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Abstract

We study the Markovianity of a composite system and its subsystems. We show how the dissipative
nature of a subsystem’s dynamics can be modified without having to change properties of the
composite system environment. By preparing different system initial states or dynamically
manipulating the subsystem coupling, we find that it is possible to induce a transition from Markov to
non-Markov behavior, and vice versa.

Introduction

The theory of open quantum systems plays a central role in the description of realistic quantum systems due to
unavoidable interaction with the environment. As is well known, the system—environment interaction can lead
to energy dissipation and decoherence [1], posing a major challenge to the development of modern technologies
based on quantum coherence [2]. Due to its fundamental character and practical implications, the investigation
of dissipative processes has been a subject of vigorous research, where the standard approach assumes a system—
environment weak coupling and a memoryless quantum dynamics (the Born—-Markov approximation). Under
such assumptions, system dynamics are determined by a quantum Markovian master equation, i.e., a
completely positive quantum dynamical map with a generator in the Lindblad form [1, 3].

Although the Markovian approach has been widely used, there is a growing interest in understanding and
controlling non-Markovianity. In quantum metrology, for example, entangled states can be used to overcome
the shot noise limit [4] in precision spectroscopy, even in the presence of decoherence [5]. However, as
suggested in [6, 7], higher precision could be achieved in a non-Markovian environment, since a small
Markovian noise would be enough to restore the shot noise limit. Non-Markovian dynamics also play an
important role in quantum biology [8], where interaction with a non-Markovian environment can be used to
optimize energy transport in photosynthetic complexes [9], and can be observed in condensed matter devices
like quantum dots [10, 11] and superconducting qubits [12]. Furthermore, as pointed out recently in studies
involving quantum key distribution [13], quantum correlation generation [14], optimal control [15], and
quantum communication [ 16], the use of non-Markovian dynamics could offer an advantage over Markovian
dynamics.

This scenario has motivated studies aimed at characterizing and quantifying non-Markovian aspects of the
time evolution of an open quantum system [ 17]. However, unlike the classical case, the definition of non-
Markovianity in the scope of quantum dynamics is still a controversial issue. For example, Breuer, Laine and
Piilo (BLP) [18] have proposed a measure for non-Markovianity using the fact that all completely positive-trace
preserving (CPTP) maps increase the indistinguishability between quantum states. From a physical perspective,
aquantum dynamics would be non-Markovian if there were a temporary back-flow of information from the
environment to the system. On the other hand, for Rivas, Huelga and Plenio (RHP) [19], a quantum dynamics
would be non-Markovian if it could not be described by a divisible CPTP map. Formally, for such cases, one
couldnotfinda CPTP map @ : p(0) = p(t) = @ (¢, 0)p (0), describing the evolution of the density operator p
fromtimeOtot,suchthat @ (t + 7, 0) = @ (t + 7, t) P (¢, 0), where @ (¢ + 7, ¢)and @ (¢, 0) are two CPTP
maps. Therefore, the indivisibility of a map would be the signature of non-Markovian dynamics. These two

© 2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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different concepts of non-Markovianity are not equivalent [20]: although all divisible maps are Markovian with
respect to the BLP criterion, the converse is not always valid [21].

In this paper, we explore the idea of how one might manipulate the Markovian nature of a
dissipative subsystem, by exploiting features of its being a part of a composite system. For that, we study
the dynamics of interacting two-state systems (TSS) coupled to a common thermal reservoir. By changing
the composite initial state and/or the TSS couplings, we show that it is possible to modify in situ the
characteristics of the subsystem’s dissipation, enabling one to induce a transition from Markovian to
non-Markovian dynamics and vice versa. Moreover, we observe the possibility of having different
behaviors for the composite and subsystem, even when they are coupled to a common thermal
environment. Finally, we provide a qualitative and quantitative description of how the environmental TSS
acts as part of the subsystem environment.

The model

We initiate our analysis by choosing an exactly soluble analytical model that is capable of presenting the physics
we want to exploit from dissipative composite systems. Therefore, our starting point is the dephasing model for
two interacting two-state systems (2-TSS)

S, .
H () = Hs(t) + Yhanblby + = 30 (g b+ gibl), (1)
k k

with Hg(t) = le _ sie; (1) af/Z + 4] (t)of 0'22/2, where 67 is the diagonal Pauli matrixand S, = o7 + o5 .
The choice of this model is also motivated by the possibility of implementation in different experimental
settings. For example, it could be realized in superconducting qubits [22], trapped ions [23], ultracold atoms in
an optical lattice [24], and NMR systems [25]. In addition, such a model, without TSS-TSS couplings, is also
considered as a paradigm of quantum registers [26].

The bath of oscillators, introduced by the canonical bosonic creation and annihilation operators b kT and by, is
characterized by its spectral density J (w) = Zk |g,I*6 (0 — wi) [27], and is responsible for imposing a
nonunitary evolution for the 2-TSS. Since [6;, H] = 0, the populations of the eigenstates of (¢, 65 ) are
constants of motion and the coupling with the environment solely induces random dephasing between any
superposition of those eigenstates. The (2-TSS)-bath time evolution operator can be determined as

o t Z5% t
i[ZfT’fo doei (0 + 27 [ dr/(r)+tzwkb;bk]
k

. [ sinwit) Sz { o
its? . GLOb{=GE ()14
R ) , 2)

with Gy (t) = g, (1 — e')/wy. Consequently, if pg; (t) denotes the density matrix of the 2-TSS plus bath, then
psp(t) = U (¢, 0)pgs (0) UT(t, 0). Regarding the (2-TSS)-bath initial correlations, the initial state pep (0) is
hereafter assumed to be separable, i.e., pg, (0) = pg(0) ® pp, where the bath is considered to be in equilibrium

Ut,0)=e

X

attemperature Tand therefore p, = e~ 2 "xbibilkaT/ 7

2-TSS dynamics

The dynamics of the open 2-TSS follows from the system’s reduced density matrix, defined by

p (t) = Trglpg (£) ], where Trg[...] means the trace of bath degrees of freedom. Performing the calculation, one
can find that p (t) obeys the exact master equation

. i y (1) 1
P ==—[Hs®, p(0 ] + T(szpu)sz - i p(t)}), (3)

Jiw
2%kpT
dependent dephasing rate’. Since no approximation has been made whatsoever, it is worth noting that

equation (3) constitutes a genuine CPTP quantum dynamical map.

The master equation (3) has a very suitable form for the analysis of quantum Markovianity, since it can be
directly compared with the well-known Lindblad theory for open systems [1, 3]. Indeed, if y (#) > 0 forall
t > 0, the time-local master equation describes a divisible CPTP map. Therefore, under this condition, the

where[, ]({, }) denotesthe standard (anti)commutator, and y (t) = / da)@ sin wt coth is the time-

3 Due to the system—environment interaction, the (unobservable) bare TSS-TSS J coupling is renormalized, such that
J(@) =T (@) + / doJ (w)(1 — cos wt)/w, when working with the system’s reduced dynamics. Throughout the manuscript, the J values
used for the system’s reduced dynamics stand for their renormalized values.
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Figure 1. The dephasing rate y (¢) (a), (b) and trace distance equation (6) (c), (d) as a function of time for the system Hamiltonian
equation (1) in an Ohmic (a)—(c) and Lorentzian (b), (d) environment. Depending upon the bath temperature T, it is found non-
negative dephasing rates for all £ for both spectral densities, indicating regimes of Markov behavior for the 2-TSS dynamics. The trace
distance is taken for the TSS reduced density matrix for two TSS—TSS constant coupling strengths J, considering a bath temperature T
where the 2-TSS dephasing rate has been found to be always positive, and orthogonal initial states given by

|‘[’”> = %(l +)—-1-NS(+)+]| - ))and‘?’b> —(| +)+|-)) ® (] +)+ | —)). The non-monotonic behavioris a
signature of non-Markov process for the single TSS dynamlcs Physical parameters used for this plot: in addition to the values quoted
in the panels, weset 2 = | = 0.01w,.

dynamics would fall into the class of problems considered as paradigms of quantum Markovian processes, since
there is only a single decoherence channel [18, 19,21, 28].

The simplest example one can find for the system Hamiltonian equation (1) thathas y (#) > 0, V ¢ > 0,is
the case of an ohmic bath?, i.e., J (w) = nwe=“' Indeed, as depicted in figure 1(a), for any bath temperature
T, the dephasing rate satisfies the condition of being non-negative for each fixed t > 0. Consequently, the 2-TSS
dissipative dynamics would be categorized as Markovian.

Another important case happens when the environment seen by the system of interest presents a
pronounced peak (often referred as a Lorentzian peak [29, 30]) at a characteristic frequency £2. Relevant
examples are superconducting qubits coupled to readout dc-SQUIDS [12], electron transfer in biological and
chemical systems [31] and semicondutor quantum dots [32], to name just a few. Figure 1(b) shows the
dephasing rate assuming a Lorentzian shape for the bath spectral density [29, 31]. As one can observe, for the
case in which the resonance width /is of the same order as the frequency peak €2, the dephasing rate can present
negative values (solid curve) or be a positive-valued function (dashed and dotted-dashed curves), depending
upon the bath temperature. Thus the composite dissipative dynamics would be Markovian as long as the
thermal energy scale is comparable to or larger than the resonance parameters (dashed and dotted—dashed

curves),i.e., kgT = 7 ~ 7.

* For the class of parameterized spectral functions J (@) = nw’e™®/®, one finds that, if s < 2, y (t) isa positive-valued function for any
temperature and therefore the system dynamics is Markovian. On the other hand, if s > 2, depending upon the temperature, y (¢) can

present negative values, given a non-divisible map.
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Single TSS dynamics

Thus far, we have only been concerned with characterizing the dissipative dynamics of the composite system,
i.e., the open 2-TSS. What we now want to address is whether or not the single TSS dissipative dynamics can be
tuned in situ such that its behavior would differ from that observed for the composite system. In fact, one could
envision that, due to its interaction with the other TSS (hereafter labeled the auxiliary TSS), a single TSS would
be coupled to a structured bath (auxiliary TSS + environment), which would play the role of an effective bath,
and could induce a different nature for the dissipative process. If so, it might be possible to change dynamically
the nature of such a structured bath by varying the TSS—TSS coupling J and/or the initial state of the

auxiliary TSS.

As matter of fact, the approach of considering the subsystem’s environment to be composed a common
environment plus the rest of the composite system was employed long ago. Indeed, regarding to the
characterization of an effective dissipative mechanism, it was successfully applied to the class of problems
mapped onto a TSS coupled to a harmonic oscillator in the presence of a Markov bath, where perturbative
[29, 31], non-perturbative [33], spectral density series representation [34] and semi-infinite chain
representation [35] techniques were proposed to describe such an effective dynamics in several contexts. In
addition, a multi-spin environment coupled to local bosonic baths has also been studied [36] in the context of
Markovianity. It is also noteworthy that the presence of initial correlations in an environment composed of
several subparts can lead to changes in the subsystem dynamics. Such an influence has been successfully
investigated, with regard to the BLP measure, theoretically [37] and experimentally [38] for the specific case of
non interacting TSS—TSS systems, which interact locally with correlated multimode fields. In spite of the results
mentioned above, no systematic investigation of their Markovianity has been undertaken using both RHP and
BLP measures. Nor have interacting TSS—TSS composite systems in the presence of thermal baths been
analyzed, where tunability seems more natural for manipulating the dissipative dynamics nature of several
physical implementations.

We shall address this question by looking at the single TSS reduced density matrix
P (t) = Try Trglpgp (1) ] = Try[p (t) ], where Tr, [...] means the trace of the auxiliary TSS degrees of freedom. Its
matrix representation in the ¢* eigenbasis (6 | = ) = + | = ) ) can be cast in the simple form

a e_i/g dr€1(1>e—r(t)ﬁ(t)

ﬁ] (t) = (4)

eifo dTEl(T)e—F(t)ﬁx-(t) 1—a

t
where I' (t) = / dt’y (') and the matrix elements are given by a = (++| 5 (0)|++) + (+—| p(0)|+—)and
0

t t
pt) =e /o 4@ p0)]—=) + e fu 4O 4y £ (0)|—+). Hence, one finds that, in general, the
dynamical map describing equation (4)is nonlinear, since it depends on the composite initial state. Indeed, such
afeature becomes clear when one tries to write the reduced density matrix equation (4) in a similar formto a
Kraus representation [2],i.e., g, (t) = Z e O,in £, (0) 11, kT , with operation elements 7 given by

It @
2

i " dee t i " dre
Iy=e Zfod“‘(f)e_* 0} |+)(+|+ezfod“1(r)e_T

$(0)
Hi=\/1 —eT'®

Observe that those operators are dependent on the composite initial state, which would not be a genuine Kraus
representation. Therefore, it is clear that, in general, the dynamical map describing the evolution of the single
TSS reduced matrix p, (t) is itself dependent on the initial condition g, (0), which breaks the linearity of the map.
Furthermore, the reduced dynamics are not necessarily described by a completely positive dynamical map. It is
worthy of mentioning that, under such circumstances, the characterization of the single TSS dynamics as
Markovian or not is disputable with current measures, since both RHP and BLP proposals rely on linear maps.
Nevertheless, it is still possible to find conditions where the dynamical map of the single TSS reduced matrix

p, (t)is alinear CPTP map, thus being consistent with RHP and BLP constructions. Those happen when (i) the
composite initial state is a product state, i.e., p (0) = p, (0) & p, (0),and (ii) there is no TSS-TSS interaction
(J = 0), since for both cases one finds # (¢)/£ (0) = 1.In other words, in these cases the reduced dynamics is
described by a genuine Kraus representation.

B (1)

£(0)

| £)( x|, with YT =1,
k
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It follows from equation (4) that the master equation for the single TSS reduced density matrix reads

pi0) = =2 [A0, 5,0 ] + 22 (o800t = 71 (0), s

where H, (t) = 7 (e, (t) + J(t))o/2, with J(t) = 3(|5l2dd/—f), and 7(t) = y (1) — m(lﬁ/fF%). Note the

Lindblad structure of the master equation (5), where H; (t) and 7(¢) play the roles of effective single TSS
Hamiltonian and dephasing rate, respectively, and are manifestly dependent on the composite system initial
state condition. Moreover, since # depends only on the initial state p, (0) and the TSS-TSS coupling J, neither the
unitary part of equation (5) nor the extra term in its dephasing rate is influenced by the system—bath coupling.
Consequently, the bath and auxiliary TSS contributions for each term of equation (5) can be identified and
quantified.

Two results immediately become apparent: (i) as expected, if the TSS-TSS coupling is zero
(J=0-dp(t)/dt=0— ] =0 and 7 = y), the single TSS dissipative dynamics is completely enforced by
the environment; and (ii) if the auxiliary TSS initial state is set in an eigenstate of ¢, one finds that

IBPB
the auxiliary TSS dynamics will be locked into its initial state, since ¢* is a constant of motion. Therefore the
interacting term Jo;° 6; will only play the role of a fixed external field for the single TSS, in which dissipative
dynamics would follow the process imposed by the environment. Thus, for such cases, both the composite and
single TSS dissipative dynamics would have the same behavior.

In spite of the two cases discussed above, in general 7 is not determined only by the environment dephasing
rate y and is not a positive-valued function. Therefore, with regard to the concordance between BLP and RHP
measures, it is not possible to infer from the master equations (3) and (5) whether the single TSS dissipative
dynamics will follow the same behavior as that observed for the composite system. Consequently, the two
measures have to be determined in order to find the cases of agreement in our system.

As already mentioned, the figure of merit for BLP is the distinguishability of quantum states [1]. An
important tool that has been used as a measure for the distinguishability of quantum states is the trace distance
D(p, o) = % Tr |p — o|between two quantum states p and o [2]. According to BLP, since the trace distance has

9‘{( b gyrdt) =0— 7=yand ] = J {65 ), where (65 ) = Tr[p,(0)0o; ]. These results highlight the fact that

the feature that under CPTP maps @ (¢, 0) its value cannot increase beyond its initial value [2], i.e.,
D(p,(t), p, (1)) < D(p,(0), p,(0)), where p,, (t) = @ (¢, 0)p, ; (0), the trace distance could also be used as a
definition of non-Markovianity [18, 21]. That definition is based upon the idea that a Markovian dynamics has
to be a process in which any two quantum states become less and less distinguishable as the dynamics flows,
leading necessarily to a monotonic decrease of its trace distance. Thus, a non-monotonic behavior is interpreted
as aback-flow of information from the environment to the system. From an experimental perspective, the trace
distance could be calculated by the tomography of the density operator, as was recently done by Liu et al [ 38, 39]
using all-optical experimental setups, or inferred from current fluctuations [11].

For states given by equation (4), the trace distance can be easily determined as

D(pf (0, 51 (0)) = (aa = @) + e O |5, (1) = B, (O, (6)

which time behavior is manifestly dependent on the 2-TSS initial state. For instance, panels (¢) (Ohmic) and (d)
(Lorentzian bath) of figure 1 show a representative initial condition, in which the auxiliary TSS is set in an equal
superposition of 67 eigenstates, i.e., (| + ) + | — ))/~/2. The bath temperature is chosen such that both Ohmic
and Lorentzian baths produce a Markovian process for the composite system. However, even though it
asymptotically vanishes for both cases, the trace distance for single TSS states is non-monotonic, indicating a
non-Markovian process. Moreover, this non-monotonic behavior implies that the TSS dynamics is indivisible
[21]. Thus the TSS dynamics is non-Markovian not only in terms of the back-flow of information, but also with
respect to the RHP criterion.

On the other hand, one can find a situation in which the single TSS dynamics is Markovian even when the
composite system presents a non-Markovian behavior. This unexpected scenario is shown in figure 2. The
negative values assumed by the dephasing rate y (¢), panel (a), ensure that the 2-TSS dynamics is indivisible.
Furthermore, as shown in panel (b), the trace distance can be found having a non-monotonic behavior.
Therefore, the composite system conforms to a non-Markovian quantum process with respect to the BLP and
RHP criteria. However, since the effective rate 7(¢) is always positive for the fixed initial condition p, (0), inset of
panel (a), we have a divisible dynamics, implying that the trace distance is a monotonic function of time [21], as
illustrated in panel (b). Consequently, the single TSS dynamics is a Markovian process in the standard way. A
similar result was obtained for non-interacting TSS-TSS systems coupled locally with correlated multimode
fields [37, 38].
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Figure 2. Panel (a): the dephasing rate for 2-TSS and a single TSS (inset) as a function of time for the system Hamiltonian equation (1)
in a Lorentzian environment. Although the dephasing rate y () for 2-TSS assumes negative values, the effective dephasing rate 7(t) for

%ux> = 0.1 | +)+ 0.9 | = ). Panel (b):
Trace distance and its derivative (inset) for 2-TSS and a single TSS as a function of time for 2-TSS orthogonal initial states
#9) = L0 +) =1 =) ® |uge)and|#?) = L1 +) 1)) ®

the single TSS is always positive. To compute 7(t) we set the auxiliary TSS state as

2
is observed only for 2-TSS dynamics. Physical parameters used for this plot: J = 2 x 10 %w,, T = 2.5 X 10~%/iw,/kp, n = 0.1and
Q2 =1=00lw.

Viux > The non-monotonic behavior of the trace distance

The results and examples offered here demonstrate (i) that the single TSS hamiltonian has no influence
regarding the Markovianity of both single TSS and composite system; (ii) if one tries to push the characterization
of the Markovianity of the single TSS dynamics for cases where the map is nonlinear, it is found that a 2-TSS
entangled state is not a sufficient condition for non-Markovianity of the single TSS dynamics. Indeed, a simple
q§+> =(|++) + |—) )/\/5, as the 2-TSS initial state. For
those states, one finds f (t) = 0 in equation (4), which leads to a non-dissipative dynamics for the single TSS
dynamics. This result explicitly shows that the single TSS reduced dynamics has a convoluted dependence with
the 2-TSS initial state, which does not allow one drawing immediate conclusions about the role played by the
presence of entanglement in the initial state; and (iii) that the presence of the auxiliary TSS not only has
quantitative effects, but may also have, with regard to BLP and RHP criteria, a decisive impact on the nature of
the TSS dynamics. Such an influence can be made more explicit if one focuses on cases where the composite
initial state is a product state (p (0) = p, (0) ® p, (0)). In fact, for those the extra term in 7, namely,

example would be having one of the Bell states, e.g.,

Yaux (B) = —,‘ﬁ( / ﬁ), can be written in the simple form

| p 1P de
(l - (gf)l) sin(th dT](T))
o () = L 0 )

1 - (l - <0.2z>2) sin? (fot dr](r)).

Furthermore, if one considers problems having the same p, (0), the figure of merit for both criteria becomes 7,
since the monotonicity of the trace distance equation (6) is determined by dD/d¢ &« — 7. For this case, the
agreement between the two criteria is guaranteed because equation (5) describes a single decoherence channel
with the same 7(t) forall p, (0) [28]. Thus,as 7 = y + 7, itis clear that can be established a competition when
setting the nature of the reduced TSS dynamics, which can be tailored through the knobs J and (¢ ) due to the
presence of the auxiliary TSS.

Indeed, except for the trivial case | (65 )| = 1, equation (7) shows that the term due to coupling with the
auxiliary TSS will induce an ad infinitum pattern of momentary loss and recurrence of quantum coherence
observed for the reduced TSS dynamics, which is a characteristic of the entanglement created between a tiny
number of degrees of freedom. Thus the coupling with the auxiliary TSS constitutes a channel, here reversible,

6
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for exchanging information. The reversibility of such a channel is only possible here because of the diagonal
nature of the interactions, which maintains the amplitude of ,, constant. Consequently, the irreversibility of
the dephasing process observed for the reduced TSS is only led by its direct coupling to the environment.
Following that reasoning, one could expect that the same results would be found for the reduced TSS dynamics if
an independent bath model were assumed, instead of the common environment model equation (1). Asa
matter of fact, as long as the diagonal nature of the interactions is preserved, the same results equations (4)—(7)
are obtained, with y () reading the dephasing rates due to the individual baths coupled to the single TSSs.

A final note on the single TSS dissipative dynamics comes from the observation that, if p, (0) is assumed to be
athermal state, our problem resembles very much with the one having a unique (structured) thermal bath
initially decoupled from the single TSS. Despite several known examples of the TSS-harmonic oscillator
problem [29-35], because of the different character between the spin and bosonic degrees of freedom, it does
not seem possible to assign an effective spectral density for the TSS—TSS case. Nevertheless, for the case of a
constant ] TSS-TSS interaction, one can single out a spectral density due to the spin character of the structured

. . a4 T 1= @) 1\ _ Juux (@)
bath. Following from equation (7), one finds that y,  (¢) = fda, ~—sinwt ( o] ) = /dwT

sin wt exp ( - 6]—22}?—“} ), which leads to the spin component of the spectral density
B

Joux (@) = (2] )2211 (—=1)"*'ms (w — 2Jm). Those finds reveal that the auxiliary TSS behaves as a mode filter

for the natural 2] frequency and its harmonics, which are weighted by a Boltzmann factor of effective
temperature Ty, = (2] /€;) T.

Non-commuting system—environment interaction: a case study

The analysis of the exact soluble model equation (1) gives evidence that the presence of an auxiliary system
coupled to the system of interest could create a knob to manipulate in situ its Markovianity. However, since it
was obtained for the particular situation where the system—environment interaction commutes with the system
Hamiltonian, one could wonder whether such a feature would be spoiled if the system—bath interaction would
not commute with the system Hamiltonian. Unfortunately, for such cases, exact solutions are rare, if not
impossible. Nevertheless, we now present a case study, which is representative of some physical systems [23, 24],
where one finds that the idea of having a knob for Markovianity, due to the presence of an auxiliary system, does
also apply.

Our case study has the feature that, by construction, the composite system dynamics is assumed to be
Markovian, but depending on its initial state, the single TSS dynamics can be found to be both Markovian or
non-Markovian. The Hamiltonian of interest is exactly the one given by equation (1), except for the system—
environment interaction, which now reads

S, .
Hin = = Zk:ﬁ(gk b+ gbi). (8)

Assuming that the system—environment interaction is weak and the composite system dynamics is Markovian,
such that the Born—Markov approximation is aplicable, the system’s reduced master equation is found to have a
Lindblad form with positive rates [1].

As for the single TSS dynamics, as expected, its Markovian character is dependent on the 2-TSS initial state.
For example, for the environment temperature T = 0 K, if the 2-TSS initial state is the separable state
p,(0) ® | — ){ — |, one can put the single TSS master equation in a Lindblad form given by

ye ™

1+ e

h() =—ite = D[oro, py | + ( ](2o_ﬁlo+ — P1040- — 640 y)s 9)

where’y_(t) = J (e — J) > 0 Thus, for that initial condition, the single TSS dynamics would be Markovian. On

Ve ) { Vi
with y/amx> =09 |+ )+ J0.19 | — ), one finds, using the trace distance, that the single TSS dynamics would
be characterized as non-Markovian, according to both BLP and RHP criteria (see figure 3). Therefore, such
examples make clear that the 2-TSS initial state can be used as a knob to determine the Markovianity of the single
TSS, even having the system—environment interaction not commuting with the system dynamics.

other hand, if the 2-TSS initial state is still separable, but given by another condition, e.g., p, (0) ®

>

> Here, for simplicity, we have assumed € () = ¢, (t) = €, J (t) = J and € > ].Itisworthy of note that, for a general initial state, even fora
separable state, it may not be possible writing the single TSS master equation in a Lindblad form.

7
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Figure 3. Dynamics of the trace distance and its derivative (inset) for a single TSS calculated for an example (equation (8)) of a non-
commuting system—environment interaction. Its non-monotonicity reveals that the single TSS dynamics is non-Markovian, whereas
the 2-TSS dynamics is found to be Markovian (see main text). Here, it was assumed an Ohmic bath at temperature of T = 0 K, and the

2-T$S orthogonal initial states | ¥*) = <= (] + ) = | = )) ® |y )and [#*) = =(1 +) + | =) ®
waux> =0.9 | + ) + v0.19 | — ). Physical parameters used for this plot: ] = 0.01lw,, = 0.4 and

Yhux >, where we set the

auxiliary TSS state as

€ = ¢, =0.1w,..

Conclusions and perspectives

In summary, we have shown the possibility of manipulating the Markovianity of a subsystem of interest without
having to change the common thermal environment properties or to assume a correlated environment state,
which can be daunting requirements for some physical implementations. By choosing an exactly soluble model
and a case study for a non-commuting system—environment interaction, we illustrated how one can induce a
transition from Markovian to non-Markovian dynamics, and vice versa, by changing the characteristics of the
composite system. Such analises build evidences that a knob for Markovianity can be introduced when one
couples an auxiliary system to the system of interest. Among the perspectives offered by this work, one could
envision points regarding whether it would be possible having the concept of Markovianity and non-
Markovianity defined for those cases which dynamics is described by nonlinear maps, the extension to other
non-commutative TSS-TSS interactions and the role of the number of degree of freedom involved in the
coupling auxiliary system. On this last point, it would be interesting to investigate whether there would be a
limitation on the maximum number of degrees of freedom allowing for the existence of the knob

Acknowledgments

F Bis supported by Instituto Nacional de Ciéncia e Tecnologia—Informagdo Quéntica (INCT-IQ) and by
Fundagdo de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP) under grant number 2012/51589-1. TW
acknowledges financial support from CNPq (Brazil) through Grant No. 478682/2013-1.

References

[1] Breuer H-P and Petruccione F 2007 The Theory of Open Quantum Systems (Oxford: Oxford University Press)
[2] Nielsen M A and Chuang I L 2000 Quantum Computation and Quantum Information (Cambridge: Cambridge University Press)
[3] Lindblad G 1976 Commun. Math. Phys. 48 119
[4] Itano W H et al 1993 Phys. Rev. A47 3554
[5] Huelga S Fetal 1995 Phys. Rev. Lett. 79 3865
Escher BM eral2011 Nat. Phys. 7 406
[6] Chin AW etal2012 Phys. Rev. Lett. 109 233601
[7] MatsuzakiY etal2011 Phys. Rev. A84 012103
[8] Lee H etal 2007 Science316 1462—5
Perdomo A et al 2010 Appl. Phys. Lett. 96 093114
Rebentrost P eral 2011 J. Chem. Phys. 134101103
[9] deVegal2011]. Phys: At. Mol. Opt. Phys 44 245501
[10] Reithmaier P et al 2004 Nature (London) 432 197
Madsen K H et al 2011 Phys. Rev. Lett. 106 233601



http://dx.doi.org/10.1007/BF01608499
http://dx.doi.org/10.1103/PhysRevA.47.3554
http://dx.doi.org/10.1103/PhysRevLett.79.3865
http://dx.doi.org/10.1038/nphys1958
http://dx.doi.org/10.1103/PhysRevLett.109.233601
http://dx.doi.org/10.1103/PhysRevA.84.012103
http://dx.doi.org/10.1126/science.1142188
http://dx.doi.org/10.1126/science.1142188
http://dx.doi.org/10.1126/science.1142188
http://dx.doi.org/10.1063/1.3323108
http://dx.doi.org/10.1063/1.3563617
http://dx.doi.org/10.1088/0953-4075/44/24/245501
http://dx.doi.org/10.1038/nature02969
http://dx.doi.org/10.1103/PhysRevLett.106.233601

10P Publishing

NewJ. Phys. 17 (2015) 072001

[11] Ubbelohde N etal2012 Sci. Rep. 2374
Roszak K et al 2012 Phys. Scr. T151 014053
[12] YoshiharaF et al2006 Phys. Rev. Lett. 97 167001
Harris R et al 2008 Phys. Rev. Lett. 101 117003
Amin M H S et al 2008 Phys. Rev. Lett. 100 197001
[13] VasileR etral2011 Phys. Rev. A 83042321
[14] HuelgaSFetal 2012 Phys. Rev. Lett. 108 160402
Fanchini F F eral 2010 Phys. Rev. A 81 052107
XuJ-Setal2013 Nat. Commun. 4 3851
D’Arrigo A et al 2014 Ann. Phys. 350 211
Orieux A et al 2015 Sci. Rep. 58575
Lo Franco Retal 2013 Int. ]. Mod. Phys. B 27 1345053
[15] SchmidtR etal2011 Phys. Rev. Lett. 107 130404
[16] Bylicka B etral2014 Sci. Rep. 45720
[17] ChruSciriski D et al 2014 Phys. Rev. Lett. 112 120404
Bylicka B etal 2014 Sci. Rep. 45720
LuX-M etal2010 Phys. Rev. A82 042103
Luo Setal2012 Phys. Rev. A86 044101
WolfM M et al 2008 Phys. Rev. Lett. 101 150402
[18] Breuer H-P et al 2009 Phys. Rev. Lett. 103 210401
[19] Rivas A etal2010 Phys. Rev. Lett. 105 050403
[20] MazzolaLetal2010 Phys. Rev. A 81 062120
Haikka P etal2011 Phys. Rev. A83 012112
Chruscifiski D et al 2011 Phys. Rev. A 83 052128

[21] Breuer H-P 2012 J. Phys. B: At. Mol. Opt. Phys. 45 154001

[22] Harris Retal2010 Phys. Rev. B82 024511

[23] Friedenauer A et al 2008 Nat. Phys. 4757
Porras D et al 2008 Phys. Rev. A78 010101
KimKetal2011 New J. Phys. 13 105003
Schindler P et al 2013 Nat. Phys. 9 361

[24] Simon]etal2011 Nature472 307
Recati A et al 2005 Phys. Rev. Lett. 94 040404
Orth P P et al 2008 Phys. Rev. A77 051601
Haikka P et al 2011 Phys. Rev. A 84 031602

[25] Souza AM etal2013 arXiv:1308.5761

[26] Palma G etal 1996 Proc. R. Soc. A 452 567
Reina J H et al 2002 Phys. Rev. A 65 032326

[27] Caldeira A O etal 1983 Ann. Phys. 149 374

[28] HallM]JW etal2014 Phys. Rev. A 89 042120

[29] Goorden M C et al 2004 Phys. Rev. Lett. 93 267005

[30] Brito Fetal2008 New J. Phys. 10 115014

[31] GargA etal1985]. Chem. Phys. 83 4491

[32] Westfahl H et al 2004 Phys. Rev. B70 195320

[33] Iles-Smith ] etal2014 Phys. Rev. A90 032114

[34] Hughes KH etal2009 J. Chem. Phys. 131 024109
Hughes KH et al 2009 J. Chem. Phys. 131 124108

[35] Chin AW etal2010 J. Math. Phys. 51 092109
Woods M P etal 2014 J. Math. Phys. 55032101
Martinazzo R etal 2011 J. Chem. Phys. 134011101

[36] Lorenzo Setal2013 Phys. Rev. A87 022317

[37] Laine E-M et al 2012 Phys. Rev. Lett. 108 210402

[38] LiuBH etal2013 Sci. Rep. 3 1781

[39] LiuB-Hetal2011 Nat. Phys. 7 931-4

P Fast Track Communications



http://dx.doi.org/10.1038/srep00374
http://dx.doi.org/10.1088/0031-8949/2012/T151/014053
http://dx.doi.org/10.1103/PhysRevLett.97.167001
http://dx.doi.org/10.1103/PhysRevLett.101.117003
http://dx.doi.org/10.1103/PhysRevLett.100.197001
http://dx.doi.org/10.1103/PhysRevA.83.042321
http://dx.doi.org/10.1103/PhysRevLett.108.160402
http://dx.doi.org/10.1103/PhysRevA.81.052107
http://dx.doi.org/10.1038/ncomms3851
http://dx.doi.org/10.1016/j.aop.2014.07.021
http://dx.doi.org/10.1038/srep08575
http://dx.doi.org/10.1142/S0217979213450537
http://dx.doi.org/10.1103/PhysRevLett.107.130404
http://dx.doi.org/10.1038/srep05720
http://dx.doi.org/10.1103/PhysRevLett.112.120404
http://dx.doi.org/10.1038/srep05720
http://dx.doi.org/10.1103/PhysRevA.82.042103
http://dx.doi.org/10.1103/PhysRevA.86.044101
http://dx.doi.org/10.1103/PhysRevLett.101.150402
http://dx.doi.org/10.1103/PhysRevLett.103.210401
http://dx.doi.org/10.1103/PhysRevLett.105.050403
http://dx.doi.org/10.1103/PhysRevA.81.062120
http://dx.doi.org/10.1103/PhysRevA.83.012112
http://dx.doi.org/10.1103/PhysRevA.83.052128
http://dx.doi.org/10.1088/0953-4075/45/15/154001
http://dx.doi.org/10.1103/PhysRevB.82.024511
http://dx.doi.org/10.1038/nphys1032
http://dx.doi.org/10.1103/PhysRevA.78.010101
http://dx.doi.org/10.1088/1367-2630/13/10/105003
http://dx.doi.org/10.1038/nphys2630
http://dx.doi.org/10.1038/nature09994
http://dx.doi.org/10.1103/PhysRevLett.94.040404
http://dx.doi.org/10.1103/PhysRevA.77.051601
http://dx.doi.org/10.1103/PhysRevA.84.031602
http://arXiv.org/abs/1308.5761
http://dx.doi.org/10.1098/rspa.1996.0029
http://dx.doi.org/10.1103/PhysRevA.65.032326
http://dx.doi.org/10.1016/0003-4916(83)90202-6
http://dx.doi.org/10.1103/PhysRevA.89.042120
http://dx.doi.org/10.1103/PhysRevLett.93.267005
http://dx.doi.org/10.1088/1367-2630/10/11/115014
http://dx.doi.org/10.1063/1.449017
http://dx.doi.org/10.1103/PhysRevB.70.195320
http://dx.doi.org/10.1103/physreva.90.032114
http://dx.doi.org/10.1063/1.3159671
http://dx.doi.org/10.1063/1.3159671
http://dx.doi.org/10.1063/1.3490188
http://dx.doi.org/10.1063/1.4866769
http://dx.doi.org/10.1063/1.3532408
http://dx.doi.org/10.1103/PhysRevA.87.022317
http://dx.doi.org/10.1103/PhysRevLett.108.210402
http://dx.doi.org/10.1038/srep01781
http://dx.doi.org/10.1038/nphys2085
http://dx.doi.org/10.1038/nphys2085
http://dx.doi.org/10.1038/nphys2085

	Introduction
	The model
	2-TSS dynamics
	Single TSS dynamics

	Non-commuting system-environment interaction: a case study
	Conclusions and perspectives
	Acknowledgments
	References



