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The interaction of quantum system and its environment brings out abundant quantum phenomenons.

. The sudden death of quantum resources, including entanglement, quantum discord and coherence,
Accepted: 16 March 2018 . have been studied from the perspective of quantum breaking channels (QBC). QBC of quantum
Published online: 28 March 2018 . resources reveal the common features of quantum resources. The definition of QBC implies the

. relationship between quantum resources. However, sudden death of quantum resources can also
appear under some other quantum channels. We consider the dynamics of Bell-diagonal states under a
stochastic dephasing noise along the z-direction, and the sudden death and sudden birth of quantum
discord are investigated. Next we explain this phenomenon from the geometric structure of quantum
discord. According to the above results, the states with sudden death and sudden birth can be filtered
in three-parameter space. Then we provide two necessary conditions to judge which kind of noise
channels can make Bell-diagonal states sudden death and sudden birth. Moreover, the relation between
quantum discord and coherence indicates that the sudden death and sudden birth of quantum discord
implies the sudden death and sudden birth of coherence in an optimal basis.
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Quantum resource theories!? have played a potential role in understanding various physical phenomenons in
quantum physics and quantum information theory. A resource theory consists of two basic elements: free opera-
tions and free states. Quantum correlations, including entanglement, quantum discord and quantum coherence,
are regarded as crucial resources in quantum information processing®-'°. It is stipulated that separable states,
classical correlated states and incoherent states are the free states of entanglement, quantum discord and quantum
coherence, respectively.

In recent years, the behavior of quantum resources derived from the interaction of quantum system and
its environment, such as sudden death, has attracted a great deal of attention. The sudden death of quantum
resources means that the resource states convert into free states under quantum channels within a finite time.
Sudden death of quantum resources, which should be avoided in quantum information processing, has been
widely studied both theoretically and experimentally'’~'°. The sudden death phenomenon has been investigated
from the perspective of constructing resources breaking channels in recent years. The hierarchy of quantum
resources has been clearly researched?’, and the relationships between quantum resources have been studied in
many aspects?*-2%. The breaking channels give a method to vanish the quantum resources, and reveal the common
features of quantum resources. In this work, we investigate the hierarchy of quantum resources breaking channels,
and try to give a unified view of quantum resources.

It is conventional that the quantum noise channels vanish the quantum resources and convert the resources
states into free states. A natural question is that whether the free states can convert into resources states under
quantum channels, i.e., the sudden birth of quantum resources. In this paper, we consider the case that two-qubit
system globally interacting with stochastic dephasing noise along the z-direction. It is shown that quantum dis-
cord sudden death and sudden birth at time t,,. The sudden birth indicates that quantum discord can be created
by quantum noise channels. Latterly, some researchers have point out that quantum discord is equal to coherence
in a set of mutually unbiased bases for Bell-diagonal states®. Naturally, the sudden death and sudden birth of
quantum discord can be regarded as sudden death and sudden birth of quantum coherence in an optimal basis.

Two-qubit Bell-diagonal states, which can be depicted as a tetrahedron in three dimensions, are significant
for understanding states with more complex structure. For Bell-diagonal states, the geometric structure of quan-
tum resources shows the states with zero resources (free states) intuitively. It is known that the initial states and
quantum channels determine the trajectory of the states evolution. The trajectory approaches to the free states in
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a finite time means the sudden death of quantum resources. In this paper, we would like to study the sudden death
and sudden birth of quantum resources geometrically and propose two necessary conditions to judge which
quantum noise channels have this interesting phenomenon for Bell-diagonal states.

This paper is arranged as follows. We start with a brief introduction of quantum correlations and dynamics of
open quantum systems. Next we indicate the unified expression of breaking channels and give the hierarchical
relationship of corresponding free states. For Bell-diagonal states, we introduce the model and investigate the
sudden death and sudden birth of quantum correlations under a stochastic dephasing noise along the z-direction
and we give a brief and clear explanation from geometric point of view and extract the states with this interesting
phenomenon. Then, two necessary conditions are presented under some noise channels, which help us to under-
stand the sudden death and sudden birth of Bell-diagonal states. In addition, we propose that sudden death and
sudden birth of quantum discord can be identified as sudden death and sudden birth of quantum coherence in an
optimal basis. Finally, we summarize the conclusions.

Review of Relevant Definition
Review of quantum discord.  The quantum mutual information of system A and B is given by
Z(A: B) = S(A) + S(B) — S(AB). (1)
And the classical mutual information has the following form?®
J4(A|B) = S(B) — S(B|A), (2)

whereS(B|A) =3, L S(B|a) is the conditional entropy?’. It allows us to introduce classical correlation of the state
pap in analogy with Eq. (2)28

JBHILY) = S(B) — S(B{IL}, 3)

where {II} is the set of von Neumann measurements with classical outcome a on subsystem A. The quantum
discord of a state p,5* is defined as the difference between total correlations, as given by the quantum mutual
information Eq. (1), and the classical correlation (3)

D(B|A) = min{Z(A: B) — JBHILD},
I, (4)

where D(B|A) is minimized over the sets of von Neumann measurements.

Dynamics of open quantum system. The time evolution of a general closed quantum system is described
by the Liouville-von Neumann equation (which takes i=1)

p(t) = —i[H, p(D)], (5)

where p and H are the density operator and Hamiltonian of the system, respectively. However, the realistic system
(S) always interacts with its surrounding environment (E). Considering the interaction between system and its
environment, the complete Hamiltonian can be written as

H="Hs+ Hg + Hp (6)

where H and H; are the system and environment Hamiltonian, 7, is the interaction Hamiltonian. The dynamics
of the whole system (S + E) is governed by master equation with total Hamiltonian . The dynamics of the
reduced system (S) traced out the environment (E) can be expressed as*

pt) = —iTr M, py(0)]. @)

We can use the master equation approach to solve Eq. (7), but there is a more appropriate way to realize our
purposes, which is known as operator-sum representation. The general solution of Eq. (7) can be written as

pee(t) = UDpgU'(8), ®)

where U(f) is the unitary evolution operator generated by the total (S+ E) Hamiltonian. The description of system
(S) evolution under the action of the environment E is given by

e(pg) = Tr[ U(t)pgU'(8)]. )

The map ¢ is a quantum operation and £(p,) represents a final state. Denoting {|e;)} is a set of orthonormal
basis for the state space of environment, and p,, = |e)(e,/is the initial state of environment. And then, Eq. (9) can
be expressed as the form of operator-sum representation

5(,05) = E(e,-\U(t) [Ps ® leg) (eo|]U(t)T\ei) = ZKipsKiT’

1

(10)

with the Kraus operator”” K; = (e;|U(t)|e,). A map &, which is called a quantum channel, is completely positive
trace preserving (CPTP) with the constrain 3, |K;)(K;| = I. For many-body system, two kinds of environments
should be considered: (i) global and (ii) local environment. In case (i), the interaction of all parts of S with the
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Figure 1. The blue region, orange region and green region stand for the sets of S/EBC, C/DBC and I/CBC
respectively, where S and C stand for separable states and classical correlated states.

same environment may increase the correlations between the parts of system due to nonlocal interactions medi-
ated by the environment. In case (ii), each part of system S interacts with their own local and independent envi-
ronment, the effects of environment can not increase the correlations between the parts of system. Detailed
description will be introduced in the later.

Review of quantum coherence. Quantum coherence, a fundamental property of quantum mechanics,
marks the departure of quantum physics from classical physics. A reasonable measure of quantum coherence
should fulfill the following conditions®!

Nonnegativity C(p) > 0 with equality if and only if p is an incoherent states;

Monotonicity C do not increase under the action of incoherent operations, C(A[p]) < C(p), for any incoher-
ent operation A;

Strong monotonicity C do not increase on average under selective incoherence operations, 3-,4.C(p,) < C(p),
with probabilities g, = TrK,pK;'], p, = K;pK;/ g, and incoherent Kraus operators Kj;

Convexity C is a convex function of the state, 3,p.C(p) > C(3p.p)-

Based on the framework of quantum coherence, the relative entropy of quantum coherence is defined as

Colp) = r;léils(pllé) = S(p4,) — S(p), ()
where p,, comes from p by dropping off-diagonal elements and I represents the set of incoherent states,
S(p||6) = Tr(plogp — plogé) is the quantum relative entropy?” and S(p) = —Tr(plogp) is the von Neumann
entropy.

Breaking channels and sudden death of quantum resources
Any quantum channel on a single quantum system will be called a breaking channel if it maps any state to the
corresponding free state. Holevo introduces a special class of stochastic maps®, as the following form:

®(p) = ) R Tr(Ep),
P Ek:k’kp (12)

where each R, is a density matrix and the {F,} form a positive operator valued measure (POVM). Shor then
proved that a channel can be written as Eq. (12) if and only if it is entanglement breaking®, so this kind of channel
is called entanglement breaking channels (EBC). If each F;, = |k) (k| in the POVM is a one-dimension projection,
this kind of channel is called classical-quantum (CQ) channels. In this case, the Holevo form reduces to
®(p) = Y Ri(k|p|k). When each density matrix R, = |k) (k| is one-dimensional projection and 3", R, = I, this
kind of channel is called quantum-classical (QC) channels. In terms of the definition of CQ and QC channels, we
assume that there are two qubits A and B with non-zero discord. After applying the QC channels to subsystem B,
the dynamics of the system is

I ® Poc)pyy = D k) (k| @ Try(Eep, ).
k (13)

It is shown that B becomes a classical state and A is still a quantum state. Analogously, after applying the CQ
channels to subsystem B, it’s easy to see that the dynamics of the system is

I ® Pedpyy = D R @ Trg([k)(klp,) = D R @ (klp, k). "
k k

Obviously, A converts into a classical state and B is still a quantum state. Since QC channels and CQ channels
map quantum states to classical correlated states, they are called discord breaking channels (DBC). A coherence
breaking channel (CBC) is a QC channel, which has been proved in ref.**. Therefore, we obtain a conclusion that
three kinds of breaking channels have a unified mathematical expression called the Holevo form. The hierarchical
relationship of breaking channels®* and free states can be directly obtained, as shown in Fig. 1

According to the above results, we know very well that the resourceful states can be mapped to free states by
corresponding breaking channels, and the sudden death appears during the process. In this paper, we study the
same phenomenon under both the local and collective dephasing channels. Unexpectedly, we find the sudden
death and sudden birth of quantum discord, we will introduce it in next section.
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Figure 2. The model consists of two qubits A and B interacting with the stochastic field n(t), and A and B are
two-level energy systems. The initial states of system A and B is not coupled with the environment.

The sudden death and sudden birth of quantum discord

The model. A two-qubit system coupled to a noisy environment collectively is considered in this paper,
which is shown in Fig. 2. The system can be described by following Hamiltonian®* (which takes =1 and adopts
spin notation):

__I Ao (B, 1A o B
H(t) = 2n(t) (ol +1"® g,), (15)
where n(t) is a stochastic field with (n(t)) = 0 & (n(#)n(t')) = I'6(+ — ¢'), " is the damping rate associated with
the field n(t), and O’ZA’B are the Pauli matrices

%= (<1> —01)' (16)

The dynamics under the Hamiltonian Eq. (15) can be described by a master equation or a set of Kraus oper-
ators. In this paper, we consider the latter. It's known that quantum channels € can be characterized by a set of
Kraus operators K;. For any initial state, the action of quantum map ¢ is given by

N
(t) = £(p(0)) = S K/ (t)p(0)K (1),
p p ; p 1

the operators K; contain all the information about the system’s dynamics. The most general solution can be
expressed in terms of three Kraus operators (under the assumption that the initial density matrix is not correlated
with any of environments)*®. The Kraus operators which describe the interaction with the environmental fields
are given by

¥t) 0 0 0
1o 10 o0
K= 0o 01 o7/
0 0 0 ~() (18)
w( 00 0
0 00 O
K - >
2 0 00 0
0 0 0 w(d) (19)
000 O0
000 O
Ks=10 00 o
0 0 0 wyt) (20)

This channel is known as stochastic dephasing channel along the z-direction®. Note that the parameters are
given by
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Figure 3. Two-qubit Bell-diagonal states described by parameters ¢, ¢, and c; can be depicted as a regular
tetrahedron. The black lines in tetrahedron are coordinate axes in which the states have zero quantum discord.

g t2T 1 _ o UT

) = ,wi(t) = e
wy(t) = —e M1 — e,
v = Ja—eMa -, @1

where T=1/T"is the phase relaxation time due to the collective interaction with n(t).

Sudden death and sudden birth of quantum discord. Two-qubit Bell-diagonal states with the maxi-
mally mixed reduced density matrix are given by

1 3
=1

where o; are Pauli operators, ¢; are real numbers such that 0 <|¢| < 1. They constitute a tetrahedron in parameter

space as shown in Fig. 3. The eigenstates of p, are the four Bell states

|®,5) = (0, b) + (1|1, 1 ® b))~/2, (23)

with eigenvalues

Ay = i[l F (=1 — (—1)* ey + (— 1)y,

(24)
wherea€ (0,1), b€(0, 1), A, € [0, 1]. For two-qubit Bell-diagonal states, the quantum discord is given by*’
2 (14 (1) 14 (1Y
D(pAB):_H()\ab)_Z( ( )C)logz( ( )C))

2 4 (25)
where c=max{|c|[, [c,], [e3]} and H(),) = =37, , A log A, is the Shannon entropy®®. The relative entropy of
coherence C,, is given by

2 (1+ (—1Y¢ 1+ (—1Yc
Colpyy) = —HO\y) — z( (=1cy) logz( (—D'cy)
= 2 4 (26)

The classical correlation (CC) equals to*
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Figure 4. The orange line is coherence and the blue line is quantum discord. For initial state ¢, = 0.8, ¢c,=—0.2,
¢3=0,1'=0.5, the sudden death and sudden birth of quantum discord appear at time t=0.510, which signifies
,()=0.

1+¢ 1+¢ 1—-c¢c
C(C=1—-H = log, (1 4+ ¢) + log (1 — ¢),
[ ] 2 8. ) 2 8. ) (27)
Interacting with the stochastic dephasing channels, p,(¢) is given by
1+ ¢, 0 0 e —c)

_ 0 l—c¢ ¢+¢ 0

Panlt) = 0 a+c 1—c; 0
Pe—e) 0 0 l+g (28)

It is obvious that the quantum channels make c; and ¢, + ¢, invariant, while ¢, — ¢, is exponential decay. The
dynamics of p,(t) can be simply expressed as

o) = %[cl(l + e o1 — e,
o) = %[cl(l Ce My 41 4 e ),
c(t) = ¢50). (29)

We also consider the two-qubit local dephasing noises and single qubit local dephasing noises, however, the
quantum discord don’t have sudden death and sudden birth under those two kinds of local noises and their
parameters satisfy the following mathematic relations®:

o) = 2

o) = 2%

o) = c0), (30)
olt) = 2cys
o) = 2
c(t) = ¢50), (31)

where y, = ¢ " 213, o 213, Ti = 1/T, and T = 1/T}; are the phase relaxation time for qubit A and qubit B

due to the interaction with their own environment. With this in mind, it is verified that the collective quantum
channels can enhance the correlations between the parts of system, while local channels can not. One of necessary
conditions can explain that and a more detailed description is described below.

The dynamics of quantum discord and coherence under global stochastic dephasing channel is depicted in
Fig. 4. It is clear that the coherence decreases monotonously to 0.139 with time ¢. However, quantum discord
decreases to zero in a finite time f=0.510 and increase from zero to a limited value for the time #> 0.510, as
t — 00, D — 0.072. It reveals the sudden death and sudden birth phenomenon of quantum discord.
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Figure 5. D, C,,,CC and Z are quantum discord, the relative entropy of quantum coherence, classical

correlation and mutual information, respectively. For initial state ¢, =0.99, ¢,= —0.01, ¢;=0, '=0.5, quantum
discord appears sudden death and sudden birth at t=0.02.

Figure 5 shows that the mutual information (Z) and classical correlation (CC) decrease with ¢, Z and C,, are
equivalent. This phenomenon comes from the following mathematic expression:

C,, = —H(\,) + 2,

2 : : 2 . )
T = D+CC=—HO,) — Y T jog, LHEVD 4 S7 A0 100 (1 4 (— 1)),
2 =
— —H(O\) + 2. (32)

It’s necessary to point out that discord still have the sudden death and sudden birth phenomenon in the pic-
ture though the transition point very closes to zero. After sudden death of discord, Z and C,, tend to be gradually
invariable. CC declines but D increases, which signifies that the price of discord’s sudden birth is the consumption
of classical correlation. In other words, classical correlation can convert into quantum discord.

Discussion for the Dynamics of Quantum States

In this subsection, we are going to investigate the sudden death and sudden birth of quantum discord from the
geometric structure of quantum discord. For two-qubit Bell-diagonal states, quantum discord is zero if and only
if the states are limited to axes. It is known that the dynamic trajectory is determined by the quantum channels
and initial states. Sudden death and sudden birth of quantum discord means that the dynamic trajectory passes
through coordinate axes.

In Fig. 6, the dynamic trajectory of quantum states under global stochastic dephasing channel is a straight line
towards the plane ¢, = ¢;, and it obviously passes though the c, axis, namely, discord could experience the sudden
death and sudden birth. For the initial states (¢;(0), ¢,(0), c5(0)) limited to regions ¢, — ¢; <1, ¢; <0, ¢, >0 and
c,—¢>—1,¢,>0, ¢, <0, quantum discord has the phenomenon of sudden death and sudden birth at time
ty = —ln — 2 _The dynamic trajectory of quantum states under local stochastic dephasing channels can not

pass througfl the axis, which indicates that quantum discord doesn’t have sudden death and sudden birth.
Another question is the quantity of quantum discord sudden birth. For any initial state, while  — oo, there are
c,(t) = cy(ty) and ¢5(t,) = 0. While t — 00, 22 5, = = 0ifand only if ¢,(t,,) = ¢,(t,.) = ¢5(t,,) =0. Thus, the birth of

quantum discord is maximized at ¢,(t,.) =0.5, cz(t )=0.5, ¢5(t,,) =0and ¢,(t,,) = —0.5, ¢,(t,,) = —0.5, ¢5(t,.) =0.
The maximum value of quantum discord sudden birth is 0.308, and the corresponding initial states are ¢, =1,
g=c=0andc¢,=—1,¢,=¢;=0.

When we consider two kinds of local dephasing noises, we know that they compared with the collective quan-
tum noises don’t have sudden death and sudden birth. We want to explore what makes them different, namely,
what kind of noise channels can have this phenomenon for Bell-diagonal states. We might as well review the
density matrix of Bell-diagonal states

1+¢ 0 0 L — ¢
_ 0 1 —c¢ ¢+¢ 0
Pas =1 o o 0
=G 0 0 I +¢ (33)

Obviously, the density matrix can be changed by quantum noisy channels through introducing a
time-dependent coefficient in front of ¢, + ¢,, ¢; — ¢;, 1 — ¢ and 1 + ¢, which results in the change of quantum
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Figure 6. The quadrangle is c; =0 section of regular tetrahedron and blue line represents ¢, = c,. The
parameters of initial state are ¢, =0.8, c,=—0.2, I'=0.5. According to Eq. (29), we know ¢,() + ¢,(f) = ¢, + ¢,
and ¢;(t) — ¢,(t) = (¢; — ¢,) e 2. Therefore, the arrowed line which represents evolutionary track of initial

state is ¢,(t) = —c,(t) + 0.6 and end point is ¢; = ¢, =0.3. The states in the green region represent that they have
sudden death and sudden birth, because if the initial states are chosen in this region, their evolutionary track are
perpendicular to the blue line, namely, they pass the ¢, axis.

discord. Now, we assume that entire coeflicients are exponential decay. A necessary condition of sudden death
and sudden birth is that quantum discord becomes zero during its evolution and we have already known that
quantum discord equals to zero if only if one of the parameters is limited to axes. So we need to consider three
kinds of conditions. Firstly, parameters are limited to c; axes. Considering the assumption, parameter c; can’t
reach zero for a finite time, so this situation is impossible. Then, parameters are limited to ¢, or ¢,. In particular,
both situations need the parameter c; equals to zero, thus the initial value of ¢; must be zero. Then, we obtain the
first necessary condition that initial value of c; must be zero.
Without loss of generality, ¢,(¢) and c,(¢) can be expressed by
[cl(t) + o)

(¢, + c)e ™,

(e, — e, (34)

C](t) - Cz(t)

where o and (3 are positive real numbers. Equivalently,

2e(t) = ce® +e ™) 4 (e —e ™,
26,(1) = e — e+ cle ™ + e ™). (35)

Next, we limit parameters to ¢, axes, which signifies that the following equation is satisfied at finite time ¢,

e 4 e M) cy(e M — e M) =y,
(e — e Moy 4 cy(e o + ey = o, (36)

where p is a nonzero real number and satisfy —1 < ;1 <1. We choose ¢, and ¢, as unknowns, it is not difficult to
verify that the rank of the coeflicient matrix always equals to the rank of augmented matrix so we can always find
aset of ¢, and ¢,, which make Eq. (36) true. Notably, a and 8 must be unequal, otherwise Eq. (36) can’t be true for
finite time. In addition, the parameters limited to ¢, axes can get the same conclusions with same methods. So the
second necessary condition is that the coeflicient of density matrix elements ¢, + ¢, and ¢; — ¢, must be unequal.
ref.?® shows the local noise channels’ explicit expression and the coefficient of density matrix elements ¢, + ¢, and
¢, — ¢, are equal. It indicates that local quantum channels have no sudden death and sudden birth phenomenon.
For example, the density matrix of Bell-diagonal states under a quantum noise channel can be expressed by:
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Figure 7. The o and (are 1 and 0.2, respectively, ¢, = —0.8, ¢,=0.2, c; = 0. Obviously, it satisfies c;=0 and
a= (3. It’s worth noting that the two conditions are just necessary condition since initial states also play an
important role.

Region c=¢ c=¢, c=¢;3

Quantum discord Cdpd) CApd? Cdpdd)

Table 1. For the Bell-diagonal states, quantum discord is equal to coherence with optimal basis.

1+ ¢ 0 0 e "%(c, — ¢,
, B 0 1 —cy e e, + ¢y 0
p AB(t) - ¢t
0 e (c;+ ¢y) 1 —c 0
e %, - ¢,) 0 0 1+ ¢ (37)

Then, the quantum discord appears sudden death and birth, as shown in Fig. 7 below:

It is found that quantum discord is equal to coherence with an optimal basis. The relative entropy of coherence
C,o(py3) for Bell-diagonal states in computational bases o, are given by ref.5, where o, are Pauli matrixes with i=1,
2, 3. The relation between quantum discord and coherence is intuitively characterized in Table 1, which signifies
that the sudden death of quantum discord indicates the sudden death of quantum coherence in an optimal basis.
The sudden death of coherence can appear in an optimal basis, if quantum discord has been sudden death. It
implies that the robustness of coherence is stronger than quantum discord.

Conclusions

We have studied sudden death of quantum resources under three kinds of breaking channels, EBC, DBC and
CBC. We introduce their unified expression called the Holevo form, which reveals the hierarchical relationship of
breaking channels and their corresponding free states.

In addition, we have studied the dynamics of quantum discord under local and collective quantum noisy
channels. The states we considered are Bell-diagonal states with explicit geometric structure in parameters space.
Then sudden death and sudden birth of quantum discord is discovered under collective dephasing noise along
the z-direction. We explain this interesting phenomenon and select the corresponding states with the help of
geometry structure of Bell-diagonal states. Moreover, comparing the result of collective noise with local noise,
we indicate that collective noise can increase quantum correlations of primary system, while local noise can not.
Then we use two necessary conditions that c; =0 and o = 3 to understand their differences and judge which
quantum noise channels can make the Bell-diagonal states sudden death and birth.

Finally, according to the relationship between quantum discord and coherence, we indicate that the sudden
death and sudden birth of quantum discord implies the sudden death and sudden birth of coherence in an opti-
mal basis.

References
1. Horodecki, R., Horodecki, P., Horodecki, M. & Horodecki, K. Quantum Entanglement. Rev. Mod. Phys. 81, 865 (2009).
2. Streltsov, A., Adesso, G. & Plenio, M. B. Quantum Coherence as a Resource. Rev. Mod. Phys. 89, 041003 (2017).
3. Bennett, C. H. Quantum cryptography using any two nonorthogonal states. Phys. Rev. Lett. 68, 3121 (1992).
4. Bennett, C. H. & Wiesner, S. ]. Communication via one- and two-particle operators on Einstein-Podolsky-Rosen states. Phys. Rev.
Lett. 69, 2881 (1992).

SCIENTIFICREPORTS | (2018) 8:5325 | DOI:10.1038/s41598-018-23639-1 9



www.nature.com/scientificreports/

5. Bennett, C. H., Brassard, G., Crépeau, C., Jozsa, R., Peres, A. & Wootters, W. K. Teleporting an unknown quantum state via dual
classical and Einstein-Podolsky-Rosen channels. Phys. Rev. Lett. 70, 1895 (1993).
6. Ali, M., Rau, A. R. P. & Alber, G. Quantum discord for two-qubit X states. Phys. Rev. A 81, 042105 (2010).
7. Girolami, D. & Adesso, G. Quantum discord for general two-qubit states: Analytical progress. Phys. Rev. A 83,052108 (2011).
8. Modi, K., Paterek, T., Son, W., Vedral, V. & Williamson, M. Quantum discord for general two-qubit states: Analytical progress. Phys.
Rev. Lett. 104, 080501 (2010).
9. Daki¢, B., Vedral, V. & Brukner, C. Necessary and Sufficient Condition for Nonzero Quantum Discord. Phys. Rev. Lett. 105, 190502
(2010).
10. Lang, M. D. & Caves, C. M. Quantum Discord and the Geometry of Bell-Diagonal States. Phys. Rev. Lett. 105, 150501 (2010).
11. Maziero, J., Celeri, L. C., Serra, R. M. & Vedral, V. Classical and quantum correlations under decoherence. Phys. Rev. A 80, 044102
(2009).
12. Li, B., Wang, Z. X. & Fei, S. M. Quantum discord and geometry for a class of two-qubit states. Phys. Rev. A 83, 022321 (2011).
13. Werlang, T., Souza, S., Fanchini, F. E & Villas-Boas, C. J. Robustness of quantum discord to sudden death. Phys. Rev. A 80, 024103
(2009).
14. Ferraro, A., Aolita, L., Cavalcanti, D., Cucchietti, F. M. & Acin, A. Almost all quantum states have nonclassical correlations. Phys.
Rev. A 81, 052318 (2010).
15. Luo, S. L. Using measurement-induced disturbance to characterize correlations as classical or quantum. Phys. Rev. A 77, 022301
(2008).
16. Luo, S. L. & Fu, S. Geometric measure of quantum discord. Phys. Rev. A 82, 034302 (2010).
17. Bromley, T. R,, Cianciaruso, M. & Adesso, G. Frozen Quantum Coherence. Phys. Rev. Lett. 114, 210401 (2015).
18. Yu, T. & Eberly, J. H. Finite-Time Disentanglement Via Spontaneous Emission. Phys. Rev. Lett. 93, 140404 (2004).
19. Yu, T. & Eberly, J. H. Quantum Open System Theory: Bipartite Aspects. Phys. Rev. Lett. 97, 140403 (2006).
20. Yao, Y., Xiao, X, Ge, L. & Sun, C. P. Quantum coherence in multipartite systems. Phys. Rev. A 92, 022112 (2015).
21. Liu, Z. W,, Hu, X. Y. & Lloyd, S. Resource Destroying Maps. Phys. Rev. Lett. 118, 060502 (2017).
22. Ma, T. T, Yadin, B., Girolami, D., Vedral, V. & Gu, M. Converting Coherence to Quantum Correlations. Phys. Rev. Lett. 116, 160407
(2016).
23. Tan, K. C,, Kwon, H., Park, C. Y. & Jeong, H. Unified view of quantum correlations and quantum coherence. Phys. Rev. A 94, 022329
(2016).
24. Guo, Y. & Goswami, S. Discordlike correlation of bipartite coherence. Phys. Rev. A 95, 062340 (2017).
25. Hou, J. X, Liu, S. Y., Wang, X. H. & Yang, W. L. Role of coherence during classical and quantum decoherence. Phys. Rev. A 96, 042324
(2017).
26. Henderson, L. & Vedral, V. Classical quantum and total correlations. J. Phys. A 34, 6899 (2001).
27. Nielsen, M. A. & Chuang, I. L. Quantum Computation and Quantum Information. (Cambridge University Press, Cambridge, UK,
2000).
28. Henderson, L. & Vedral, V. Information, Relative Entropy of Entanglement, and Irreversibility. Phys. Rev. Lett. 84,2263 (2000).
29. Ollivier, H. & Zurek, W. H. Quantum Discord: A Measure of the Quantumness of Correlations. Phys. Rev. Lett. 88,017901 (2001).
30. Maziero, J., Werlang, T., Fanchini, E. E, Celeri, L. C. & Serra, R. M. System-reservoir dynamics of quantum and classical correlations.
Phys. Rev. A 81, 022116 (2010).
31. Baumgratz, T., Cramer, M. & Plenio, M. B. Quantifying Coherence. Phys. Rev. Lett. 113, 140401 (2014).
32. Holevo, A. S. Coding Theorems for Quantum Channels. Russian Math. Surveys 53, 1295 (1998).
33. Shor, P. W. Additivity of the classical capacity of entanglement-breaking quantum channels. . Math. Phys 43, 4334 (2002).
34. Bu, K. E, Swati, Singh, U. & Wu, J. Coherence-breaking channels and coherence sudden death. Phys. Rev. A 94, 052335 (2016).
35. Liu, B. H. et al. Time-invariant entanglement and sudden death of nonlocality. Phys. Rev. A 94, 062107 (2016).
36. Yu, T. & Eberly, J. H. Qubit disentanglement and decoherence via dephasing. Phys. Rev. B 68, 165322 (2003).
37. Luo, S. L. Quantum discord for two-qubit systems. Phys. Rev. A 77, 042303 (2008).
38. Shannon, C. E. A mathematical theory of communication. Mobile Computing and Communications Review 5, 1 (2001).

Acknowledgements

We thank Hai-Long Shi and Yi-Tao Gou for their valuable discussions. This work was supported by the NSFC
(Grants Nos 11775177, 11647057 and 11705146), the Special Research Funds of Shaanxi Province Department of
Education (No. 16]JK1759), Northwest University Scientific Research Funds (No. 15NW26) and the Double First-
Class University Construction Project of Northwest University.

Author Contributions

W. Xia, J.-X. Hou and X.-H. Wang initiated the research project and established the main results. S.-Y. Liu joined
some discussions and provided suggestions. W. Xia and J.-X. Hou wrote the manuscript with advice from X.-H.
Wang and S.-Y. Liu.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5325 | DOI:10.1038/s41598-018-23639-1 10


http://creativecommons.org/licenses/by/4.0/

	The sudden death and sudden birth of quantum discord

	Review of Relevant Definition

	Review of quantum discord. 
	Dynamics of open quantum system. 
	Review of quantum coherence. 

	Breaking channels and sudden death of quantum resources

	The sudden death and sudden birth of quantum discord

	The model. 
	Sudden death and sudden birth of quantum discord. 

	Discussion for the Dynamics of Quantum States

	Conclusions

	Acknowledgements

	Figure 1 The blue region, orange region and green region stand for the sets of /EBC, /DBC and /CBC respectively, where and stand for separable states and classical correlated states.
	Figure 2 The model consists of two qubits A and B interacting with the stochastic field n(t), and A and B are two-level energy systems.
	Figure 3 Two-qubit Bell-diagonal states described by parameters c1, c2 and c3 can be depicted as a regular tetrahedron.
	Figure 4 The orange line is coherence and the blue line is quantum discord.
	Figure 5 , , and are quantum discord, the relative entropy of quantum coherence, classical correlation and mutual information, respectively.
	Figure 6 The quadrangle is c3 = 0 section of regular tetrahedron and blue line represents c1 = c2.
	Figure 7 The α and β are 1 and 0.
	Table 1 For the Bell-diagonal states, quantum discord is equal to coherence with optimal basis.




