of given as [40-43]:

the system is found to be:
[¥())as = UBRE(0))as 3 e(p) = D EipE]. ®)

whereU is the time evolution operator. Using the relation
U(t) = exp(—iHt), it can be shown in the atom badis ~ wheree(p) represents the evolved state of the system under
and|g) and for the case of resonance that it takes the fornsuitable local decoherence channels and the Kraus operators

which the first and second states denote field and atom, r

[39]: E; satisfy the completeness relation:
S~ CQS(T\/aTa +1) \/_% sin(tva'a) . ZETEi 0 )
(t)= \/% sin(tvafa+1)  cos(tVata) “) i
a'a
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TABLE |. Kraus operators for phase flip (PF) channel, amplitude damping (AD) channel, phase damping (PD) channel, and depolarizing
(De) channel, whera represents the decoherence parameter.

Channel description Kraus operators
PD channel Eo =1 -\,
A0 0 0
FE = VA , Ey = .
0 0 0 VX
1 0 0 VA
AD channel Ey = , E =
’ (o \/1/\) ' <0 0)
PF channel Eo=+v1—- X,
0 —VAi
E, = VA ,
Vi 0
De channel Eo=4/1— 21, E, = \/gam,
Egz\/gay, E3= %O’z.
andl is the2 x 2 identity matrix. Kraus operators for noisy k11— A)

—
channels are given by Table |, whare< A < 1 represents P25 = P32 0 ’

the decoherence parameter and expressing the probability of _ _
. L . - p14a=pa1 = 0. (11)
losing a system excitation to the environment. A description

of the physical meaning of each kind of noise, as well as itSyhere,p = p11 + paa(1+ A) + p33(1 — A) + pas. The matrix
Kraus operators, are given below and we also effects thesg gq. (11) has an X structure, which will turn out to be very

noisy channels on the teleportation process by using entansefy| to compute the dynamics ©f> andSQD.
gled states given by Eq6).

2.2.  Amplitude damping

2.1. Phase damping Now, we consider the interaction of the system with the am-
plitude damping channel. A quantum system dissipating en-
A type of noise due to environmental interaction can be modergy to (or receiving energy from) its environment-such as an
eled as the following phase damping (PD) channel. In thisatom losing (or receiving) a photon can be modeled as damp-
case, the relative phase between the energy eigenstates of thg (or amplification) in its amplitude. In this case, the Kraus
system is lost, decaying the off-diagonal elements of the dermsperators of the amplitude damping channel for a single qubit
sity matrix of the system. In other words, the loss of quan-are given by Table I. Wherkis the probability of decay from
tum information occurs without loss of energy. Substitutingupper-level|1) to the lower level0). Using Eq. 18) and Ta-
Kraus operators of noisy channels given by Table |, and comble | it is straightforward to find the elements of the density
bining Eq. 6)-(8), the elements of the density matrix for the matrix under noise as follows:
evolution of the PD channel can be represented form X-state

as follows: P11 = K1 + )\(Hz + Ky + KJ{,)\),
= (A 1—-A
pi1 O 0 pua p22 = (Aks + K2)( ),
o= 0 p22 p2s O ’ (10) p33 = (Aks + Ka)(1 = A),
0 p32 psz O «
P41 0 0 P44 P23 = P32 253(14_)\)3
pas = r5(1 = N)?,
where
P14 = P41 = 0. (12)
- K1 o K)Q(]. —+ )\)
pu=rg P2 = T 2.3. Phase-flip
P33 = M7 pas = Fs Another noisy channel is phase-flip channel. The effect of
o 0 the phase-flip channel is to destroy the information contained
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in the phase relations without an exchange of energy, whiclwhere

appliesp to the first qubit with probability — A and leaves it
alone with probability\. Using the Kraus operators describ-
ing the phase flip channel and E&){(7), given by Table I,

381
Py = Tr[EFpag|Tr[EY pagls 2, P = 1. oy

(1, v = 0, z,y, 2) are the three components of the Pauli ma-
trix, andoy is the identity matrix. Here,

we obtain the elements of density matrix for the phase-flip = ||, Bl = |p7) (o™ |
channel as:

p11 = k1 (1= A)2 4+ Mo + Ks)), E*=|¢™) (o,  E* =) (vt

paz = ka(l — N2+ X(B — Ks)), where

pas = k(1= N)? + Mo+ rs\), |w>:w”;f®

Pa4 = KZ5(1 — /\)2 + )\(ﬂ + /4,1/\),

and
pa3 = Py = ka(1 — A)> + Ka\?, +y _ |00) & 11)
lp=) = RV
pia=ps1 =0 (13)

are bell states. Using the computational basis, we replace
[n,g),|n + 1,e) with |00),|11) and |n + 1,g),|n,e) by
[10),]01). Therefore, the density operator on Bob’s hand (out

state),pout, IS given by:
Finally, we are interested in examining the effect of depolar-

izing (De) channel on the system. A d-level quantum system

where,a = (ko + k4)(1 — A) andf = (k1 + k5)(1 — N).

2.4. Depolarizing channel

Pout O 0 pout
under depolarizing channel is depolarized with some proba- 0 p22 p2 O
bility, i.e., is replaced by the maximally mixed state 1/d with Pour = o s, (A7)
some probability or left untouched. The Kraus operators of pak 0 0 pokt

depolarizing channel for a single qubit are given by in Table I.
The evolved state of the system is governed by the depolarizhe elements of this matrix are:
ing channel as follows:

1 e .
ot = B [(Pz:s + /)32)2 e "?sind + (p14 + P41)26'¢Sln€} ;

p11 = k1(2 = A)? + A{(2 = A) (k4 + K2) + Ars}, Pout = Pour = (P11 + paa) (P22 + pss),
P2z = Ka(2 — N2+ M (2 = N) (k5 + K1) + Aia}, Pout = Pout = (P14 + pa1)(p23 + p3z)sinfcosp,
paz = £4(2 = A+ A{(2 = N (85 + £1) + Az} Pour = (p22 + p33)200§g + (p11 + p44)25in2§,
P44:f‘65(2*)\)2+)\{(2 A)(Ka + K2) + Aki},

(

pa3 = p3a = k3(1l —

) 0 0
33 2 2
p14 = pa1 = 0. (14) Pout = (P22 + p33) 3'n2§ + (p11 + paa) 00525- (18)

wherep is decoherence strength. The quality of Bob’s state will be measured in terms of the
fidelity and quantum correlations. Fidelity measures how
is close the final state, to the initial state which is defined
by [45]:
Teleportation is a critical way of transfer information sepa-

rated spatially by qubit, which is an unknown state. In this

study, we investigate the effect of the cavity Fock statmn

the quantum correlation of the teleported state. Let us as-

sume that we have two users, Alice and Bob, who share af js a useful indicator of the teleportation performance of

entangled state given by EG)( Alice is given pure state 5 quantum channel when the input state is pure. Since the
pin = [Yin)(¥in|, where, transported state is pure, the efficiency of quantum commu-
0 o - nication is characterized by the average fidelity, which de-
|¢in) = cos §|10> + e sin scribes the fidelity averaged over all possible pure input states
in the Bloch sphere formulated as [46]:

27 T
1 .
- E/d(‘o/F(Pimpout) sin 0d6O
0 0

3. Noisy teleportation

Fipms o) = {7 | ¢wmmm@}2 (19)

0
5101) (15)
where) < 0 < 7w and0 < ¢ < 27. Alice aims to send this
state to Bob using Eq6f. The output state can be achieved
as follows [44]:

(20)
(16)

Pout = ZIJ«V P;Lu(Uu ® Uu)Pin(UV & Uu)
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382 S. AHADPOUR AND F. MIRMASOUDI

If our model is used as a quantum channel for teleporting aelonging to the quantum channel is also subjected to noise.
entanglement staté,, can be expressed as: In the following, we intend to study the effect of local noisy
9 1 1 environments on the evolution of teleported states through
F, = Z(pa2+ps3)®+ = (p11+p1a)>+ = (p23+p32)® (21)  joint atom-field. Most often, the uncontrollable interaction
3 3 3 . . .
o ) o with the environment leads to decoherence. Studies of deco-
In @ common situatior) < F, < 1, information is distorted  perence and teleported state dynamics in a quantum system
to some extent after being transmitted. For quantum comMusee helieved a major subjects in quantum information pro-
nication, ¥, can be larger thag/3, which is the maximum  ceqging. The following work will investigate how teleported
of classical communication so that in order to transmif,)  gtates by the Jaynes-Cummings model are influenced by four
with better fidelity than any classical communication proto- jiferent types of noisy channels, such as phase-flip, ampli-
col, we require the value df, to be strictly greater tha?/3.
Let us now investigate what happens if one of the qubits

(c) (d)

FIGURE 1. Teleported average fidelity of (a) phase damping channefi(d)channel (c) phase flip channel (d) depolarizing (De) channel
versus scaled time and A with the mean photon numbefis= 2 when the cavity fock states are= 2 for p = 6 = /2.
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damping, phase-damping, and depolarizing channels. In futime[4,5] for A — 0 and\ — 1. Itis not difficult to find that
ther calculations, using the computational basis, we replacthe teleported state can have the valid average fidelity for the
In, g),|n + 1,e) with |00),|11) and |n + 1,g),|n,e) by  phase damping channel and phase-flip channel, the teleported
[10),]01). To see this matter, we assume that we want tostate has an average fidelity greater tBa8, for values of
send teleported states given by E@7)(to Bob and Charlie the scaled time close to 4.5. In the case of phase damping
through noisy channels. channel, validity fidelity is independent of the decoherence

Considering the Eqgs/1()-(14), we will focus on the dy- strength in the interval of time [4,5]. In other words, the dy-
namics of average fidelity of quantum teleportatiQri) and  namics of average fidelity oscillates with time and indicates
SQD for the obtained states that are presented under namedore robust concerning the noisy of phase damping channel
noisy channels. The dynamics of average fidelity for the fouiin the interval of time [4,5]. Moreover, the teleported state is
different types of noisy channels verstusind decoherence not sensitive to any change in this noisy channel for this inter-
strength are plotted in Fig. 1. It can be seen that in the phaseal of time. Comparing dynamic properties of the quantum
damping channel and phase-flip channel, the teleported statdannel and average fidelity leads to an interesting outcome,
can have average fidelity larger thap3 in the interval of that the teleported state can be safe against phase

O-Bf — Qb ” | L — Qb ﬂ 1
I = F 0.6: = F » ,
06- ——  sap | [ ey SO
0.4 ]
i - I
0.4- - L [N I f‘
”"‘ i} fl‘ Jb\ " “ - l' !
~; i 1 i v L \-—’—_-.""—l NN ~"hd \—7
L ST \h.“— S/ M 02’ |
0.2- . 1 |
0'0; L 0.0 _\ PE @w % BN s |w e g @ ww w) @ |L
o 1 2 3 4 s (b)o 1 2 3 4 5
(a) T T
0.7 FR 7 T B
0.65 — QD 1
| e F
0.5 1
[ == sSab :
0.4] X 1
| ,". i
0-3 ?\\_—"--"A-.p" ‘\\.o"—‘h.‘" ‘\-7
0.2/ ]
| 0.1+ L
I | | L I | L \i 0'0;
0 1 2 3 4 5 0 1 2 3 4 5

(c) T (d) T

FIGURE 2. Teleported average fidelity (Purple, Dashed), quantum discord (red, solid) and super quantum discord (green, dashed) of the
atom-field (a) phase damping channel hp channel (c) phase flip channel (d) depolarizing (De) channel versus scaled tmersus
scaled timer with the mean photon numbefis= 2 when the cavity fock states are= 2 for A = 0.02 andy = 0 = 7/2.
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damping noise in some interval of times. It is immediatelyture, which will turn out to be very useful to compute the
seen that the dynamics of average fidelity declines rapidly talynamics of@D andSQD. For different channels, we plot
no valid value (average fidelity less thay3) and revives in-  simultaneouslyQ D, SQD and average fidelity of the tele-
creasingly to its initial values in the phase-flip channel (segorted state in terms affor A = 0.01 with cavity Fock state
Fig. 1c) with increasing the decoherence strength in the inm = 2 and givenn = 2, in Fig. 2 and Fig. 3. They show
terval of time [4,5]. Therefore, one can observe that the presthat the degree of quantum correlation for the teleported state
ence of noise in the channel can lead to a revival of averagehich is generated in the interval of time [0,5]. Figures in-
fidelity. While for AD channel and depolarizing (De) channel dicate that for some intervals time average fidelity has not a
average fidelity can not maintain its valid limit with growth valid value. However, in this case, tligD and SQD can
decoherence. This indicates that noisy channels are not adtill capture correlation for the teleported state. Also, despite
ways destructive and teleported states can be immune agairtbe lack of@Q D and valid value for fidelity for some intervals
decoherence channel. time, we still have th&'Q D (see Fig. 3). A noteworthy point,

In the following, we are interested in comparing the dy-in this case, is that quantum correlations (especialyD)
namical properties of the quantum correlation of the channehre more robust than average fidelity against the decoherence
with average fidelity. The matrix of Eq18) has an X struc- channels.

— QD

06 —--  saD

0.4+
’l
-~
L \__——-...,._,’ "‘ \..__-"'-"-h._
0.2+ I
r ]
™ ]
N !
0-0 | M S — 1’/\ P il 8
0 1 2
(a)
0.6 | = QD
i ——— F
| —==  SQD
04"
’
L "
i.‘\\_-’—-"-._/’
0.2
_\‘
le I
0.0zt
0 1 2

(c)

FIGURE 3. Teleported average fidelity (Purple, Dashed), quantum discord (red, solid) and super quantum discord (green, dashed) of the
atom-field (a) phase damping channel &P channel (c) phase flip channel (d) depolarizing (De) channel versus scaled tiersus
scaled timer with the mean photon numbefis= 2 when the cavity fock states are= 2 for A = 0.02 andy = 7/2,0 = 7 /4.
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4. Conclusions pa = trepap is the entropy of the reduced density matrix,
wheretr stands for the trace of matrix [54-56]. The total

The effects of quantum noise on the quantum correlations O(Eorrelatmn is quantified by the quantum mutual information
teleported states generated by atom and photon mteracthr( pAB)

are analyzed. We calculated thgD, SQD, and the aver-
age fidelity of quantum teleportation subject to various types I(pap) = S(pa) + S(pB) — S(paB) (A.3)
of noises during the teleportation. We examined the range

of states that can be accurately teleported. Among states td"e reduced matrix of 4 andpp is given by:

be teleported, the phase damping channel and depolarizing

(De) channel are less sensitive to the noise. So that, aver- S(pa) = —(p11 + p22) logs (P11 + p22)

age fidelity is smaller than that of ideal one in all intervals of — (p33 + paa) logy(p3z + pas)

time. While, quantum correlations generated by the Jaynes-

Cummings model when subjected to phase damping channel S(pp) = —(p11 + ps3) 1ogz(p11 + p33)

and phase flip channel, as decoherence starts and increases, — (p22 + paa) 1ogy(paz + pas) (A.4)

teleported states are immune to the quantum noise. The av-

erage fidelity of values larger tha&y3 in a certain interval The eigenvalues of the density matrix
of time may be one representation indirectly showing how

the teleportation process is possible under these channels.

Therefore, we found the dependence of the average fidelity

and quantum correlations on the type of noise affecting the

quantum channel. On the other hand, if the noisy quantur@re found to be:

4

S(pap) =Y €logy

i=1

channel is described by a phase damping channel and phase 1
flip channel, the average fidelity is always greater than the €1 = 5 { p11 + pas) + v/ (p11 — pas)? + 4|p14|2] (A.5)
value of2/3, the best possible value that can be obtained only 1
by the classical communication. Also, quantum correlations e = 3 { P11 + paa) \/(p11 —paa)? + 4|p14|2] (A.6)
of teleported states and average fidelity comparisons showed
that quantum correlations were more resistant to noise than ., — 1 { p22 + p33) + / (p22 — p33)? + 4]pas|? ] (A.7)
average fidelity. 2
_ €4 = ! {(,022 + ps3) — V/(p22 — pss)® + 4|023|2] (A.8)

Appendix 2

For the simplest case of two-qubit state described by the den-
A. Measures of quantum correlations sity matrix p, the analytical expression of thigD is defined
Here, we briefly explain the quantum discord and super quanfils'
tum discord and entanglement as the measures of quantum DQ(pap) = min(Q1, Q2), (A.9)
correlations.

where,
A.1. Quantum discord 4

Qj = H(pui +ps3) + Y _eilogy e + D,

Quantum discord for bipartite system was originally defined —

as the difference between total correlation and the classical
correlation [47-52]. For a bipartite systed3 quantum dis- Di—H <l+\/[1—2(p33—|—p44)]2+4(|p14|—|—|p23|)2)
1= )

cord is defined by [25]: 2
DQ(pap) = I(pap) = Clpan) (A-1) Dy = — ZPM logh" —H (p11 + p33),
the quantityC'(p4 ) is named as a measure of classical cor- i
relation [53]: H(z) = —zlogyx — (1 —z)log, (1 — x).
Clpap) = S(pa) —minS(pas), (A2)  A.2. Super quantum discord

J
. A kind of quantum correlation in quantum information pro-
B -
where {I1;’} denotes a complete set of positive operator cessing isSQ D, which is defined by weak measurement op-

valued measure (PO\,QM) performed on the subsys&rm_ erators [57,58]. The weak measurement operators are given
such a way than II7 = 1. Wherep,p denotes the bi- as [59-62]:

partite density matrix of a composite systeih®, p4 andpp
represent the density matrices of pa#tsand B. The quan- 1 F tanh 1+ tanhz
tity S(p) = —trplog p refers to the Neumann entropy and ~ P(£z) = — 1ty ———1Ih (A.10)
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wherez is the strength parameter of measureméht,and
II; are orthogonal projectors that satisfyy + I, = 1.
Besides, in the strong measurement limit, we have the pro-
jective measurement operatdisy, ., P(+z) = I, and
lim, o P(—z) =115.

S. AHADPOUR AND F. MIRMASOUDI

where the weak quantum conditional entropy is defined as:

Sw(A|PB(2)) = P(+2)S(pa|pe (+a))

+ P(_l‘)s(pA|PB(—w))’ (AlZ)

with

If we replace all projection measurements with weak
measurements in classical correlation @B, it leads to a
new type of quantum correlations calléd)D. The SQD
marked byD., (pap) is defined as:

and

P(+a) = trap|(Ia ® PP (+x))pap(la ® PP (+x))],

trpl(Ia ® PP (£2))pap(Ia ® PP (a))]

PAIP () = 4 o (Ta @ PP (20))pan(la @ PP(La))

Dy(pag) = S(pB) — S(pan)

+ min S, (A|PB(z))
{7}

i

(A.11)

wherel, is the identity operator on the Hilbert spakig .
Also, PB(+z) is the weak measurement operator performed
on subsystenss.
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