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Preserving non-Markovianity and quantum entanglement from decoherence effect is of theoretical and practical sig-
nificance in the quantum information processing technologies. In this context, we study a system S that is initially correlated
with an ancilla A, which interacts with the environment E via an amplitude damping channel. We also consider dipole–
dipole interactions (DDIs) between the system and ancilla, which are responsible for strong correlations. We investigate the
impact of DDIs and detuning on the non-Markovianity and information exchange in different environments. We show that
DDIs are not only better than detuning at protecting the information (without destroying the memory effect) but also induce
memory by causing a transition from Markovian to non-Markovian dynamics. In contrast, although detuning also protects
the information, it causes a transition from non-Markovian to the Markovian dynamics. In addition, we demonstrate that
the non-Markovianity grows with increasing DDI strength and diminishes with increasing detuning. We also show that the
effects of negative detuning and DDIs can cancel out each other, causing a certain loss of coherence and information.
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1. Introduction

Unwanted interaction between an open quantum sys-
tem and its environment causes a detrimental effect called
decoherence.[1,2] A variety of schemes have been proposed
to overcome this problem, such as the quantum Zeno effect
(QZE),[3] dynamical decoupling,[4–7] weak measurement and
quantum measurement reversal.[8] However, previous theoret-
ical studies have found that dipole–dipole interactions (DDIs)
also help to reduce decoherence, in both two-atom[9] and
three-atom[10] systems interacting with independent environ-
ments, protecting entanglement in both the Markovian and
non-Markovian regimes. Non-Markovianity itself also helps
to protect entanglement,[11] and similarly, various methods
have been proposed for generating as well as preserving en-
tanglement against decoherence.[12–15] It has been found ex-
perimentally that, in the presence of DDIs, entanglement is
sensitive to the number of trapped ions relative to the distance
between them.[16] Zhang et al.[17] have reported that the DDIs
show similar behavior to a positive detuning and exhibit the
opposite role of negative detuning.

In cavity quantum electrodynamics,[18] the strong cou-
pling regime (SCR), where the photons emitted by an atom

can be reabsorbed and re-emitted, is a clear indication
of information being exchanged between the system and
environment,[19] implying that the process is non-Markovian
(reversible process), and hence that the system can recover
part of the lost coherence and information.[20,21] In re-
cent decades, there has been increasing interest in the non-
Markovian (reversible) nature of quantum processes,[22–27]

which has been found to be a vital resource in applications
such as detecting the environment characteristic properties,[28]

continuous-variable quantum key distribution,[29–31] quan-
tum metrology,[32] and steady-state entanglement.[33] Several
studies have used the most common and significant mea-
sures of information flow to quantify the degree of non-
Markovianity.[34–39] To study the DDIs further experimen-
tally, highly excited Rydberg atoms with large principal
quantum numbers (n ≫ 1) and strong DDIs are a good
choice.[40] Currently, both Markovian and non-Markovian dy-
namics have been studied experimentally using ultra-cold Ry-
dberg atoms,[41] and the transition from Markovian to non-
Markovian dynamics has been realized experimentally in all-
optical frameworks.[42–44] In addition, Yuan et al.[45] have ob-
served the transition from Markovian to non-Markovian dy-
namics caused by DDIs for a qubit coupled to a Bose–Einstein
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condensate (BEC) reservoir characterized by a pure dephasing

spin-boson model.

In the recent schemes,[9,17] the authors limited their stud-

ies just to protect the entanglement via DDIs and detuning but

in this study, we examine especially their impacts on the non-

Markovianity (memory) and will see how they cause a tran-

sition from the Markovian to non-Markovian dynamics and

vice versa. In detail, we consider a decoherence scheme,[46,47]

where the system S is initially coupled to the ancilla A, in-

teracting with the environment E via an amplitude-damping

channel (ADC). We also go one step further and assume the

realistic scenario where there are DDIs between the system

S and ancilla A, while the system S and the environment E

exchange information without direct interaction. Note that,

during the processing of information, the survival of memory

and entanglement plays an important role in the application of

quantum technologies. In this regard, we have two parame-

ters that can be used to adjust the system–environment cou-

pling strength which controls the decoherence and dissipation.

The first is the DDI strength, which increases the coupling be-

tween the system S and ancilla A, and the second is the de-

tuning, which decreases the coupling between ancilla A and

environment E.[48] Further, we analyze the role of DDIs and

detuning, using the concepts of both accessible information

J←SE
[49] and entanglement of formation (EOF) ESA to quantify

the exchange of information between the system and environ-

ment. We show that entanglement sudden death (ESD) can

be safely avoided and entanglement can be maintained for a

long time without impacting the memory effect by properly

tuning the DDIs in the non-Markovian regime. In our model,

even weak DDIs (η > 0.3) are enough to cause a transition

from Markovian to non-Markovian dynamics, and the degree

of non-Markovianity (which we calculate numerically) is bet-

ter than the case mentioned in Ref. [45]. In addition, compar-

ing DDIs with detuning reveals that DDIs in our model provide

better protection than detuning, and the proposals of any pre-

vious study.[9,10] We also analyze how negative detuning and

DDI can cancel out the effects of each other. Ultimately, we

hope that our model will be easier to realize in the laboratory

than those of previous studies, due to its use of weaker DDIs.

The paper is organized as follows. In Section 2,

we discuss the general behavior of Markovian and non-

Markovian dynamics and also introduce the measures of non-

Markovianity, such as accessible information J←SE , EOF ESA. In

Section 3, we present our example and its solutions in the pres-

ence of DDI. In Section 4, we present our results and discuss

our findings. Finally, in Section 5 we present our conclusions.

2. Non-Markovianity measure via information
flow
Generally, the quantum process’s dynamical map is de-

scribed by a time-local master equation[50] of the form

∂ρ(t)
∂ t

= ℒρ(t). (1)

Here, the Lindblad superoperator ℒ is defined as

ℒρ =−i[H,ρ]+∑
j

γ j

[
FjρF†

j −
1
2
{F†

j Fj,ρ}
]
,

where H denotes the system Hamiltonian, (γ j’s), Fj’s are the
time-independent decay rates and Lindblad operators describ-
ing the effect of noise on the system, respectively. For pos-
itive γ j’s, the dynamical map for Eq. (1) can be written as
Λ(t,0) = exp[ℒt], satisfying the divisibility condition for t > 0

Λ(t1 + t2,0) = Λ(t1,0)Λ(t2,0), (2)

for all positive t1, t2. This type of quantum dynamics is called
as a conventional Markovian process. In time-dependent
Markovian processes, the Hamiltonian H, noise operator Fj,
and decay rates γ j are explicitly time-dependent. If γ j(t) ≥ 0
throughout the system’s evolution, then the dynamical map
can be expressed in terms of a time-ordered exponential as
Λ(t,0) = T exp[

∫ t
0ℒ(t́)dt́], which transforms the state at time

0 to that at any other time t. Such dynamical maps have the
fundamental property of satisfying divisibility condition. In
such a scenario, the completely positive and trace-preserving
(CPTP) map Λ(t2,0) can be written as the composition of two
other CPTP maps

Λ(t2,0) = Λ(t2, t1)Λ(t1,0), (3)

where Λ(t2, t1) = T exp[
∫ t2

t1 ℒ(t́) dt́ ], for all t1,2 ≥ 0. We also
note that the value of γ j(t) may be temporarily negative during
the system’s dynamics, in which the quantum dynamical map
Λ(t2, t1) is indeterminate, which is no longer a CPTP map, and
also violates the composition law for divisibility[51,52] given
by Eq. (3).

2.1. Accessible information

Here, we discuss a well-known quantity that can extract
the maximum amount of classical information about the sys-
tem S by locally observing the environment E called accessible
information,[49] is given by

J←SE = max
{Γ E

j }

[
S(ρS)−∑

j
p jS
(

ρ
j

S | Γ
E
j

)]
, (4)

where S(ρS) =−Tr(ρS log2 ρS) is interpreted as the von Neu-
mann entropy of the reduced density operator of the system S
and {Γ E

j } is a general projective measurement acting on the
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environment’s qubit E. The remaining state of the system S
after measurement is given by ρ

j
S = TrE

[
(IS ⊗Γ E

j )ρSE
]
/p j,

with probability p j = Tr
[
(IS ⊗ Γ E

j )ρSE
]

in the subsystem
E. Hence, any deviation of the accessible information from
monotonically increasing behavior is a clear sign of non-
Markovianity. Here, we demonstrate that, in the presence of
DDIs, the dynamics remain non-Markovian for a long time
and the system S exchanges some information with the envi-
ronment E over time.

Non-Markovianity can be defined in terms of information
flow via the accessible information. As we assume a zero-
temperature reservoir, initially in a pure state, the compos-
ite tripartite state SAE always remain pure, and the Koashi–
Winter relation[53] for the corresponding state can be charac-
terized as

ESA = S(ρS)− J←SE . (5)

Here, ESA represents the EOF shared by the system S and the
ancilla A, which can be defined for the two-qubits case as

E(ρSA(t)) = h

(
1+
√

1−C2(ρSA(t))
2

)
, (6)

where

h(y) =−y log2 y− (1− y) log2(1− y), (7)

and

C(ρSA(t)) = max
{

0,
√

λ1−
√

λ2−
√

λ3−
√

λ4

}
defines the concurrence,[54] in decreasing order of the eigen-
values λi, of the product matrix ρSAρ̃SA. In addition, ρ̃SA =

(σ y⊗σ y)ρ*SA(σ
y⊗σ y), where ρ*SA is the complex conjugate

of ρSA and σ y is the Pauli spin operator. As we mentioned ear-
lier, the system S and environment E do not interact directly,
so the state ρS is time-invariant throughout the dynamics after
tracing over the subsystem A. Therefore, after taking the time
derivative of Eq. (5), we obtain

d
dt

ESA =− d
dt

J←SE . (8)

This relation shows how information exchange occurs be-
tween the system S and environment E over time. It clearly
indicates that any temporary increase in ESA, during the open-
system dynamics, leads to a temporary decrease in J←SE and
vice versa. Thus, any temporary decrease in J←SE is a sig-
nal of divisibility violation and a direct consequence of non-
Markovianity. However, for some non-divisible processes,
ESA may still decay monotonically. In that scenario, we can
also use the entanglement-based measure of non-Markovianity
criterion which can be expressed as

𝒩 (Λ) = max
ρSA(0)

∫
d/dtESA>0

d
dt

ESA(t)dt, (9)

where the maximum is taken over all possible pure initial
states of the bipartite system SA.

3. Example

Here, as shown in Fig. 1, we consider a system S that
is initially entangled with an ancilla A, namely a two-level
quantum system interacting with a zero temperature bosonic
reservoir, represented by a collection of harmonic oscillators.
We also consider the realistic scenario where there are DDIs
between the system S and ancilla A, while the reservoir only
influences the composite system SA via an ADC between A
and E.

S A EDDI

ADC

Fig. 1. A system S entangled with an ancilla A, and also including DDIs
between them, while the ancilla A interacts with the environment E via
an amplitude-damping channel (ADC).

The Hamiltonian that describes the entire composite sys-
tem SAE is given by

HSAE = Hdd
SA +HAE,

Hdd
SA = η

(
σ

S
+σ

A
−+σ

A
+σ

S
−
)
,

HAE = ω0σ
A
+σ

A
−+∑

k
ωkb†

kbk +
(
σ

A
+χ +σ

A
−χ

†) , (10)

where χ = ∑k gkbk and σ i
±(i = S, A) denote the qubits rais-

ing and lowering operators, respectively, with transition fre-
quency of ωS = ωA = ω0. The environment annihilation (cre-
ation) operators are represented by bk (b†

k), respectively, with
mode frequencies ωk. For continuous distribution of reser-
voir modes, the discrete coupling constant must be ∑k |gk|2→∫

∞

−∞
J (ω) dω , where J (ω)= γ0λ 2/2π[(ω0−ω−∆)2 +λ 2] is

the Lorentzian spectral density. Here, ∆ is the detuning of
ω0 and the cavity central frequency, while λ defines the spec-
tral width of the coupling; Both λ and γ0 are connected to the
reservoir’s correlation time τB and the system’s relaxation time
τR via τB ≈ 1/λ and τR ≈ 1/γ0, respectively. The static part
of dipole–dipole interactions between system S and ancilla A
is proportional to η = [𝑑i · 𝑑 j − 3(𝑑i · 𝑟i j)(𝑑 j · 𝑟i j)/r2

i j]r
−3
i j ,

where 𝑟i j = 𝑟i−𝑟 j defines the relative position and 𝑑i, j with
(i = S, j = A) are the electric dipole moment of their respec-
tive dipoles. The weak-coupling regime, where the dynam-
ics could be Markovian, corresponds to τR >> 2τB. In our
scheme, the bipartite state SA is initially in a pure state, and
the environment only interacts with the ancilla A, to gain in-
formation about the system S. Furthermore, we assume that
the system S and ancilla A are maximally-entangled, interact-
ing with a vacuum zero temperature bosonic reservoir which
can be expressed as

|Ψ(0)⟩SAE =

√
1
2
(|10⟩+ |01⟩)SA |0⟩E . (11)
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The interaction between A and E induce ADC, that can be
described by a unitary operator U as, U |0A⟩|0E⟩ = |0A⟩|0E⟩
and U |1A⟩|0E⟩=

√
1− p(t) |1A⟩|0E⟩+

√
p(t) |0A⟩|1E⟩. In the

operator sum representation the state dynamics can be formu-
lated as, ρSAE(t) = ∑

2
i=1 Ki(t)ρSAE(0)K

†
i (t), where Ki(t) rep-

resent the corresponding time-dependent Kraus operator satis-
fying the relation ∑

2
i=1 K†

i (t)Ki(t) = I for all time t,

K1(t) = |0⟩⟨0|+
√

1− p(t)|1⟩⟨1|,
K2(t) =

√
p(t)|0⟩⟨1|. (12)

Here, p(t) is the damping parameter which satisfies the rela-
tion

d
dt

√
1− p(t)

= −
∫ t

0

(
f (t− t ′)

√
1− p(t ′)+η

2
√

1− p(t ′)
)

dt ′. (13)

With the help of reservoir correlation function

f (t− t ′) =
∫

∞

−∞

dωkJ(ωk)e−i(ωk−ω0)(t−t ′)

=
γ0λ

2
e−(λ−i∆)(t−t ′), (14)

and pseudomode approach,[9] we can easily calculate the
damping parameter p(t) as

p(t) = 1−
∣∣∣∣L −1

{
(s+λ − i∆)(s− iη)

(s+λ − i∆)(s2 +η2)+ γ0λ s/2

}∣∣∣∣2 , (15)

where L −1 is the inverse Laplace transform and η (∆) are
the strength of DDI (detuning), respectively. In our case
the time-dependent decay rate can be calculated as γ(t) =
−2ℜ{(d/dt(

√
1− p(t))/

√
1− p(t)}. The whole density

state can be written as

ρSAE(t)

=
1
2

[
|100⟩⟨100|+ |1− p(t)| |010⟩⟨010|

+|p(t)| |001⟩⟨001|+
(√

p(t)(1− p(t)) |010⟩⟨001|

+
√

1− p(t)|010⟩⟨100|+
√

p(t) |001⟩⟨100|+H.c
)]

.(16)

Here, H.c represents the Hermitian conjugate of the last three
terms. Now we trace out the environment E and the ancilla A,
one by one, respectively, their corresponding reduced density
states take the form

ρSA(t) = TrE(ρSAE(t))

=
1
2
[|ΦSA(t)⟩⟨ΦSA(t)|+ |p(t)| |00⟩⟨00|] , (17)

ρSE(t) = TrA(ρSAE(t))

=
1
2
[|ΦSE(t)⟩⟨ΦSE(t)|+ |1− p(t)| |00⟩⟨00|] , (18)

where |ΦSA(t)⟩ = |10⟩ +
√

1− p(t)|01⟩, and |ΦSE(t)⟩ =
|10⟩+

√
p(t)|01⟩, respectively.

4. Results and discussion

In this section, we study the effect of DDIs on the cor-
relations dynamics in terms of EOF ESA(t) and accessible
information J←SE(t) as quantifiers. In the absence of DDIs,
figure 2(a) demonstrates the dynamics in the non-Markovian
regime,[38] where we can observe that whenever ESA increases
temporarily, a decrease in J←SE(t) leads to a negative decay rate
γ(t), as shown in the inset of Fig. 2(a). In this case, the dy-
namical map is non-divisible, indicating a non-Markovian (re-
versible) quantum process. Next, we show that introducing
DDIs between the system S and ancilla A, not only avoid ESD
in the non-Markovian regime but also protect the information
for a very long time. In Figs. 2(b) and 2(c) the DDI strengths
are η = 0.5,1, respectively, which is still very weak relative
to the strength, as reported in Refs. [9] and [10]. In our case,
these plots show that information is exchanged between the
system S and environment E much more rapidly. We can also
observe (insets of Figs. 2(b) and 2(c)) that γ(t) oscillates in the
same way throughout the whole dynamics and is periodically
negative, implying the quantum processes are non-divisible.

(b)
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Fig. 2. Accessible information J←SE (t) (blue line), the entanglement of formation ESA(t) (red line), for (a) η = 0, (b) η = 0.5, (c) η = 1, respectively, with
∆ = 0, and in the insets, the decay rate γ(t)/γ0 (orange line) as a function of the dimensionless quantity γ0t, in the non-Markovian regime where λ/γ0 = 0.1.
These plots demonstrate how information can be protected for a very long time without affecting non-Markovianity.
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Fig. 3. Accessible information J←SE (t) (blue line), the entanglement of formation ESA(t) (red line), for (a) η = 0, (b) η = 1, (c) η = 3, respectively, with
∆ = 0, and in the insets, the decay rate γ(t)/γ0 (orange line) as a function of the dimensionless quantity γ0t, in the Markovian regime where λ/γ0 = 3. Here,
panel (a) shows the monotonicity of information flow in the absence of DDIs, while panels (b) and (c) show non-monotonic behavior, revealing how the
dynamics change when DDIs are introduced in the Markovian regime.

Similarly, figure 3(a) represents the dynamics for zero
DDIs in Markovian regime,[38] where we can notice that ESA

decays monotonically in this case, increasing J←SE(t) and lead-
ing to γ(t) positive throughout the evolution, as shown in the
inset of Fig. 3(a). As long as γ(t) remains positive, the dynam-
ical map is divisible, indicating a Markovian quantum pro-
cess. If we introduce DDIs in this Markovian regime, we
observed that they disturb this monotonic behavior, depend-
ing on the DDI strength: figure 3(b) shows that the behavior
of ESA and J←SE(t) is no longer monotonic. This change, and
the oscillating behavior of γ(t) which is periodically negative
throughout the dynamics, as shown in the inset of Fig. 3(b) is
a clear indication of memory. It is important to note that, ini-
tially Markovian environment shows non-Markovian dynam-
ics with the introduction of weak DDIs. We also demonstrate
that the degree of non-Markovianity directly depends on the
DDI strength. Increasing this causes information to be ex-
changed between the system S and environment E much more
rapidly, protecting the information for a little longer, as we
can see in Fig. 3(c). It is thus clear that, increasing the DDI
strength in the strong-coupling regime causes the system and
environment to exchange information faster without affecting
its memory, whereas introducing weak DDIs causes a transi-
tion from Markovian (memory-less) to non-Markovian (with
memory) dynamics. This is one of the main consequences of
DDIs in the Markovian regime.

We also investigate the DDIs ability to protect entangle-
ment, measured in terms of the concurrence. Recently, the au-
thors in Refs. [9] and [10] have investigated using strong DDIs
to prevent decoherence, whereas we have found that weak
DDIs are sufficient to reduce entanglement degradation in our
scheme. Figure 4 compares the behaviors of both DDIs and
detuning in the non-Markovian regime, for different values of
η (Fig. 4(a)) and ∆ (Fig. 4(b)). From this we can conclude
that DDIs are better than detuning at protecting entanglement
in both regimes, but stronger DDIs are needed for protection
in the Markovian regime than in the non-Markovian one. In

addition, figure 4(a) shows that DDIs can protect entangle-
ment without destroying the memory effect. We can observe
oscillations here for all DDI strengths, indicating that infor-
mation is being exchanged between the system and environ-
ment, as also shown in the inset of Figs. 2(b) and 2(c). In
contrast, protection through detuning leads to a loss of coher-
ence, which in turn causes a transition from non-Markovian to
Markovian dynamics. Although both DDIs and detuning pro-
vide less protection in the Markovian regime compared with
the non-Markovian one, the important point here is the oscil-
lation present in the DDI case, which represents a transition
from Markovian to non-Markovian dynamics. Based on our
present model, we prefer DDIs over detuning for two reasons:
they provide better protection, preserving non-Markovianity
in the strong-coupling (non-Markovian) regime, and induces
memory in the weak-coupling (Markovian) case.
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Fig. 4. Concurrence C(ρSA(t)) as a function of dimensionless quantity
γ0t for (a) DDI values of η = 0,0.3,0.6,1, with ∆ = 0 and (b) detuning
∆ = 0,0.3,0.6,1, with η = 0, corresponding to solid red, black, blue, cyan
lines, respectively, in the non-Markovian regime where λ/γ0 = 0.1. This
comparison demonstrates that DDIs are better than detuning at protecting
entanglement against dissipation.

Non-Markovianity enables information to return from the
environment to the system. Figure 5 compares its behavior in
the presence of DDIs and detuning. DDIs increase the cou-
pling between the system and ancilla, whereas detuning re-
duces the coupling between the ancilla and environment, so al-
though they both have the ability to protect information against
dissipation but in case of non-Markovianity both have opposite
behavior. Here, we use Eq. (9) to calculate numerically the de-
gree of non-Markovianity for both DDIs and detuning over the
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whole time evolution. This shows that the non-Markovianity
in the non-Markovian regime increases with DDI strength and
decreases with detuning, corresponding to the red and blue
dotted curves, respectively, in Fig. 5(a). Initially, the non-
Markovianity is zero in the Markovian regime (Fig. 5(b)) but it
arises with increasing the strength of DDI, representing a tran-
sition from a divisible to a non-divisible quantum map. We
are able to achieve a much higher degree of non-Markovianity
during this transition than as showed in Ref. [45]. From
this, it is clear that increasing the coupling between the sys-
tem and ancilla can protect the information and increase non-
Markovianity while decreasing the coupling between the an-
cilla and environment can also protect the information but de-
grade the non-Markovianity.

As we have discussed earlier, DDIs show behavior op-
posite to that of negative detuning, although both are inter-
nal effects and can be used to prevent decoherence. Next, we
investigate how negative detuning can be used to cancel out
the effect of DDIs in the non-Markovian regime. Figure 6(a)
shows that adjusting the strengths of both DDI and negative
detuning to be equal but opposite can cause their effects to
cancel out. We can also observe some non-periodicity for both
weak DDIs and negative detuning, which can be eliminated
by increasing their strengths in the same way. If we compare
Fig. 6(a) (η =−∆ = 4) with Fig. 2(a) (η = ∆ = 0), we can see
that although the figures are not identical, they do show the
same behavior. Detuning causes a loss of non-Markovianity
while protecting the information, whereas DDIs maintain it.
Similarly, when DDIs and negative detuning are combined,
they can cancel out each other, some coherence and informa-

tion are lost, as can be seen from the amplitudes and numbers
of peaks shown in Fig. 6(a). Further, intersection points of
curves along time-axis clarify that these effects cannot can-
cel each other completely. In the non-Markovian dynamics,
which possesses memory mean, future states depend on past
states, introducing a weak detuning can eliminate this behav-
ior. In Fig. 6(b) (η = 0, ∆ = 0.5), there is an initial oscillatory
phase, representing non-Markovian behavior, which later on
reduces to monotonic behavior, indicating Markovian dynam-
ics. The inset of Fig. 6(b) also reveals that there is a transi-
tion at γ0t = 26.58, from a non-divisible to a divisible quan-
tum process. The transition time also depends on the detuning
strength. In summary, we conclude that DDIs cause a tran-
sition from Markovian to non-Markovian dynamics, while de-
tuning can cause a slow and gradual shift from non-Markovian
to Markovian dynamics, depending on the strength. We hope
that this DDI trait will play a role in the quantum electrody-
namics of atom–cavity systems against dissipation.

0N
o
n
M
a
rk
o
v
ia
n
it
y

0 1 2 3 4 5

3.0

2.0

1.0

0.2

0.20

0.10

0.15

0.05

0.4 0.6 0.8 1.0
0
0

(a) (b)

∆/MHz

η/MHz η/MHz

Fig. 5. Non-Markovianity 𝒩 (ρSA) as a function of DDI (η) (red curve)
and detuning (∆ ) (blue curve) throughout the whole time evolution for (a)
non-Markovian regime with λ/γ0 = 0.1 and (b) Markovian regime with
λ/γ0 = 3. These demonstrate that non-Markovianity increases with DDI
strength in both regimes, and decreases with increasing detuning in the non-
Markovian regime.
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illustrates the transition from non-Markovian to Markovian dynamics caused by detuning while it protects the information.

5. Conclusion

In this article, we have analyzed the decoherence scheme
in the presence of DDI and detuning, in both Markovian and
non-Markovian environments. Especially, we have consid-
ered a system S that is initially coupled to an ancilla A, where

the environment E can gain information about the system S

through ancilla A, without disturbing the system S directly.

We have shown that, in the non-Markovian regime, even weak

DDIs are sufficient to avoid ESD and enable entanglement to

be maintained for a very long time. In order to prevent en-
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tanglement degradation, we need strong DDIs in the Marko-
vian regime, but weak DDIs are sufficient to cause a transition
from Markovian to non-Markovian dynamics. We have also
found that the degree of non-Markovianity increases with DDI
strength, and decreases with increasing detuning. It is also im-
portant to note that DDIs are more effective than detuning,
both in protecting against decoherence and producing mem-
ory in the Markovian regime, whereas detuning causes a loss
of memory (while still protecting the information) in the non-
Markovian regime. In addition, we have found that the effects
of DDIs and negative detuning can cancel out each other, with
a certain loss of coherence and information. We believe that
these results will be useful in understanding the role of DDIs
and detuning to prevent decoherence, and prove to be helpful
when realizing many future quantum protocols in practice.
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