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Published online: 24 September 2018 . Finding strategies to preserve quantum resources in open systems is nowadays a main requirement

. forreliable quantum-enhanced technologies. We address this issue by considering structured cavities

embedding qubits driven by a control technique known as frequency modulation. We first study a
single qubit in a lossy cavity to determine optimal modulation parameters and qubit-cavity coupling
regime allowing a gain of four orders of magnitude concerning coherence lifetimes. We relate this
behavior to the inhibition of the qubit effective decay rate rather than to stronger memory effects
(non-Markovianity) of the system. We then exploit these findings in a system of noninteracting
qubits embedded in separated cavities to gain basic information about scalability of the procedure.
We show that the determined modulation parameters enable lifetimes of quantum resources,
such as entanglement, discord and coherence, three orders of magnitude longer than their natural
(uncontrolled) decay times. We discuss the feasibility of the system within the circuit-QED scenario,
typically employed in the current quantum computer prototypes. These results provide new insights
towards efficient experimental strategies against decoherence.

Quantum coherence, stemming from the superposition principle, is the key concept that distinguishes quan-
tum mechanics from classical mechanics. It is well-known that quantum coherence among different bodies of a
multipartite systems is the basic ingredient for the formation of quantum correlations'-'’. Among these, entan-
glement represents the part due to non-separability of states, utilized in many paradigmatic quantum informa-
tion processes such as teleportation'!~', quantum error correction'*'*, quantum key distribution'® and quantum
dense coding!’. Useful quantum correlations beyond entanglement, occurring even for separable states, have been
identified by the so-called discord!®!?, which is in turn employed for specific quantum information tasks?*-?2. As
a very fundamental trait, quantum coherence itself can be quantified”*-** and exploited as a resource in various
quantum protocols**?*-3!. One of the cutting-edge fields of application of these quantum features is, for instance,
quantum metrology, aiming at achieving high precision measurements characterized by the quantum Fisher
information®-*, with recent developments in open quantum systems>#-44-47,

Open quantum systems undergo decoherence due to the interaction with the surrounding environment,
which usually destroys coherence and correlations thus limiting their practical use in quantum information* and
metrology*®*>*->!. The dynamics of open quantum systems can be classified in Markovian (memoryless) and
non-Markovian (memory-keeping) regimes®>>*. Markovian regime is typically associated to the lack of memory
effects, a situation where the information irreversibly flows from the system to the environment. Differently,
non-Markovian regime implies that the past history of the system affects the present one: such a memory effect
results in an information feedback from the environment to the system?*®2-%2, In this sense, non-Markovianity has
been quantified by a variety of measures®-®*-72 and regarded as a precious resource for certain applications®7%73,
Although memory effects permit coherence, entanglement and discord of noninteracting subsystems to par-
tially revive after disappearing during the time evolution*®6>74-77_these revivals eventually decay. Decoherence
remains one of the main drawbacks to overcome towards the implementation of quantum-enhanced technolo-
gies, which require qubits with long-lived quantum features. To this purpose, many strategies have been proposed
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Figure 1. Sketch of the single-qubit system. A qubit with transition frequency wj is embedded in a high-Q
leaky cavity, whose photon losses are characterized by the spectral width A oc 1/Q of the coupling, assuming a
Lorentzian spectrum for the cavity modes. The transition frequency of the qubit is modulated sinusoidally by an
external driving field with a modulation amplitude § and a modulation frequency Q.

in order to harnessing and protecting quantum resources in systems of qubits under different environmental
conditions”s 17,

In this paper, we address this issue by using qubit frequency modulation as control technique. Generally, a
quantum system is frequency modulated when its energy levels are shifted by an external driving. Frequency
modulation in an atomic qubit can be performed by applying an external off-resonant field'?°-122, Moreover, the
most recent experimental progress in fabrication and control of quantum circuit-QED devices enables frequency
modulation in superconducting Josephson qubits (artificial atoms)'?2-126, which are the preferred building blocks
in current quantum computer prototypes'?’. It has been reported that external control of the qubit frequency
can induce sidebands transitions'?*'?, modify its fluorescence spectrum'* and population dynamics'*'-1%, as
well as amplify non-Markovianity'*®. Motivated by these considerations, here we aim at providing a thorough
quantitative analysis of the role frequency modulation can play in prolonging lifetimes of desired quantum
resources. Differently from previous studies, we mainly focus on determining the values of parameters of the
driving field and of the qubit-cavity coupling which can efficiently maintain coherence and correlations for times
orders of magnitude longer than their natural lifetimes in absence of external control. We first consider a single
frequency-modulated qubit inside a structured leaky cavity, which allows us to determine the desired values of
parameters. We also analyze how the choice of these parameters plays a role in preserving quantum Fisher infor-
mation so to enhance the precision of phase estimation in the system during the evolution. The reliability of the
theoretical results is checked by taking into account experimental parameters typical of the circuit-QED scenario
for a transmon qubit in a coplanar resonator. We then extend the analysis to a system of two noninteracting qubits
in separated cavities for establishing at which extent entanglement, discord and coherence can be shielded from
decay thanks to individual control of the qubit frequencies. This novel investigation of simple systems constitutes
the essential step for acquiring useful insights which can be straightforwardly generalized to a system of many
separated qubits for scalability.

The paper is organized as follows. In Sec. 1 we describe the evolution of the frequency-modulated open qubit,
giving the dynamics of coherence and quantum Fisher information (QFI). In Sec. 2 we discuss the dynamics of
quantum resources in the two-qubit system for some classes of initially correlated states. Finally, in Sec. 2.3 we
summarize the main conclusions.

Results

Single-qubit system. The system consists of a qubit (two-level system) coupled to a zero-temperature res-
ervoir formed by the quantized modes of a high-Q cavity. The excited and ground states of the qubit are labeled
by|e) and|g), respectively. It is assumed that the transition frequency of the qubit wj is modulated sinusoidally by
an external driving field, as depicted in Fig. 1. The Hamiltonian of the system is

I:I = I:Iq + I:Ir + I:Iin’ (1)
where A A is the qubit Hamiltonian (A =1)

~ 1
H, == 6 cos(2t)]6,,
o= Loy + eos(@0)]e; »
with § and Q denoting the modulation amplitude and frequency, respectively, and 6, the Pauli operator along the
z-direction. H, = 3, wk&,j d, is the reservoir Hamiltonian with &kT (d,) being the creation (annihilation) operator
of the cavity field mode k. H,, describes the interaction between the qubit and the cavity modes which, in the
dipole and rotating-wave approximation, can be written as

H, = >"(g8,d; + g4/6.),
k (3)
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where g; is the coupling constant between the qubit and mode k while &, () represents the raising (lowering)
operator for the qubit. We point out that, in general, when a nonstationary mode (in this case, the qubit mode) is
coupled to the environment, the system-reservoir couplings g; also become time dependent'*”!*3. However, here
we focus on an experimentally feasible system where 6/w, < 1and Q/w, < 1 (see subsection 1.5), which guar-
antee the so-called adiabatic regime: under such condition, the qubit-reservoir interaction is still modelled by the
Jaynes-Cummings interaction, with the couplings g; independent of time, despite the nonstationary qubit
mode'**1¥ Moreover, the qubit dimension is taken to be much smaller than the wavelength of the emitted pho-
ton so that the dipole approximation remains valid and, since wy=+ § = w, also the rotating wave approximation
holds along our analysis!'®>1%.
Moving to a non-uniformly rotating frame (interaction picture) by the unitary transformation

U = exp| — i{Zwk&Eﬁk + [wy + (6/Q)Sith]5’Z} ,
k )
the effective Hamiltonian H ¢ = 0'A0 + (aff/ U is
I:Ieff — Egkoarﬁkefi(wkfwo)tei(é/ﬂ)sinﬂt
k

wpta Lilwwyt —i(6/Q)sinQs

+Y gral6_e' e .
s (5)

We notice that ¢ shows how the system behaves as if the same frequency modulation was applied to each
qubit-cavity coupling constant g. This is relevant to our purpose since, under this condition, it is known that
decoherence can be softened!*>!%°, Making use of Jacobi-Anger expansion, the exponential factors in Eq. (5) can
be written as

+io/sin@n) _ 1[0 200 L) [ﬁ] Ot
e ]O[Q]+ n;( i)"], 2 cos(ndt), ©)

where ]n(% is the n-th Bessel function of the first kind.

We assume the qubit is initially in a coherent superposition «t|e) + [3|g) and the reservoir modes in the vac-
uum state|0), so that the overall initial state is

W(0)) = (afe) + Glg))[0)- )

Hence, at any later time ¢ the quantum state of the whole system can be written as

[U() = aC0)]e)[0) + Blg)|0) + > Ceu®lg) 1), ®)
k

where |1;) is the cavity state with a single photon in mode k and C,(#) is its probability amplitude. Using the
time-dependent Schrédinger equation, the differential equations for the probability amplitudes C,() and C,(t)
are, respectively,

C (t) — _iei(élﬂ)sin(ﬂt)zg e*i(wk*wo)tc k(t)
e k 8> ?
k

(©)]
and
Cg,k(t) _ _iefi(é/ﬂ)sin(m)g:ei(wrwo)tce(t). (10)
Solving Eq. (10) formally and substituting the solution into Eq. (9), one obtains
. t
/ / 1y —
C,(1) +f0 dar'G(t, t')C,(t") = 0, a1
where the kernel G(t, '), that is the correlation function including the memory effects, is
i(8/92) [sin(2)— sin(Qt’ 2 —i(wg—wy) (-t
G(t, t/) — ez( ) [sin(€2t) — sin( t)]z|gk‘ e i(wp—wp) (t t).
k (12)
In the continuous limit, the kernel above becomes
N _ i(8/9) [sin(Qn)— sin(@t)] [ —i(w—w) (1—1")
G, t')=e fo J(w)e dw, 13)

where J(w) = 3, | gk|2 8(w — wy) is, as usual, the spectral density of the reservoir (cavity) modes®>'3¢. We choose
a Lorentzian spectral density, which is typical of a structured cavity>?, whose form is

1 AN

Jr = 27 (wy — w) + A2 (1)
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where ) indicates the spectral width of the coupling and is related to the reservoir correlation time 7, via 7,= A7%.
On the other hand, 7 represents the decay rate of the excited state of the qubit in the Markovian limit of flat
spectrum (i.e., the spontaneous emission decay rate) and it is linked to the qubit relaxation time 7, by 7,=~""%
Qubit-cavity weak coupling occurs for A >y (7, < 7,); the opposite condition A <y (7, > 7,) thus identifies strong
coupling. The larger the cavity quality factor, the smaller the spectral width .

With such a spectral density, the kernel of Eq. (13) becomes

G(t, ) = DA M= ),(519) [sin(20) — sin(@1)]
2 (15)

Substituting it into Eq. (11), one gets

S ’V)‘ i(6/€2) sin(§2t) ft 1 ,—i(6/)sin(Q’) _—A(t—t') /
C(t — dt C(t') = 0.
A0+ e 0 ¢ (16)

Calculating C,(t) from this equation, the reduced density matrix of the qubit py(t) in the basis {|e), |g)} is given
by
laf|C0F af'C1)
a’BC) 1= |af |G

q

(17)
Taking the derivative of Eq. (16) with respect to time, we have
RPN (5] @)
pq(t) = — 1T[U+07, pq(t)] + T(Z‘qu(t)@
- cr+cr_pq(t) - ,q](t)a+a_), (18)

where Q(t) = —2Im %Eg
preted as a time-dependent decay rate®.

The evolved density matrix of the qubit p (t) shall be utilized for obtaining the dynamics of the quantum
properties of interest, such as coherence, quantum Fisher information and non-Markovianity. Before displaying
the dynamics of these quantities, we recall their definitions and give their time-dependent expressions in the
following.

G0

C,(t)

e

plays the role of a time-dependent Lamb shift and I'(t) = —2Re can be inter-

Coherence. Coherence of a quantum state characterizes the property of superposition among the basis states of
the system and can be regarded as a basis-dependent resource by itself?®. Among the various bona-fide measures
of coherence, we choose here the so-called /,-norm defined as®

(= min ||p — p, = 0.
il = puly, = lo| .
where p is the density matrix of an arbitrary quantum state and the minimum is taken over the set Z of incoherent
states p,.. Such a measure, depending only on the off-diagonal elements p;; (i = j) of the quantum state, is clearly
related to the fundamental property of quantum interference.

For py(t) of Eq. (18) and assuming o = 3 = 1/+/2 in the initial state of Eq. (7), we have ((0) =1 (maximum
initial coherence) and a time-dependent qubit coherence ((t) =|C,(£)].

Quantum Fisher information. Quantum metrology exploits quantum-mechanical effects to reach high precision
measurements. In a typical metrological procedure, one first encodes the parameter of interest ¢ on a probe state
Pin by means of a unitary process U, Thus, the output state is p, = Up, U;. The output state p, is then measured
by a set of positive operator valued measurements and the Vaiﬁue of ¢ finally estimated from the outcomes. It is
known that the precision in estimating ¢ is limited by the quantum Cramer-Rao bound inequality'4-'4?

% 2 1fE,, 20)

where ¢ is the standard deviation associated to the variable ¢ and F, is the quantum Fisher information (QFI)
defined as F,=Tr(p,L?), with L being the so-called symmetric logarithmic derivative determined by
04py=(Lp(®) + p(¢)L)/2 with 0,= 0/0¢'*"'*2. From the spectral decomposition of the ¢-dependent density
matrixp, = 33, p |4, (¥, where p,,, and |1),,) are, respectively, eigenvalues and eigenstates, the QFI is known to
have the analytical expression®”

2 2
E, = 1l Osp. | U |-
= Sl .

For our dynamical system, we consider a phase-estimation problem where U, = |g)(g| + ¢'”|e) (e|acts on the
initial maximally coherent state of the qubit|t,) = (le) + |g))/~/2°2 and successively let the system evolve under
the dissipative noise and frequency modulation. The initial overall qubit-cavity state is therefore (U,|1), ))|0) and
the evolved reduced density matrix of the qubit p, ,(¢) has the form of Eq. (17) with a ¢-dependence in the
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Figure 2. Qubit coherence ((f) as a function of scaled time ~¢ for different values of the modulation frequency
Q. The values of other parameters are: 6 =10y, A= 3 (weak coupling), oo = 5 = 1/ /2. Solid-blue line in panel
(a) corresponds to the situation in which frequency modulation is off.

off-diagonal elements. Using Eq. (21) we get F,(t) =|C,(£)|? that is the coherence squared. The associated mini-
mum estimation error is therefore §¢, , (1) = 1/. E(t) = 1/|C®)|

Non-Markovianity. To discuss the non-Markovian character of our system we employ, among the various quan-
tifiers, the well-known measure based on the dynamics of the trace distance between two initially different states
01(0) and p,(0) of the qubit, identifying information backflows. It is defined as®*

N = max fa>0 alt, p(0), p,(0)]dt,

£,(0),0,(0) (22)
wherea(t, p(0), p,(0)] =dD[p(t), p,()]/dt, withD[p(t), p,(t)] = (1/2)Tr|p(t) — p,(t)|being the trace dis-
tance (|X| = +/X'X). In Eq. (22) the integration is taken over time intervals when o >0 and the maximization is
made over all the possible pairs of initial states p,(0) and p,(0). It is noteworthy that the trace distance is related to
the distinguishability between quantum states, whereas its time derivative (o) means a flow of information
between the system and its environment. While Markovian processes satisfy o < 0 for all pairs of initial states
p1,(0) at any time ¢, non-Markovian ones admit at least a pair of initial states such that o > 0 for some time inter-
vals, so that the information flows from the environment back to the system®.

For our system, which experiences a dissipative dynamics describable as an amplitude damping channel, the
evolved qubit density matrix has the form of Eq. (17). Under this condition, it is known that the non-Markovianity
measure A\ is maximized for the choice of the initial orthogonal states (|e) + |g))/+/2 of the qubit”* and assumes
the expression

N=—(1/2) fm (1| C,()|dt, 23

where I'(#) is the effective time-dependent decay rate defined after Eq. (18).

Time evolution of single-qubit resources. We start the quantitative analysis by studying the time evolution of
coherence ((#) under a weak coupling regime (A= 37), plotted in Fig. 2 for different values of the modulation
frequency Q and fixed modulation amplitude ¢ = 10+. This evolution is compared to the case when the external
driving is off (6 =0, Q=0), for which coherence disappears at time t* ~ 10/7. As shown, under the given condi-
tion for 8, coherence survives for times longer than t* when () is smaller. Presence of oscillations in the dynamics
(see Fig. 2(b)) indicates the manifestation of non-Markovian effects under weak coupling regime'*. However,
frequency modulation can even produce negative effects for large values of the modulation frequency, Q2 > 100,
which are such that the coherence disappears at times ¢ < t*.
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Figure 3. Qubit coherence ((t) as a function of scaled time +¢ for different values of the modulation frequency,
for a fixed modulation amplitude § = 5+. Other parameters are: A= 0.017 (strong coupling), & = 3 = 1/-/2.
Solid-blue line in panel (a) corresponds to the situation in which frequency modulation is off.

This fact suggests to see what happens under a strong coupling regime. Figure 3 shows the time behavior of
coherence under such a condition (A=0.01+) for different values of modulation frequency at a fixed modulation
amplitude ¢ = 5+. Interesting results are obtained for O =0.001~, Q=0.9yand Q = 2.1+. The coherence dynamic
for Q=0.9yand Q=2.1is accompanied with rapid and small oscillations, whereas the latter are observed only
in the range ¢ < 400 for 2 =0.001+. This implies that non-Markovianity, associated to backflows of informa-
tion, should be greater for the first two values of Q. In general, a non-monotonic behavior of non-Markovianity
is expected as a function of (), since the intensity of oscillations appears to be very sensitive to different values
of the modulation frequency (this aspect shall be treated below). We then point out that, although the plot for
Q=0.001+ seems to perform better than those for QO = 0.9y and Q = 2.1+ within the time range shown in the
figures, our calculations instead show that the coherence lasts much longer for these latter values of the modu-
lation frequency. In general, however, reducing Q) to values smaller and smaller, with a fixed nonzero 6, helps to
prolonging the time when coherence vanishes. This happens because the final effect is to simply detune the central
frequency of the high-Q cavity Lorentzian spectral density from the qubit transition frequency'**!*?, as can be
deduced from H,¢ of Eq. (5) for QO — 0. Nevertheless, this extreme condition is not relevant to our purpose, since
we are interested in the modulation of the qubit frequency during the evolution'?? and not to a detuning effect.

Therefore, to gain a more comprehensive understanding of the system evolution, we now study the interplay
of the two driving parameters § and Q, which is expected to play a significant role in affecting the decoherence
process'. Figure 4 displays the dynamics of coherence, under strong coupling (A= 0.01+), when the ratio 6/Q
is tuned such as to assume values which make the n-th Bessel function J, of Eq. (6) vanish. As seen in Fig. 4(a),
the initial coherence can be strongly protected against the noise by increasing the modulation frequency when
6/€) is such that ], vanishes. However, this behavior is not general for larger values of the ratio 6/, as shown in
Fig. 4(b-d). The interplay between ¢ and Q is thus non-trivial, since it is not sufficient to fix 6/Q as a zero of the
Bessel functions to have long-lasting coherence. In particular, we find that no other settings of 6/Q and Q supply
a result superseding that occurring for § =2.40483Q and Q2 = 5 (solid blue line of Fig. 4(a)).

We then examine the effect of frequency modulation on the dynamics of both QFI F,(¢) and optimal phase
estimation 6¢,;,(t) for the ratio 6/Q2 = 2.40483 under strong coupling (A= 0.01%). From Fig. 5 it is immediately
seen, as expected, that maintenance of QFI and a significant improvement in phase estimation can be reached
during the evolution by increasing Q up to the value Q= 5.

At this stage, one may ask whether the high coherence protection found above is ultimately linked to strong
memory effects. The answer requires the knowledge of the degree of non-Markovianity A as a function of Q
under different parameter conditions. This is first done under the weak coupling regime (A= 3+y) for some mod-
ulation amplitudes § in Fig. 6. These plots disclose that the frequency modulation process can induce
non-Markovian features even in the weak-coupling regime!*®, which justifies the existence of oscillations in the
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Figure 4. Qubit coherence ((f) as a function of scaled time ¢ for different values of the modulation frequency:
Q=0.05v (dashed green line), Q = 0.5+ (dotted red line), Q = 57 (solid blue line). The panels correspond to
various values of the modulation amplitudes: (a) § =2.40483} [J(2.404830Q) = 0], (b) 6=3.83170Q
[71(3.83170Q) = 0], (c) 6=5.13562Q [],(5.13562Q2) =0], (d) 6 =6.38016Q2 [J5(6.38016Q2) = 0]. Other parameters
are: A= 0.017 (strong coupling), o = 3 = 1/+/2.

time evolution of coherence for Q=0.5y and Q= 1+ (see Fig. 2(b)). Moreover, this induced non-Markovianity
can be reinforced by increasing the modulation amplitude, while no memory effect is observed for small values of
Q tending to turn off the frequency modulation. In Fig. 7 we then display the behavior of non-Markovianity N as
a function of Q under the strong coupling regime (A=0.01+). Panels (a) and (b) of this figure consider the cases
when the ratio 6/ corresponds to a zero of the Bessel functions, as in Fig. 4: one sees that non-Markovian char-
acteristics can be amplified only for Q < 1+, with maximum amplification occurring when 6/<} is the zero of the
Bessel function J,. Panels (c) and (d) of Fig. 7 instead consider fixed modulation amplitudes ¢ as Q changes: it is
evident that an increase of ¢ enlarges the range of Q2 where non-Markovianity can be enriched, albeit this is
achieved only when Q < §. As a general behavior, all plots of Fig. 7 show that V tends to reach approximately the
same value as Q/~ increases, independently of the values of the modulation amplitude 6. Thus, on the basis of our
above analysis of qubit dynamics, a more efficient preservation of coherence cannot be related to a higher degree
of non-Markovianity (stronger memory effects).

To have a deeper physical interpretation behind the effective coherence protection, especially exhibited in
Fig. 4(a), we plot in Fig. 8 the time-dependent decay rate I'(¢) (in units of y), appearing in the qubit master equa-
tion of Eq. (18), for some relevant values of Q). From these plots (see, in particular, panel (d)), it is clear that the
main cause of long-lasting coherence is the inhibition of the effective decay rate I'(¢) of the qubit.

Summarizing, according to our analysis, the best performance of coherence preservation controlled by qubit
frequency modulation occurs under strong coupling and for values of modulation amplitude § and modulation
frequency Q) given, respectively, by

§ = 2.40483(Q), € = 5, (24)

which are expressed in units of the spontaneous decay rate of the qubit v = Tq’l.

Experimental context. 'We discuss here how the previous results may impact in experimental contexts where
quantum computing platforms allow for accurate preparation of initial states and control of the qubit. This is
particularly the case of superconducting qubits, which have been imposing as the building blocks of quantum
computer prototypes based on architectures of circuit quantum electrodynamics (circuit-QED) 27144,

SCIENTIFICREPORTS| (2018) 8:14304 | DOI:10.1038/s41598-018-32661-2



www.nature.com/scientificreports/

1 - . . -
'5; :::.:."_”“:\:\?‘\%N (a)
] R
LRI )‘:*M“"""-‘"‘»':».:u‘

|18 eieininteg

LFER
0.5 g,

0 ] " ") /\1 ~ s "
0 200 400 600 800 1000
10 1T T
R
| U i —— Q=
g | ah gt ‘z!'!:" __________ 3_375
*S-E 5t ﬂ'l “,‘”I M" =0.07%
) I ," [ ”] \I v _\;f,‘l"' ————— Q=027
i)
O L A

Figure 5. (a) Quantum Fisher information F,(t) and (b) optimal phase estimation §¢,,;,(£) as a function of
scaled time ¢ for various values of modulation frequency: Q =0.057 (dashed light green line), O = 0.2y (dash-
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In order to give a realistic account of our theoretical results, we choose a superconducting transmon qubit
embedded in a coplanar resonator. A typical transition frequency for such a qubit is w,~ 50 GHz, with a sponta-
neous (free space) decay rate v~ 10 MHz and size [~ 200 m'*. Within the strong coupling regime, which is the
condition of major interest in our study, the considered range of amplitude and frequency modulation parameters
is 0 <6< 10vyand 0 < Q <50, that guarantee the adiabatic (stationary) regime for the interaction Hamiltonian
occurring when 6/w,, Q/w, < 1'%, Notice that this adiabatic regime appears to be already experimentally
achieved for a transmon qubit system in a coplanar resonator!?®. These values also imply wy+ 6 ~ w, and
k- r= 27/ = (wy/c)l < 1, where ), is the wavelength of the photon emitted by the qubit and ¢ the speed of
light. The latter conditions justify the dipole and rotating wave approximations for the system Hamiltonian along
the analysis. Moreover, it is known!* that the effects due to a condition of non-rotating wave approximation are
negligible when w, > A, A being the width of the spectral density J(w), which is largely satisfied in our study.
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Figure 7. Non-Markovianity N as a function of Q/ for: (a) § =2.40483Q (J,(2.40483Q2) = 0) (solid-blue line),
6=3.83170Q (J,(3.83170Q2) =0) (dotted-red line); (b) 6 =5.13562Q (J,(5.13562Q) =0) (solid-blue line); (c)
6=0.1Q (solid-blue line), § = 1Q) (dotted-red line); (d) 6 =5Q (solid-blue line), § = 10Q) (dotted-red line). The
values of other parameters are: A=0.01+ (strong coupling),a = 3 = 1/ 2.

From our dynamical results reported above, we know that the coherence of a qubit in a high-Q cavity would
naturally (i.e., without frequency modulation) disappear completely at a time ¢~ 107" = 107, under weak
coupling (see Fig. 2(a)) and at . ~ 10°7 (after oscillations) under strong coupling (see Fig. 3(a)). These times are
meant as lifetimes of coherent superpositions. For the typical superconducting transmon qubits here considered,
which have (free space) relaxation times Tq~ 100 ns'*®, one would obtain t¥ ~ 100 us, that is comparable to the
current performance achieved in the IBM-Q quantum processor, where a single qubit has average coherence
lifetimes of 90 yus'®.

Let us now see to which extent our results with frequency-modulated (FM) qubit are able to prolong coher-
ence lifetimes. Looking at the time behavior obtained under strong coupling with the optimal driving parameters
of Eq. (24), as displayed by the solid (top) curve of Fig. 4(a), our calculations estimate the dimensionless time
when coherence vanishes at v, ~ 10”. This implies a coherence lifetime t, ~ 1077, and thus 5, ~ 10*7% ~
s, producing an extension of four orders of magnitude compared to the case of uncontrolled qubit. This achieve-
ment seems feasible with the current technology. In fact, quality factors of cavities in circuit quantum electrody-
namics can be adjusted to high values such that the cavity spectral bandwidth (or photon decay rate) A is smaller
than the spontaneous emission decay rate ~, thus entering the strong coupling regime \ < '*>. Moreover, fre-
quency modulation of individual superconducting qubits is already realized!?>!%, with the possibility to suitably
fix modulation amplitude and frequency to the desired optimal values.

Two-qubit system. After individuating the optimal parameters of the driving external field such as to effi-
ciently shield single-qubit coherence from the detrimental effects of the environment, we now extend our study to
a composite system of two separated noninteracting qubit-cavity subsystems, namely A and B. Each qubit-cavity
subsystem is structured like that considered in the above Sec. 1, with the transition frequency of each qubit indi-
vidually modulated.

Initial states and evolved density matrix. The qubits are initially prepared in the extended Werner-like (EWL)
states”

1—rI,

1 —
Paf©) = HO)T| + ==L py(0) = r[®)(@] + (25)
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Figure 8. Decay rate I'(t) as a function of scaled time ¢ for different values of the modulation frequency: (a)
Q=0.001%, (b) Q=0.057, (c) 2 =0.5v, and (d) Q= >5~. Other parameters are those of Fig. 3(a), that is:
§=2.404830, A= 0.017 (strong coupling), e = 3 = 1//2.

where r is a measure of the state purity P, being for both states P=Tr(p?) = (1 + 3r%)/4, I is the 4 x 4 identity
matrix and

W) = pleses) + Vg gs)s [P) = pleagy) + vgyes), (26)

represent the pure part of the state in the form of Bell-like states with |x|?+ |v|>= 1. This class of states is quite
general, including both Bell states and Werner states.

The two subsystems, being separated, evolve independently and are individually governed by the Hamiltonain
of Eq. (1), so that the total Hamiltonian is simply Hyz = H, + Hy. For the EWL initial states above, the density
matrix of the two qubits at time ¢, in the standard (tensor product) computational basis {|1) = |esep), [2)=

legs)s 13) = |g,ep)> 4) = |g,8,)}> takes the X-type structure’'%

Py 0 0 p,
0 ) o 0
0 pyu(H) pyut) 0

P41(t) 0 0 p44(t) (27)

p(t) =

>

where pj’;(t) = p,(t). The elements of this evolved density matrix can be straightforwardly calculated by the
well-known method introduced in ref.”* for separated qubits, based on the knowledge of the single-qubit density
matrix. We are interested in the dynamics of quantum resources such as entanglement, discord and coherence
associated to the evolved two-qubit state p(¢). In the following we recall the definitions of their quantifiers.

Quantification of quantum resources. Entanglement between subsystems of any bipartite quantum system can be
measured by concurrence. For the density matrix given by Eq. (27), the concurrence is”®

C(t) = 2max {0, A,(1), A,(D)}, (28)

where A,(t) = [p ()] — [p,,(1)p;5(t) and A, (t) = |p,,()] — /p, (t)p,,(t). The two initial EWL states of Eq. (25)
have the same concurrence C(0) = 2max {0, (Juv| + 1/4)r — 1/4} and are thus entangled for r > 1/(1 + 4| uv/]).
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Figure 9. Time evolution of two-qubit coherence (TQC) (,(¢) (solid blue line), quantum discord (QD) D(t)
(dotted red line) and concurrence (CON) C(t) (dashed green line) for the initial states py(0) (column I) and
p5(0) (column IT), with r=1and p = v = 1/-/2 (Bell states), under A=0.01y (strong coupling). Panels (a and
b) uncontrolled dynamics (no frequency modulation). Panels (c and d) controlled dynamics (individual
frequency modulation) with optimal parameters 6 =2.40483Q2, QO =5~.

Discord captures all nonclassical correlations between two qubits beyond entanglement!'®!*22. For a
X-structure density matrix, like that of Eq. (27), the analytic expression of discord can be written as'¥’

D(t) = min{Dy(t), Dy(1)}, (29)

where D(t) = h(p,, + ps3) + SN log, A; + d; (j=1,2), with \; being the eigenvalues of the density matrix (%),
h(x) = —xlog,x — (1 — x)log,(1 — x)d,=h(T)witht = (1—1—,J(p11 +pyy — Py — p44)2 + 4(‘p14| + |,023|)2 )2,
andd, = —h(p,, + p,;) — >, p,log, p, (the explicit time-dependence of the density matrix elements has been
omitted for simplicity). The two initial EWL states have the same discord D(0) as a function of r and ; whose explicit
expression, obtainable by the previous formulas, is not reported here.

Concerning coherence, the definition given in Eq. (19) is immediately applicable to the two-qubit evolved
density matrix of Eq. (27), so to give the two-qubit coherence with respect to the computational basis

GO = lp O] + | (O] + [py(D] + [y, (D)]- (30)

Both the initial EWL states of Eq. (25) have the same coherence (,(0) = 2r|uv/| and are thus coherent for any
r> 0 provided that ;= 0. Notice that for 4 = v = 1/~/2, that is the pure part of the EWL states is a (maximally
entangled) Bell state, one has (,(0) =r.

We are now ready to display the dynamics of the relevant quantities defined above.

Time evolution of two-qubit resources. 'We assume that the subsystems are identical, that is characterized by the same
values of qubit-environment parameters, with the optimal frequency modulation parameters fixed as in Eq. (24), under
the strong coupling regime with A=0.01+. Such a choice has the advantage to make us directly focus on the best quan-
titative protection of two-qubit resources attainable by individual qubit frequency modulation under a given strong
coupling condition. To acquire information about the protection efficiency of individual frequency modulation, we
report the dynamics of C(t), D(t) and {(¢) starting from the initial EWL states of Eq. (25) withr=1and y = v = 1/+/2,
which reduces them to the Bell states, respectively,|[¥) = (|eye) + vg,g;))/ A2 and|®) = (4 engy) + vig,en))/ 2.
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Figure 10. Two-qubit coherence (TQC) (,(#) (solid blue line), quantum discord (QD) D(t) (dotted red line)
and concurrence (CON) C(t) (dashed green line) for the two-qubit initial state py(0) as functions of scaled time
~t for different degrees of purity: (a) r=1, (b) r=0.8, (¢) r=0.5, and (d) r=0.3. Other parameters are:
W=v= 1/+/2,6=2.40483Q, Q= 5yand A= 0.17 (strong coupling).

Figure 9 immediately shows that individual qubit control by frequency modulation enables lifetimes of quantum
resources f (that is, the time when they completely disappear) which are three orders of magnitude longer than the
lifetimes when modulation is off. In particular, we find 7, ~ 10°7, against ~ 5007, without frequency modulation.
Concerning dynamical details, one sees that while the evolution of coherence is the same for both initial states, discord
and entanglement vanish earlier for the initial state py(0) = |¥) (¥| compared to pg(0) = |P) (P|. Another difference in
the time behavior of quantum resources for the two initial states is that entanglement and coherence coincide at any
time for pg(0) =|®) (P| (panels (b) and (d) of Fig. 9), whereas this is not the case for py(0)=|T) (T|.

Finally, we analyze an attenuated strong coupling condition A= 0.1+ for decreasing values of the purity
parameter r in the EWL states of Eq. (25), in order to take into account both lower quality factors of cavities and
possible imperfections in the initial state preparation. From Figs 10 and 11, as expected, one sees that the amount
of all the quantum resources diminishes for smaller r and tends to zero faster. For r=0.3 entanglement is always
zero, since C(0) = 0. We also observe that two-qubit coherence is the more robust resource of the three ones,
entanglement being instead the more fragile. Once again, the general emerging result is that all the quantum
resources are efficiently shielded from the noise by qubit frequency modulation, their lifetime f being extended of
about three orders of magnitude with respect to the case without modulation. This is seen, for instance, in the case
r=1 of Figs 10(a) and 11(a) where f;,, ~ 10%7, against f ~ 507, found in absence of frequency modulation.

These results assume experimental significance in the context of circuit quantum electrodynamics, where the
required individual control of the subsystems has been already discussed above (Sec. 1.5) and a reliable prepara-
tion of entangled states of superconducting qubits has been implemented!*3!%°. For example, entangled states with
purity ~0.87 and fidelity to ideal Bell states ~0.90 have been generated in the laboratory by using a two-qubit
interaction mediated by a cavity bus in a circuit quantum electrodynamics architecture'*. These states may be
approximately described as the EWL states of Eq. (25) with r=r,,~0.91and i = v = 1/+/2'%%, which is just the
configuration of the initial states we have assumed in our study.

Discussion

In this work we have investigated in detail the effect of individual modulation of qubit transition frequency in
protecting quantum resources from the detrimental effect of the environment, constituted by leaky high-Q cav-
ities. Compared to previous studies about qubit frequency modulation, our work has the merit (i) to provide an
extensive quantitative analysis of the dynamics of quantum resources under a known control technique of qubit
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Figure 11. Two-qubit coherence (TQC) (,(¢) (solid blue line), quantum discord (QD) D(t) (dotted red line)
and concurrence (CON) C(t) (dashed green line) for the two-qubit initial state pg(0) as functions of scaled time
~t for different degrees of purity: (a) r=1, (b) r=0.8, (c) r=0.5, and (d) r=0.3. Other parameters are taken as
in Fig. 10.

systems and (ii) to supply its potential impact on a cutting-edge technology employed for quantum computer
prototypes, such as circuit quantum electrodynamics with superconducting qubits.

We have first put our attention on a single frequency-modulated qubit embedded in a cavity, determining
optimal modulation parameters § (modulation amplitude) and Q) (modulation frequency) and the qubit-cavity
coupling regime allowing a long-time preservation of coherence. We have found that, under a strong coupling
regime, qubit coherence lifetimes can be extended of orders of magnitude with respect to the case when modu-
lation is off. In particular, when the ratio between the cavity spectral bandwidth ) and the spontaneous emission
rate of the qubit v is A\/y= 1072 we have shown that this coherence lifetime extension can be of four orders of
magnitude. We have also seen that the same conditions guarantee a maintenance of quantum Fisher information
with a consequent relevant advantage in phase estimation processes of the single-qubit state during the evolution.
We have individuated the inhibition of the effective decay rate of the qubit as the mechanism underlying the effi-
cient dynamical preservation of quantum coherence, which is therefore not due to stronger non-Markovianity
(memory effects) of the system.

We have then exploited the findings of the single-qubit case to control resources like entanglement, discord
and coherence in a composite system of two separated qubits. Such a study, so far unexplored, has revealed itself
very useful as a first step towards understanding the scalability of the control procedure to individually addressa-
ble subsystems. We have found that individual qubit frequency modulation is still capable to increase the lifetimes
of the desired quantum resources of orders of magnitude compared to their natural (uncontrolled) disappearance
times. In fact, albeit the gain in the two-qubit system is weaker than in the single-qubit case, with the optimal
parameters one may reach lifetime prolongations of three orders of magnitude.

We have discussed the experimental feasibility of the systems, particularly considering the state-of-art achieve-
ments in the context of circuit quantum electrodynamics. Setups of superconducting qubits can indeed modulate
the qubit transition frequency by external control, reach strong qubit-cavity coupling conditions and permit
high-fidelity initial state preparation. The explicit values of the control parameters provided here to achieve the
high preservation of quantum resources appear to be feasible and constitute a useful practical information for
experimental applications within the so-called noisy intermediate-scale quantum (NISQ) devices'*’. Moreover,
the technique is straightforwardly applicable to an array of many separated qubit-cavity subsystems to further
investigate scalability. Our results provide novel insights for efficient experimental strategies against decoherence
towards reliable quantum-enhanced technologies.

SCIENTIFICREPORTS| (2018) 8:14304 | DOI:10.1038/s41598-018-32661-2 13



www.nature.com/scientificreports/

References

1.
2.

3.
4.

N

11.
12.
13.

14.
15.

16.
17.

18.
19.

. Datta, A., Shaji, A. & Caves, C. M. Quantum discord and the power of one qubit. Phys. Rev. Lett. 100, 050502 (2008).
21.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.

47.
48.

49.

50.
51.

52.

Yao, Y, Xiao, X., Ge, L. & Sun, C. P. Quantum coherence in multipartite systems. Phys. Rev. A 92, 022112 (2015).

Streltsov, A., Singh, U., Dhar, H. S., Bera, M. N. & Adesso, G. Measuring quantum coherence with entanglement. Phys. Rev. Lett.
115, 020403 (2015).

Hu, X, Milne, A., Zhang, B. & Fan, H. Quantum coherence of steered states. Sci. Rep. 6, 19365 (2016).

Radhakrishnan, C., Parthasarathy, M., Jambulingam, S. & Byrnes, T. Distribution of quantum coherence in multipartite systems.
Phys. Rev. Lett. 116, 150504 (2016).

. Ma, J., Yadin, B., Girolami, D., Vedral, V. & Gu, M. Converting coherence to quantum correlations. Phys. Rev. Lett. 116, 160407

(2016).

. Malvezzi, A. L. et al. Quantum correlations and coherence in spin-1 Heisenberg chains. Phys. Rev. B 93, 184428 (2016).
. Li, Y. C. & Lin, H. Q Quantum coherence and quantum phase transitions. Sci. Rep. 6, 26365 (2016).
. Chen,].]J., Cui,]., Zhang, Y. R. & Fan, H. Coherence susceptibility as a probe of quantum phase transitions. Phys. Rev. A 94,022112

(2016).

. Hu, M. L. & Fan, H. Relative quantum coherence, incompatibility, and quantum correlations of states. Phys. Rev. A 95, 052106

(2017).

. Hu, M. L. et al. Quantum coherence and geometric quantum discord. Phys. Rep., https://doi.org/10.1016/j.physrep.2018.07.004 in

press (2018).

Bennett, C. H. et al. Teleporting an unknown quantum state via dual classical and Einstein-Podolsky-Rosen channels. Phys. Rev.
Lett. 70, 1895 (1993).

Pirandola, S., Eisert, J., Weedbrook, C., Furusawa, A. & Braunstein, S. L. Advances in quantum teleportation. Nat. Photon. 9,
641-652 (2015).

Lo Franco, R. & Compagno, G. Indistinguishability of elementary systems as resource for quantum information processing. Phys.
Rev. Lett. 120, 240403 (2018).

Laflamme, R., Miquel, C,, Paz, J. P. & Zurek, W. H. Perfect quantum error correcting code. Phys. Rev. Lett. 77,198 (1996).

Plenio, M. B., Vedral, V. & Knightand, P. L. Quantum error correction in the presence of spontaneous emission. Phys. Rev. A 55, 67
(1997).

Ekert, A. K. Quantum cryptography based on Bell's theorem. Phys. Rev. Lett. 67, 661 (1991).

Bennett, C. H. & Wiesner, S. J. Communication via one- and two-particle operators on Einstein-Podolsky-Rosen states. Phys. Rev.
Lett. 69, 2881 (1992).

Ollivier, H. & Zurek, W. H. Quantum discord: A measure of the quantumness of correlations. Phys. Rev. Lett. 88,017901 (2001).
Henderson, L. & Vedral, V. Classical, quantum and total correlations. J. Phys. A: Math. Gen. 34, 6899 (2001).

Lanyon, B. P,, Barbieri, M., Almeida, M. P. & White, A. G. Experimental quantum computing without entanglement. Phys. Rev.
Lett. 101, 200501 (2008).

. Modi, K., Brodutch, A., Cable, H., Paterek, T. & Vedral, V. The classical-quantum boundary for correlations: Discord and related

measures. Rev. Mod. Phys. 84, 1655-1707 (2012).

. Aberg, J. Quantifying superposition. arXiv:quant-ph/0612146.
. Chitambar, E. & Gour, G. Comparison of incoherent operations and measures of coherence. Phys. Rev. A 94, 052336 (2016).
. Napoli, C. et al. Robustness of coherence: An operational and observable measure of quantum coherence. Phys. Rev. Lett. 116,

150502 (2016).

. Rana, S., Parashar, P. & Lewenstein, M. Trace-distance measure of coherence. Phys. Rev. A 93,012110 (2016).

. Yu,X. D,, Zhang, D. ], Xu, G. E & Tong, D. M. Alternative framework for quantifying coherence. Phys. Rev. A 94, 060302(R) (2016).
. Streltsov, A., Adesso, G. & Plenio, M. B. Colloquium: Quantum coherence as a resource. Rev. Mod. Phys. 89, 041003 (2017).

. Baumgratz, T., Cramer, M. & Plenio, M. B. Phys. Rev. Lett. 113, 140401 (2014).

. Winter, A. & Yang, D. Operational resource theory of coherence. Phys. Rev. Lett. 116, 120404 (2016).

. Chitambar, E. & Hsieh, M. H. Relating the resource theories of entanglement and quantum coherence. Phys. Rev. Lett. 117, 020402

(2016).

. Giovannetti, V., Lloyd, S. & Maccone, L. Advances in quantum metrology. Nat. Photon. 5,222 (2011).
. Escher, B. M., de Matos Filho, R. L. & Davidovich, L. General framework for estimating the ultimate precision limit in noisy

quantum-enhanced metrology. Nat. Phys. 7, 406 (2011).

Joo, J., Munro, W. J. & Spiller, T. P. Quantum metrology with entangled coherent states. Phys. Rev. Lett. 107, 083601 (2011).

Liu, J., Jing, X.-X. & Wang, X. Phase-matching condition for enhancement of phase sensitivity in quantum metrology. Phys. Rev. A
88, 042316 (2013).

Chaves, R, Brask, J. B., Markiewicz, M., Kolodynski, J. & Acin, A. Noisy metrology beyond the standard quantum limit. Phys. Rev.
Lett. 111, 120401 (2013).

Zhang, Y. M., Li, X. W, Yang, W. & Jin, G. R. Quantum Fisher information of entangled coherent states in the presence of photon
loss. Phys. Rev. A 88, 043832 (2013).

Demkowicz-Dobrzanski, R. & Maccone, L. Using entanglement against noise in quantum metrology. Phys. Rev. Lett. 88, 250801
(2014).

Alipour, S., Mehboudi, M. & Rezakhani, A. T. Quantum metrology in open systems: Dissipative Cramér-Rao bound. Phys. Rev.
Lett. 112, 120405 (2014).

Lu, X.-M.,, Yu, S. & Oh, C. H. Robust quantum metrological schemes based on protection of quantum Fisher information. Nat.
Commun. 6,7282 (2015).

Correa, L. A., Mehboudi, M., Adesso, G. & Sanpera, A. Individual quantum probes for optimal thermometry. Phys. Rev. Lett. 114,
220405 (2015).

Baumgratz, T. & Datta, A. Quantum enhanced estimation of a multidimensional field. Phys. Rev. Lett. 116, 030801 (2016).

Liu, J. & Yuan, H. Quantum parameter estimation with optimal control. Phys. Rev. A 96, 012117 (2017).

Tsang, M. Quantum metrology with open dynamical systems. New J. Phys. 15, 073005 (2013).

Li, Y.-L., Xiao, X. & Yao, Y. Classical-driving-enhanced parameter-estimation precision of a non-Markovian dissipative two-state
system. Phys. Rev. A 91, 052105 (2015).

Nichols, R., Bromley, T. R., Correa, L. A. & Adesso, G. Practical quantum metrology in noisy environments. Phys. Rev. A 94, 042101
(2016).

Wang, Y.-S., Chen, C. & An, J.-H. Quantum metrology in local dissipative environments. New J. Phys. 19, 113019 (2017).

Aolita, L., de Melo, . & Davidovich, L. Open-system dynamics of entanglement:a key issues review. Rep. Prog. Phys. 78, 042001
(2015).

Chin, A. W,, Huelga, S. E. & Plenio, M. B. Quantum metrology in non-Markovian environments. Phys. Rev. Lett. 109, 233601
(2012).

Macieszczak, K. Zeno limit in frequency estimation with non-markovian environments. Phys. Rev. A 92, 010102(R) (2015).
Smirne, A., Kolodynski, J., Huelga, S. E & Demkowicz-Dobrzanski, R. Ultimate precision limits for noisy frequency estimation.
Phys. Rev. Lett. 116, 120801 (2016).

Breuer, H. P. & Petruccione, E The Theory of Open Quantum Systems. (Oxford University Press, Oxford, New York, 2002).

SCIENTIFICREPORTS| (2018) 8:14304 | DOI:10.1038/s41598-018-32661-2 14


http://dx.doi.org/10.1016/j.physrep.2018.07.004

www.nature.com/scientificreports/

53.
54.

55.
56.
. Reina, J. H,, Susa, C. E. & Fanchini, E. E. Extracting information from qubit-environment correlations. Sci. Rep. 4, 7443 (2014).

58.

59.

60.
61.
62.

63.
64.

65.

71.
72.
73.
74.
75.
76.

77.

88.
. Tong, Q.J., An, J. H., Luo, H. G. & Oh, C. H. Mechanism of entanglement preservation. Phys. Rev. A 81, 052330 (2010).
90.

91.
. DArrigo, A., Lo Franco, R, Benenti, G., Paladino, E. & Falci, G. Recovering entanglement by local operations. Ann. Phys. 350, 211

93.
94.
95.

96.
97.

98.
99.

100.
101.

de Vega, I. & Alonso, D. Dynamics of non-Markovian open quantum systems. Rev. Mod. Phys. 89, 015001 (2017).

Lépez, C. E., Romero, G. & Retamal, J. C. Dynamics of entanglement transfer through multipartite dissipative systems. Phys. Rev.
A 81, 062114 (2010).

Chiuri, A., Greganti, C., Mazzola, L., Paternostro, M. & Mataloni, P. Linear optics simulation of quantum non-Markovian
dynamics. Sci. Rep. 2, 968 (2012).

Caruso, E, Giovannetti, V., Lupo, C. & Mancini, S. Quantum channels and memory effects. Rev. Mod. Phys. 86, 1203 (2014).

Haseli, S. et al. Non-Markovianity through flow of information between a system and an environment. Phys. Rev. A 90, 052118
(2014).

Lo Franco, R. & Compagno, G. Overview on the phenomenon of two-qubit entanglement revivals in classical environments. In
Soares-Pinto, D., Fanchini, E & Adesso, G. (eds) Lectures on general quantum correlations and their applications, 367-391 (Springer
Cham., 2017).

Leggio, B., Lo Franco, R., Soares-Pinto, D. O., Horodecki, P. & Compagno, G. Distributed correlations and information flows
within a hybrid multipartite quantum-classical system. Phys. Rev. A 92, 032311 (2015).

Rivas, A., Huelga, S. E & Plenio, M. B. Quantum non-Markovianity: characterization, quantification and detection. Rep. Prog. Phys.
77,094001 (2014).

Costa-Filho, J. I et al. Enabling quantum non-markovian dynamics by injection of classical colored noise. Phys. Rev. A 95, 052126
(2017).

Wolf, M. M, Eisert, J., Cubitt, T. S. & Cirac, J. I. Assessing non-Markovian quantum dynamics. Phys. Rev. Lett. 101, 150402 (2008).
Breuer, H. P, Laine, E. M. & Piilo, ]. Measure for the degree of non-Markovian behavior of quantum processes in open systems.
Phys. Rev. Lett. 103, 210401 (2009).

Rivas, A., Huelga, S. E. & Plenio, M. B. Entanglement and non-Markovianity of quantum evolutions. Phys. Rev. Lett. 105, 050403
(2010).

. Lu, X. M., Wang, X. & Sun, C. P. Quantum Fisher information flow and non-Markovian processes of open systems. Phys. Rev. A 82,

042103 (2010).

. Luo, S., Fu, S. & Song, H. Quantifying non-Markovianity via correlations. Phys. Rev. A 86, 044101 (2012).

. Lorenzo, S., Plastina, F. & Paternostro, M. Geometrical characterization of non-Markovianity. Phys. Rev. A 88, 020102(R) (2013).
. Chruscinski, D. & Maniscalco, S. Degree of non-Markovianity of quantum evolution. Phys. Rev. Lett. 112, 120404 (2014).

. Bylicka, B., Chruscinski, D. & Maniscalco, S. Non-Markovianity and reservoir memory of quantum channels: a quantum

information theory perspective. Sci. Rep. 4, 5720 (2014).

Addis, C., Bylicka, B., Chruscinski, D. & Maniscalco, S. Comparative study of non-Markovianity measures in exactly solvable one-
and two-qubit models. Phys. Rev. A 90, 052103 (2014).

Breuer, H. P, Laine, E. M., Piilo, J. & Vacchini, B. Colloquium: Non-Markovian dynamics in open quantum systems. Rev. Mod.
Phys. 88,021002 (2016).

Vasile, R., Olivares, S., Paris, M. G. A. & Maniscalco, S. Continuous-variable quantum key distribution in non-Markovian channels.
Phys. Rev. A 83, 042321 (2011).

Bellomo, B., Lo Franco, R. & Compagno, G. Non-Markovian effects on the dynamics of entanglement. Phys. Rev. Lett. 99, 160502
(2007).

Bellomo, B., Lo Franco, R. & Compagno, G. Entanglement dynamics of two independent qubits in environments with and without
memory. Phys. Rev. A 77,032342 (2008).

Xiao, X., Fang, M. E, L, Y. L., Kang, G. D. & Wu, C. Quantum discord in non-Markovian environments. Opt. Commun. 283, 3001
(2010).

Man, Z. X, An, N. B. & Xia, Y. J. Non-Markovian dynamics of a two-level system in the presence of hierarchical environments. Opt.
Express 23, 5763 (2015).

. Lo Franco, R., Bellomo, B., Maniscalco, S. & Compagno, G. Dynamics of quantum correlations in two-qubit systems within non-

Markovian environments. Int. J. Mod. Phys. B 27, 1345053 (2013).

. Scala, M. et al. Population trapping due to cavity losses. Phys. Rev. A 77, 043827 (2008).

. Duan, L. M. & Guo, G. C. Preserving coherence in quantum computation by pairing quantum bits. Phys. Rev. Lett. 79, 1953 (1997).
. Viola, L. & Lloyd, S. Dynamical suppression of decoherence in two-state quantum systems. Phys. Rev. A 58,2733 (1998).

. Protopopescu, V., Perez, R., D’Helon, C. & Schmulen, J. Robust controlof decoherence in realistic one-qubit quantum gates. J. Phys.

A: Math. Gen. 36,2175 (2003).

. Facchi, P. et al. Control of decoherence: Analysis and comparison of three different strategies. Phys. Rev. A 71, 022302 (2005).

. Hartmann, L., Dii, W. & Briegel, H. J. Entanglement and its dynamics in open, dissipative systems. New J. Phys. 9, 230 (2007).

. Branderhorst, M. P. A. et al. Coherent control of decoherence. Science 320, 638 (2008).

. Lo Franco, R., D’Arrigo, A., Falci, G., Compagno, G. & Paladino, E. Spin-echo entanglement protection from random telegraph

noise. Phys. Scr. T153, 014043 (2013).

. Maniscalco, S., Francica, E, Zaffino, R. L., Gullo, N. L. & Plastina, E. Protecting entanglement via the quantum Zeno effect. Phys.

Rev. Lett. 100, 090503 (2008).
Tan, J., Kyaw, T. H. & Yeo, Y. Non-Markovian environments and entanglement preservation. Phys. Rev. A 81, 062119 (2010).

Scala, M., Migliore, R., Messina, A. & Sanchez-Soto, L. L. Robust stationary entanglement of two coupled qubits in independent
environments. Eur. Phys. J. D 61, 199 (2011).
Xue, S. B. et al. Decoherence suppression via non-Markovian coherent feedback control. Phys. Rev. A 86, 052304 (2012).

(2014).

Orieux, A. et al. Experimental on-demand recovery of quantum entanglement by local operations within non-Markovian
dynamics. Sci. Rep. 5, 8575 (2015).

Man, Z. X., Xia, Y. J. & An, N. B. Enhancing entanglement of two qubits undergoing independent decoherences by local pre- and
postmeasurements. Phys. Rev. A 86, 052322 (2012).

Bellomo, B. & Antezza, M. Creation and protection of entanglement in systems out of thermal equilibrium. New J. Phys. 15, 113052
(2013).

Bellomo, B. & Antezza, M. Steady entanglement out of thermal equilibrium. EPL 104, 10006 (2013).

Xu, J.-S. et al. Experimental recovery of quantum correlations in absence of system-environment back-action. Nature Commun. 4,
2851 (2013).

Aaronson, B., Lo Franco, R. & Adesso, G. Comparative investigation of the freezing phenomena for quantum correlations under
nondissipative decoherence. Phys. Rev. A 88, 012120 (2013).

Aaronson, B., Lo Franco, R., Compagno, G. & Adesso, G. Hierarchy and dynamics of trace distance correlations. New J. Phys. 15,
093022 (2013).

Jing, J. & Wu, L. A. Control of decoherence with no control. Sci. Rep. 3, 2746 (2013).

Addis, C., Brebner, G., Haikka, P. & Maniscalco, S. Coherence trapping and information backflow in dephasing qubits. Phys. Rev.
A 89, 024101 (2014).

SCIENTIFICREPORTS| (2018) 8:14304 | DOI:10.1038/s41598-018-32661-2 15



www.nature.com/scientificreports/

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.

129.
130.

131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.

143.

144.
145.

146.
147.
148.
149.

150.

Lo Franco, R., D’Arrigo, A., Falci, G., Compagno, G. & Paladino, E. Preserving entanglement and nonlocality in solid-state qubits
by dynamical decoupling. Phys. Rev. B 90, 054304 (2014).

Cianciaruso, M., Bromley, T. R., Roga, W., Lo Franco, R. & Adesso, G. Universal freezing of quantum correlations within the
geometric approach. Sci. Rep. 5, 10177 (2015).

Lo Franco, R., Bellomo, B., Andersson, E. & Compagno, G. Revival of quantum correlation without system-environment back-
action. Phys. Rev. A 85, 032318 (2012).

Bromley, T. R, Cianciaruso, M. & Adesso, G. Frozen quantum coherence. Phys. Rev. Lett. 114, 210401 (2015).

Man, Z. X., An, N. B. & Xia, Y. J. Non-Markovianity of a two-level system transversally coupled to multiple bosonic reservoirs.
Phys. Rev. A 90, 062104 (2014).

Man, Z. X,, Xia, Y. ]. & Lo Franco, R. Harnessing non-markovian quantum memory by environmental coupling. Phys. Rev. A 92,
012315 (2015).

Man, Z. X., Xiao, Y. J. & Lo Franco, R. Cavity-based architecture to preserve quantum coherence and entanglement. Sci. Rep. 5,
13843 (2015).

D’Arrigo, A., Lo Franco, R., Benenti, G., Paladino, E. & Falci, G. Hidden entanglement in the presence of random telegraph
dephasing noise. Phys. Scr. T153, 014014 (2013).

D’Arrigo, A., Lo Franco, R., Benenti, G., Paladino, E. & Falci, G. Hidden entanglement, system-environment information flow and
non-Markovianity. Int. J. Quantum Inf. 12, 1461005 (2014).

Yan, L. L., Zhang, J. Q, Jing, J. & Feng, M. Suppression of dissipation in a laser-driven qubit by white noise. Phys. Lett. A 379, 2417
(2015).

Yang, J. et al. Coherence preservation of a single neutral atom qubit transferred between magic-intensity optical traps. Phys. Rev.
Lett. 117, 123201 (2016).

Lo Franco, R. Nonlocality threshold for entanglement under general dephasing evolutions: A case study. Quantum Inf. Process. 15,
2393 (2016).

Silva, I. A. et al. Observation of time-invariant coherence in a nuclear magnetic resonance quantum simulator. Phys. Rev. Lett. 117,
160402 (2016).

Wang, W. C. & Fang, M. E. Protecting coherence in the non-Hermitian two-level system. arXiv:1612.08339 [quant-ph].
Mortezapour, A., Borji, M. A., Park, D. & Lo Franco, R. Non-Markovianity and coherence of a moving qubit inside a leaky cavity.
Open Sys. Inf. Dyn. 24, 1740006 (2017).

Campos Venuti, L., Ma, Z., Saleur, H. & Haas, S. Topological protection of coherence in a dissipative environment. Phys. Rev. A 96,
053858 (2017).

Cakmak, B., Manatuly, A. & Miistecaplioglu, O. E. Thermal production, protection, and heat exchange of quantum coherences.
Phys. Rev. A 96, 032117 (2017).

Mortezapour, A., Naeimi, G. & Lo Franco, R. Coherence and entanglement dynamics of vibrating qubits. Opt. Commun. 424,
26-31(2018).

Noel, M. W,, Griffith, W. M. & Gallagher, T. F. Frequency-modulated excitation of a two-level atom. Phys. Rev. A 58, 2265 (1998).
Zhang, X., Jiang, H., Rao, J. & Li, B. Frequency-modulated excitation of potassium atoms. Phys. Rev. A 68, 025401 (2003).

Silveri, M. P, Tuorila, J. A., Thuneberg, E. V. & Thuneberg, G. S. Quantum systems under frequency modulation. Rep. Prog. Phys.
80, 056002 (2017).

Nakamura, Y., Pashkin, Y. A. & Tsai, J. S. Rabi oscillations in a Josephson-junction charge two-level system. Phys. Rev. Lett. 87,
246601 (2001).

Oliver, W. D. et al. Mach-Zehnder interferometry in a strongly driven superconducting qubit. Science 310, 1653 (2005).

Tuorila, J. et al. Stark effect and generalized Bloch-Siegert shift in a strongly driven two-level system. Phys. Rev. Lett. 105, 257003 (2010).
Li, J. et al. Motional averaging in a superconducting qubit. Nat. Commun. 4, 1420 (2013).

Trabesinger, A. Quantum computing: towards reality. Nature 543, S1 (2017).

Beaudoin, F, da Silva, M. P, Dutton, Z. & Blais, A. First-order sidebands in circuit QED using qubit frequency modulation. Phys.
Rev. A 86, 022305 (2012).

Strand, J. D. et al. First-order sideband transitions with flux-driven asymmetric transmon qubits. Phys. Rev. B 87, 220505(R) (2013).
Ficek, Z., Seke, J., Soldatov, A. V. & Adam, G. Fluorescence spectrum of a two-level atom driven by a multiple modulated field. Phys.
Rev. A 64, 013813 (2001).

Janowicz, M., Orlowski, A. & Mostowski, J. V. Spontaneous emission in a Fabry-Perot cavity: frequency modulation and collective
effects. J. Phys. B: At. Mol. Opt. Phys. 41, 065501 (2008).

Janowicz, M. Non-Markovian decay of an atom coupled to a reservoir: Modification by frequency modulation. Phys. Rev. A 61,
025802 (2000).

Zhou, L., Yang, S., Liu, Y. X., Sun, C. P. & Nori, F. Quantum Zeno switch for single-photon coherent transport. Phys. Rev. A 80,
062109 (2009).

Deng, C., Orgiazzi, J. L., Shen, E, Ashhab, S. & Lupascu, A. Observation of Floquet states in a strongly driven artificial atom. Phys.
Rev. Lett. 115, 133601 (2015).

Macovei, M. & Keitel, C. H. Quantum dynamics of a two-level emitter with a modulated transition frequency. Phys. Rev. A 90,
043838 (2014).

Poggi, P. M., Lombardo, F. C. & Wisniacki, D. A. Driving-induced amplification of non-Markovianity in open quantum systems
evolution. EPL 118, 20005 (2017).

Soares-Pinto, D. O. et al. Equivalence between redfield- and master-equation approaches for a time-dependent quantum system
and coherence control. Phys. Rev. A 83, 062336 (2011).

Céleri, L. C., de Ponte, M. A., Villas-Boas, C. . & Moussa, M. H. Y. Switching off the reservoir through nonstationary quantum
systems. J. Phys. B: Atom. Mol. Opt. Phys. 41, 085504 (2008).

Janowicz, M. Evolution of wave fields and atom-field interactions in a cavity with one oscillating mirror. Phys. Rev. A 57, 4784
(1998).

Agarwal, G. S. Control of decoherence and relaxation by frequency modulation of a heat bath. Phys. Rev. A 61, 013809 (1999).
Helstrom, C. W. Quantum Detection and Estimation Theory. (Academic, New York, 1976).

Holevo, A. S. Probabilistic and Statistical Aspects of Quantum Theory. (North-Holland, Amsterdam, 1982).

Bellomo, B., Lo Franco, R., Maniscalco, S. & Compagno, G. Two-qubit entanglement dynamics for two different non-markovian
environments. Phys. Scr. T140, 014014 (2010).

Castelvecchi, D. Quantum computers ready to leap out of the lab in 2017. Nature 541, 9-10 (2017).

Paik, H. et al. Observation of high coherence in josephson junction qubits measured in a three-dimensional circuit qed
architecture. Phys. Rev. Lett. 107, 240501 (2011).

https://www-03.ibm.com/press/us/en/pressrelease/53374.wss (10 Nov 2017).

Ali, M., Rau, A. R. P. & Alber, G. Quantum discord for two-qubit states. Phys. Rev. A 81, 042105 (2010).

DiCarlo, L. et al. Preparation and measurement of three-qubit entanglement in a superconducting circuit. Nature 467, 574 (2010).
Rigetti, C. et al. Superconducting qubit in a waveguide cavity with a coherence time approaching 0.1 ms. Phys. Rev. B 86, 100506(R)
(2012).

Preskill, J. Quantum computing in the NISQ era and beyond. arXiv:1801.00862 [quant-ph].

SCIENTIFICREPORTS| (2018) 8:14304 | DOI:10.1038/s41598-018-32661-2 16


https://www-03.ibm.com/press/us/en/pressrelease/53374.wss

www.nature.com/scientificreports/

Author Contributions
AM. performed the calculations. R.L.E supervised the work. Both authors discussed the results and contributed
to the preparation of the manuscript.

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) 8:14304 | DOI:10.1038/s41598-018-32661-2 17


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

	Protecting quantum resources via frequency modulation of qubits in leaky cavities

	Results

	Single-qubit system. 
	Coherence. 
	Quantum Fisher information. 
	Non-Markovianity. 
	Time evolution of single-qubit resources. 
	Experimental context. 

	Two-qubit system. 
	Initial states and evolved density matrix. 
	Quantification of quantum resources. 
	Time evolution of two-qubit resources. 


	Discussion

	Figure 1 Sketch of the single-qubit system.
	Figure 2 Qubit coherence ζ(t) as a function of scaled time γt for different values of the modulation frequency Ω.
	Figure 3 Qubit coherence ζ(t) as a function of scaled time γt for different values of the modulation frequency, for a fixed modulation amplitude δ = 5γ.
	Figure 4 Qubit coherence ζ(t) as a function of scaled time γt for different values of the modulation frequency: Ω = 0.
	Figure 5 (a) Quantum Fisher information Fφ(t) and (b) optimal phase estimation δφmin(t) as a function of scaled time γt for various values of modulation frequency: Ω = 0.
	Figure 6 Non-Markovianity as a function of Ω/γ.
	Figure 7 Non-Markovianity as a function of Ω/γ for: (a) δ = 2.
	Figure 8 Decay rate Γ(t) as a function of scaled time γt for different values of the modulation frequency: (a) Ω = 0.
	Figure 9 Time evolution of two-qubit coherence (TQC) ζ2(t) (solid blue line), quantum discord (QD) (dotted red line) and concurrence (CON) (dashed green line) for the initial states ρΨ(0) (column I) and ρΦ(0) (column II), with r = 1 and (Bell states), und
	Figure 10 Two-qubit coherence (TQC) ζ2(t) (solid blue line), quantum discord (QD) (dotted red line) and concurrence (CON) (dashed green line) for the two-qubit initial state ρΨ(0) as functions of scaled time γt for different degrees of purity: (a) r = 1, 
	Figure 11 Two-qubit coherence (TQC) ζ2(t) (solid blue line), quantum discord (QD) (dotted red line) and concurrence (CON) (dashed green line) for the two-qubit initial state ρΦ(0) as functions of scaled time γt for different degrees of purity: (a) r = 1, 




