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Speedup of quantum evolution of
multiqubit entanglement states

Ying-Jie Zhang'%", Wei Han*", Yun-Jie Xia?, Jian-Xiang Tian' & Heng Fan?3

As is well known, quantum speed limit time (QSLT) can be used to characterize the maximal speed of
. evolution of quantum systems. We mainly investigate the QSLT of generalized N-qubit GHZ-type states
Accepted:17May 2016 : and W-type states in the amplitude-damping channels. It is shown that, in the case N qubits coupled
Published: 10 June 2016 : Wwith independent noise channels, the QSLT of the entangled GHZ-type state is closely related to the

. number of qubits in the small-scale system. And the larger entanglement of GHZ-type states can lead to
the shorter QSLT of the evolution process. However, the QSLT of the W-type states are independent of
the number of qubits and the initial entanglement. Furthermore, by considering only M qubits among
the N-qubit system respectively interacting with their own noise channels, QSLTs for these two types
states are shorter than in the case N qubits coupled with independent noise channels. We therefore
reach the interesting result that the potential speedup of quantum evolution of a given N-qubit
GHZ-type state or W-type state can be realized in the case the number of the applied noise channels
satisfying M < N.
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Quantum mechanics establishes the fundamental and important bounds for the evolution time to transfer a given
initial quantum state to a prescribed final state in a controlled and optimal way. Bounds of this evolution time,
known as quantum speed limit time (QSLT), are intimately related to the maximal evolution speed of quantum
systems. The utility of these limits involve in many areas of research such as the communication speed in quantum
communication'?, the precision limits in quantum metrology?, the computation speed in quantum computation?,
nonequilibrium thermodynamics®, as well as quantum optimal control protocols®~'°. Derivations of the QSLTs
. usually consider that such quantum systems are noiseless and undergoing unitary evolutions!!-22. Since the rele-
- vant influence of the environment on processing or information transferring systems can not be ignored, recently,
the bounds of evolution time including both Mandelstam-Tamm (MT) and Margolus-Levitin (ML) types focused
on the open system with nonunitary dynamics process have also been formulated®-%. The QSLTs have already
been used to illustrate the quantum evolution speed for a qubit state under nonunitary dynamics process. Some
theoretical studies have shown that the non-Markovianity of the noise channels can speed up the quantum evolu-
tion process?*?**, and this phenomenon has also been experimentally confirmed by the controlled environment®.
The speedup evolution of quantum state gained when using quantum system to process information should
be considerable in the limit of large-scale information processing®3, so it is significant to understand the scaling
properties of the QSLT for multiqubit system. So far, a few studies have been done on the QSLT in the multiqubit
systems!72*31:37-39 it has been shown that entanglement could accelerate the evolution of the closed quantum
system. For the multiqubit open system, in refs 23 and 24, the authors mainly consider Markovian dephasing of
N-qubits system where each qubit interacts only with its own noise channel. By choosing the initial GHZ-type
states, they have found that the evolution speeds of separable and entangled states scale in the same way with
respect to the number of qubits, and the speedup evolution due to entanglement is also true in the nonunitary
dephasing channels. But the influences of entanglement and the number of qubits on the quantum evolution
speed of the multiqubit system with different types initial states under more general and typical nonunitary noise
channels, are not well studied until now. So the task to explore the quantum evolution speed of the multiqubit
entanglement open system is still extremely necessary.
In this paper, we investigate the QSLT of generalized N-qubit GHZ-type states and W-type states in two differ-
ent cases. one case is described that N qubits would be coupled with independent amplitude-damping channels
as shown in Fig. 1(a). In this case, the GHZ-type entanglement can reduce the QSLT of the evolution process. In
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Figure 1. Quantum evolution speed for multiqubit entanglement states in two different cases. The map A means
a completely positive trace-preserving noise channel. (a) one case is described that N qubits would be coupled with
independent noise channels A’s; (b) the other case of only M qubits among the N-qubit system respectively interacting
with their own noise channel A, here the number of the noise channels M is less than the number of the qubits N.

addition, the QSLTs of the entangled GHZ-type states increase as the number of qubits increasing in the small-scale
system, and are unaffected by the number of qubits in the larger-scale system. However, the QSLTs for the W-type
states are independent of the number of qubits and the initial entanglement. The above results are obviously dif-
ferent from the one corresponding to the dephasing channels**?*. In the previous studies?*?**!, the QSLT of open
multiqubit system has been analyzed in the case each qubit respectively interacting with its own noise channel. In
comparison, we also consider the other case that only M amplitude-damping channels respectively added to M
qubits among the N-qubit system (M < N) in Fig. 1(b). By investigating the influence of the number of the applied
noise channels on the QSLT, it is striking to find that the speedup evolution of these two types states can occur.
Additionally, the number of the applied noise channels M plays the opposite effect on the QSLTs for the mulitqubit
GHZ-type states and W-type states, i.e., the shortest QSLT of a given N-qubit GHZ-type state can be acquired by
choosing the case M= N — 1, while for a given N-qubit W-type state, the smallest QSLT occurs by taking the case
M=1.

Results

Decoherence model and quantum speed limit time. Here, we mainly consider N qubits of ground
state |0) and excited state |1) without interacting with each other. M (1 <M < N) qubits respectively couple to
their own amplitude-damping channels, while the other N — M qubits are isolated from any environment and
would not evolve at all in the dynamical process. The dynamics of the whole system can be obtained simply from
the evolution of the individual qubit. And the dynamics of the i-th qubit, 1 <i <M, can be governed by a master
equation that gives rise to a completely positive trace-preserving channel A; describing the evolution as
p; =N iPy where P, and p; are the initial and evolved reduced states of the i-th qub1t respectively. In the Born—
Markov approx1mat1on, the amplitude-damping channel is given by its Kraus representation as*’
Apo = KOpOK0 + KlpOKl,wuhK |0)(0] + +/1 — P|1)(1]|and K, = +/P (1| (0] In the zero-temperature
limit, P=e ' is the decay of the excited population, and I' is the dissipation rate.

Let us consider the situation where the initial state of N qub1ts is in the multiqubit GHZ-type state or W—type state, that
is o = (a|1)*N + B|0)®N)(a*( N 4 B=(0[*N), or p)" = (w,]100---0) + wz\ow 0) + -+ + wy|00--01))
(wj (100---0| + w5 (010---0| 4 --- 4+ wj; (00---01]), with |a>+18)?=1 and =N, |w,[" = 1. Due to only M
(1 <M< N) qubits interacting w1th their own amplitude-damping channels respectively, then the initial state g Gw
evolves in time into a mixed state p, ¢'W acquired simply by the composition of M individual maps

ptG/W _ AIAZ"'AMP()G/W' o

In the next section, we mainly study the QSLT of the N-qubit entangled state. So we need to start with the
definition of the QSLT for an open quantum system. The QSLT can effectually define the bound of minimal evo-
lution time for arbitrary initial states, and be helpful to analyze the maximal evolution speed of an open quantum
system. A unified lower bound, including both MT and ML types, has been derived by Deffner and Lutz?. This
QSLT is determined by an initial state p, = |Po){¢,| and its target state p,. With the help of the von Neumann trace
inequality and the Cauchy-Schwarz inequality, the QSLT is as follows,

1 1 .2
T> Thg = maxi—, —, sin“[B(p,, p.)],
Qs {fi 72 }-f} oo 2

SCIENTIFICREPORTS | 6:27349 | DOI: 10.1038/srep27349 2



www.nature.com/scientificreports/

with 7! = T_lfT 2,1, dt: and[|A|| = (o] + -+ + &))" denotes the Schatten [-norm, oy, 05, -, 7, are the singular
values of A, B(p, p,) = arccos,[(c|p, | ¢0) denotes the Bures angle between the initial and target states of the quan-
tum system. AndtheML typeboundbasedontheoperatornorm (I=o00,thatis F>° = 7 -1 f max[o,, 0,, -+, 0,]dt)
of the nonunitary generator provides the sharpest bound on the QSLT?. So in the following we use this ML-type
bound to demonstrate the QSLT of the dynamics evolution from an initial state pOG/ W to a final state pG/ W by fixing an
actual evolution time 7. According to ref. 31, 7 /7= 1 indicates the evolution s already along the "fastest path and
possesses no potential capacity for further quantum speedup. While for the case 7 /7 < 1, the speedup evolution may
occur, and the much shorter 7 the greater the capacity for potential speedup will be.

QSLTs of N-qubit GHZ-type states. We choose GHZ-type state pOG to be the initial qubits’ state. Using
Eq. (1), we can straightforwardly reach the evolutional density matrix as follows

¢ = 1UBP + [P (@ = D)Mo 1(0) (0 + PM2[as (o) (1)
M<N
+ aBOONNT + 30 i Ps0) (00 @ (1) (1",

k=0 (3)
with §,y=1if M=N, and 8,y =0 when M < N. Ow1ng to only M qubits coupled to their own noise channels, we
can clearly obtain that, the off-diagonal elements of & should be multiplied by the factor P2, And the d1agona1
terms (]0)(0])*N and (|1){1])®N in turn give rise to new diagonal terms of the form (|0)(0[)*™-P & (|1)
(1])®WN=M+R)_for 0 < k < M, and Py accounting for all possible permutations of the state of M qubits, and the coef-
ficients py; = |a|2Pk(1 — P)Mk,

In order to illustrate the roles of the number of qubits N, the number of noise channels M and
the entanglement of the initial state on the quantum evolution speed of the multiqubit open system, we
should firstly use the ML-type bound to calculate QSLT of the dynamics evolution from an initial state
pOG to a final state pTG by an actual evolution time 7. According to Eq. (3), we can clearly find,

22 G 6 4 2.2 M 2| 2pMi2 4pM

S’ (B(py )] = |Tr(pC ) — 1 = |3 + 7P (1 — P) "6y + 2[5 [aP P 1 |aPX — 1|, Thus
our main task in the f0110w1ng is to calculate the singular values of pG and find out the largest
singular value o= ||pt .- (i) If one consider N qubits interacting with independent noise

channels (M = N), the smgular values o; are ‘71/2 = N‘alz {|[P PNl -+ P (1 - PV
\/|ﬂ\2PN_2/\a\2 [PV (1 — PN 1P} of = |a| |[kP* Y1 — PN F — (N — kP — PN R,

and 04 = |a| [[(N — k) PNk 1(1 P)F — kPN7K1 — p)FY P| here k=1, -, N— 1. In the whole dynamics
process, with the analysis of ¢/'s as shown in Fig. 2(d), the largest smgular value o,,,, can be given by

a\ {HPN L_ (1= pNY 1|+ HPN L4 = pN- 1]\/|m pN- 2/|a| [PN L1 -pPV Y+ 1/}[P| with

0 < P < 1. (ii) For the case M < N, the singular values o, are o, = l |1 4H[j\ /lafPM + 1) MPM 1P|,
af? 1 _ 1.

oy = %|(1 + I8P 1|afPM + 1)MPM'PLof = |af|[kP*'(1 — P)M k(M- kP - P 11D, and

0’4k = \a\z |[[(M — k) PMF 11 — p)f — kpMR( — P)kfl]P|, here k=0, 1, -+, M — 1. Through comparing the
above singular values, the largest singular value o, can be given by

k
o5l,_g» P <Py
0'2, Pt>Ptc (4)

From Eq. (4), it is worth noting that, the largest singular value o, can occur a sudden transition from
one to another at a certain critical strength of P, for an arbitrary N and M. And P, is obtained by
[(1 + ‘HB| /o PM + l)PM "'=2|(1 - P, )M 1. SoP is related to the initial state (v, 5) and the number of
noise channels M. When P, < P, Opax is equal to (73| , while for P, > P,,0,is the largest singular value of ¢ P,

among all ¢/s. This remarkable behav10r can be shown in Fig. 2 by taklng the four- qubit system as an example
Therefore, when the number of noise channels M is less than the number of qubits N, the QSLT can be calculated

as
S5t
(B + [afP)"?) — 1
Mlafr!
P <P,
2 1 ‘
=17 2, 2pM M—1; T M—17 > >
Sl + 18R NafPY 4 1P b f, 10— PPl
(B + |af P)M?)* — 1 2 b o p
2,_—1 T —17 T fe
Mlafr JT1a+ 18R 1af PY + 1)PM ) dt 5)
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Flgure 2. The singular value o7s for || p¢ || as a function of P with the different number of noise channels M
for p& =1/2(J1111) + |0000))((1 111] + (0000|). Since all ;'s contain | P}, the behaviors of ¢;'s/|P| can explore

the largest singular value 0,,,,,. (a—c) for the case M < N, there exists a certain critical strength of P, ; (d) for the
case M =N, a unified expressionforo_, = al (PN ' = =PV 4+ PV (- P)N 1

\/|B|2PN72/|(1‘2 (PM' (1 - P)Nfl]2 + 1]} \P\ can be acquired by combining ¢, and o,.

with P, means the excited population of the final state pG It is clear to find that the QSLT of the multiqubit
GHZ-type states is evaluated as a function of the number of noise channels M and the initial entanglement (a, ().

By fixing an actual evolution time 7, the influences of the number of qubits N, the number of noise channels
M and the entanglement of the initial state on the QSLTs for the multiqubit GHZ-type states are depicted in Fig. 3
for M= N and Fig. 4 for M < N. The entanglement of the mulitqubit state can be characterized by the genuinely
multiqubit (GM) concurrence C defined in**#?, with C=0 for a separable state and C=1 for a maximally entan-
gled state. For the biqubit system, the GM concurrence can be simplified to the Wootter’s concurrence*?. For the
N-qubit state p the GM concurrence can be immediately obtained C=2|a]. By considering N qubits coupled
to their 1ndependent noise channels, respectively, Fig. 3(a) clearly shows that the QSLT equals to the actual evolu-
tion time 7 for the separable state (=1, 8=0). So the evolution speed of the unentangled N-qubit state g, ¢ under
the amplitude-damping channels is unaffected by the number of qubits N. While for the entangled N-qubit state
pC, the QSLT firstly increases as the number of qubits N increasing and then maintains to a fixed value. That is to
say, for the GHZ-type state with a given entanglement, the increasing qubits’ number N of the multiqubit system
can lead to the smaller quantum speed in the small-scale system. However, for the larger-scale system, the evolu-
tion speed of the entangled GHZ-type state is independent of N. Besides, another meaningful result can be
acquired from Fig. 3(b): for the entanglement GHZ-type state, the larger initial entanglement can lead to the
greater potential speedup of the evolution process, and thus reduce the QSLT below its value of the unentangled
multiqubit system.

Furthermore, for a given GHZ-type multiqubit state G (fixing N, o and (3), when we c0n51der only M qubits
coupling to their own noise channels, here M < N, the QSLT of the dynamics evolution from po to pT can be calcu-
lated by Eq. (5). From Fig. 4(a) for the initial unentangled state (N=4, o =1 and 3=0) and Fig. 4(b) for the 1n1t1a1
entangled state (N=4 and a = 3 = +/2/2), it is worth noting that the quantum speedup evolution from p0 to p
can occur at a certain region [P 1]in the case M < N than the case M = N. But when only one qubit is interact-
ing with its noise channel, the evolution speed is not accelerated for the initial unentangled state, as shown by the
red dashed line in Fig. 4(a). So we therefore reach the interesting result that the speedup of the evolution of the
multiqubit GHZ-type state can be acquired by controlling the number of the applied noise channels M < N. And
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Figure 3. The QSLT for the evolution from p{ to p€ by a fixed actual evolution time P, = 0.5, quantified by
Tqst/T s a function of the parameters for the number of qubits N and the entanglement C=2|a3] of the
initially prepared state p¢, in the case M = N. Different initial states, (a = 1, 3=0), (a = +/3/2, § = 1/2) and
(o = 8 = J2/2) considered in (a); and different number of qubits, N=2, 4, 8 chosen in (b).
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Figure 4. The QSLT for a given GHZ-type multiqubit state pOG > quantified by 745, /7 as a function of the
excited population P_ of the final state and the number of noise channels M, in the case M < N. (a,c) for the
initial unentangled state, v=1, 3=0; (b,d) for the initial entangled statea = 3 = 272,

then, numerical calculation also shows that the critical excited population P! of the final state pTG is determined
by M. Taking the cases in Fig. 4(b) for the initial entangled state pOG = 1/2(|/1111) + [0000))((1111| 4 (0000|) as
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examples, when M = 1, we find the value of the critical excited population is P! = 0.285; While for M=2 and
M=3, we can acquire P! = 0,124 and P! — 0,

Due to the above results in the case M < N, we should further understand the role of the number of noise
channels M on the QSLT for a given initial state by a fixed actual evolution time 7. Figure 4(c,d) present the results
of our analysis for 7 /7 as a function of the number of noise channels M by choosing different actual evolution
times 7, in the case M < N=21. By gradually increasing the number of the applied noise channels to the mul-
tiqubit system, we observe that the QSLT for the open system can monotonically decrease. That is to say, for the
case of M < N, the capacity for potential speedup of evolution from pOG to pTG can be enhanced as the number of
the applied noise channels increasing. Then the greatest capacity for quantum speedup of a given N-qubit
GHZ-type state can be acquired by choosing the case N — 1 qubits respectively interacting with their own noise
channels.

QSLTs of N-qubit W-type states. In the following, instead of the initial GHZ-type states, we choose the
W-type states as the initial N-qubit states. Only M qubits among the multiqubit system is independently coupled
with an amplitude-damping channel, i.e., the number of noise channels M is less than the number of the qubits N.
According to Eq. (1), the evolutional density matrix of the N-qubit system can be obtained

M N M
BV = A =P+ S R0} (0D + [P wE 1) (1]
i=1 j=M+1 i=1
N ) M M
+ 0 B )]+ P S w1 (1]
j=M+1 i=lk=1,k=i

M N
+-/PY 3 wiw]?‘TS\li)<1j|

i=1j=M+1

@ (lo)(o™,

(6)

here T accounting for the permutation between |1;) and |1;). Next, by calculating the QSLT in Eq. (2) for the
evolution from p W to a final state pTW with an actual evolution time 7, we illustrate the influences of various
parameters (N, M, and the initial entanglement parameters w,’s) on the QSLTs of the W-type states.

In the case M= N (All qubits independently coupled to their own noise channels), the evolutional density matrix
of the N-qubit system can be rewritten as ptw =1 — P)([o)(0])*™ + PpOW, the largest singular value of p:’v is
O max = | Phand the distance satisfiessin” [B(p,, p.)] = |1 — P, | Thenweacquirerq /7 = |1 — P|/ [ |P|dt = 1.
It is easy to check that if the multiqubit open system is initially prepared in the W-type state, the QSLTOfor the evo-
lution from pOW to pTW is independent of the number of qubits N and the initial entanglement parameters w/’s. This
can be understood that, when all qubits coupled to their independent noise channels, the quantum evolution speeds
of the W-type multiqubit entanglement states would not be accelerated, and unaffected by the qubits’ number and
the initial entanglement.

However, for the case only M qubits coupled with their own noise channels, respectively, we mainly study the relation-
ship between the number of noise channels M and the QSLT for a given initial W-type state pnw, herew, = 1/ JN,i=1,

2,...,N.Inthis case, we can calculate the largest singular value|| o, || = o, = % [M + M? + M(N — M)/P]P|
o0

and the distance sin’[B(p,, p )] = [MP/N*> + M (M — 1)PIN*+(N — M)*/N* + 2M(N — M)-/PIN* — 1|
According to the definition in(tq. (2), we can obviously find that the QSLT for a given initial W-type state is closely related
to the number of noise channels M. Figure 5 shows the QSLT for the evolution process within a fixed actual evolution
time 7 as a function of the excited population P, of the final state and the number of noise channels M. By considering a
given initial W-type state, we observe that, when the number of the applied noise channels is less than the number of the
multiqubit system (M < N), the QSLT can be reduced, as shown in Fig. 5(a). On the other hand, a monotonic behavior of
the QSLT can also be depicted in Fig. 5(b): when M < N, the QSLT for the open system can monotonically increase by
gradually increasing the number of the applied noise channels to the N-qubit system. So we can conclude that the capac-
ity for potential speedup of evolution from ¥ to " can be promoted by decreasing the number of the applied noise
channels. And when only one qubit among the N-qubit system (M =1) is coupled with its own noise channel, the maxi-
mal capacity for potential speedup of a given N-qubit W-type state would be reached. Finally, by comparing the analysis
of the QSLT for the GHZ-type state and the W-type state, the role of the number of the applied noise channels M on the
quantum speedup for the above two states in the case M < N, is clearly contrary, as shown in Figs 4(d) and 5(b).

Discussion

Above all, the exemplary states we take to analyze the quantum evolution speed of multiqubit open system are the
GHZ-type state and W-type state. Although these two types states represent just the restricted class of states, the
study of their quantum evolution speed is important in their own right: they are crucial in quantum information
and communication theory®>*¢#-% and such states have been experimentally produced in atomic and photonic
systems*®*”. And these two types of multiqubit states and the amplitude damping channels can be realized by the
potential candidates such as cavity QED*, trapped ions*’, superconducting qubits*® and the Nitrogen-Vacancy
center of diamond®'.

In summary, we have demonstrated the QSLT of the N-qubit entanglement state (GHZ-type state or W-type
state) under amplitude-damping channels. Although a similar study of QSLT for open multiqubit system has been
analyzed in the case each qubit respectively interacting with its own noise channel (M = N), the investigations
mainly focus on the QSLT of a few special states (such as two-qubit Bell states, the multiqubit product state
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Figure 5. The QSLT for a given W-type multiqubit state p,’, quantified by Tg;/7 as a function of the
excited population P_ of the final state and the number of noise channels M. Here, parameters are chosen as

w; = 1/-/N,i=1,2,...,N.

[11---1)), and do not concern the role of the number of the qubits N on the QSLT*". Here, by considering the con-
trollable noise channels number M, we have clearly illustrated the roles of the number of qubits N, the number of
noise channels M and the entanglement of the initial state on the QSLT of the multiqubit open system. The model
with controllable noisy channel number plays an important role in the study of quantum metrology>?. Some new
and interesting phenomena are observed. For the case M= N, we have obtained that the QSLT of the entangled
GHZ-type state first increases as the number of quits N increasing and then saturates at a fixed value. And the
entanglement of GHZ-type state can shorten the QSLT of the evolution process. But the QSLT of the W-type state
is independent of the number of qubits N and the initial entanglement. Moreover, for the other case M < N, the
QSLTs of the mulitqubit GHZ-type states and W-type states are shorter than in the case N qubits independently
coupled with independent noise channels. So the speedup of a dynamics process of a given N-qubit GHZ-type
state or W-type state occurs when the controllable noise channels’ number is less than the number of qubits. Our
results may be of both theoretical and experimental interests in exploring the potential quantum speedup for the
multiqubit states by the controllable noise channels’ number in the large-scale information processing.

References
1. Nielsen, M. A. & Chuang, I. L. Quantum Computation and Quantum Information (Cambridge University Press, New York, 2000).

. Bekenstein, J. D. Energy cost of information transfer. Phys. Rev. Lett. 46, 623-626 (1981).

. Giovanetti, V,, Lloyd, S. & Maccone, L. Advances in quantum metrology. Nat. Photonics. 5, 222-229 (2011).

Lloyd, S. Computational capacity of the universe. Phys. Rev. Lett. 88, 237901 (2002).

. Deftner, S. & Lutz, E. Speeding up and slowing down the relaxation of a qubit by optimal control. Phys. Rev. Lett. 105, 170402 (2010).

Caneva, T. et al. Optimal control at the quantum speed limit. Phys. Rev. Lett. 103, 240501 (2009).

Mukherjee, V. et al. Speeding up and slowing down the relaxation of a qubit by optimal control. Phys. Rev. A 88, 062326 (2013).

. Hegerfeldt, G. C. Driving at the quantum speed limit: optimal control of a two-level system. Phys. Rev. Lett. 111, 260501 (2013).

. Hegerfeldt, G. C. High-speed driving of a two-level system. Phys. Rev. A 90, 032110 (2014).

. Avinadav, C,, Fischer, R., London, P. & Gershoni, D. Time-optimal universal control of two-level systems under strong driving. Phys.
Rev. B 89, 245311 (2014).

. Mandelstam, L. & Tamm, I. The uncertainty relation between energy and time in nonrelativistic quantum mechanics. J. Phys. (USSR)
9,249-254 (1945).

. Fleming, G. N. A unitarity bound on the evolution of nonstationary states. Nuovo Cimento A 16, 232-240 (1973).

SV ®NOU A WD

—_

23.

24.

25.
26.

. Anandan, J. & Aharonov, Y. Geometry of quantum evolution. Phys. Rev. Lett. 65, 1697-1700 (1990).

. Vaidman, L. Minimum time for the evolution to an orthogonal quantum state. Am. J. Phys. 60, 182-183 (1992).

. Margolus, N. & Levitin, L. B. The maximum speed of dynamical evolution. Phys. D 120, 188-195 (1998).

. Levitin, L. B. & Toffoli, T. Fundamental limit on the rate of quantum dynamics: the unified bound is tight. Phys. Rev. Lett. 103,

160502 (2009).

. Giovannetti, V., Lloyd, S. & Maccone, L. Quantum limits to dynamical evolution. Phys. Rev. A 67, 052109 (2003).

. Jones, P. & Kok, P. Geometric derivation of the quantum speed limit. Phys. Rev. A 82, 022107 (2010).

. Zwierz, M. Comment on Geometric derivation of the quantum speed limit. Phys. Rev. A 86, 016101 (2012).

. Deffner, S. & Lutz, E. Energy-time uncertainty relation for driven quantum systems. J. Phys. A: Math. Theor. 46 335302 (2013).

. Pfeifer, P. How fast can a quantum state change with time? Phys. Rev. Lett. 70, 3365 (1993).

. Pfeifer, P. & Frohlich, J. Generalized time-energy uncertainty relations and bounds on lifetimes of resonances. Rev. Mod. Phys. 67,

759 (1995).

Taddei, M. M., Escher, B. M., Davidovich, L. & de Matos Filho, R. L. Quantum speed limit for physical processes. Phys. Rev. Lett. 110,
050402 (2013).

del Campo, A., Egusquiza, I. L., Plenio, M. B. & Huelga, S. F. Quantum speed limits in open system dynamics. Phys. Rev. Lett. 110,
050403 (2013).

Zhang, Y.]J. et al. Quantum speed limit for arbitrary initial states. Sci. Rep. 4, 4890 (2014).

Deffner, S. & Lutz, E. Quantum speed limit for non-Markovian dynamics. Phys. Rev. Lett. 111, 010402 (2013).

SCIENTIFIC REPORTS | 6:27349 | DOI: 10.1038/srep27349 7



www.nature.com/scientificreports/

27. Marvian, L. & Lidar, D. A. Quantum speed limits for leakage and decoherence. Phys. Rev. Lett. 115, 210402 (2015).

28. Jing, J., Wu, L. A. & del Campo, A. Fundamental speed limits to the generation of quantumness. arXiv: 1510.01106 (2015).

29. Zhang, Y. ]. et al. Classical-driving-assisted quantum speed-up. Phys. Rev. A 91, 032112 (2015).

30. Xu, Z.Y. et al. Quantum speedup in memory environment. Phys. Rev. A 89, 012307 (2014).

31. Liu, C,, Xu, Z. Y. & Zhu, S. Q. Quantum-speed-limit time for multiqubit open systems. Phys. Rev. A 91 022102 (2015).

32. Cimmarusti, A. D. et al. Environment-assisted speed-up of the field evolution in cavity quantum electrodynamics. Phys. Rev. Lett.
114, 233602 (2015).

33. Deftner, S. Optimal control of a qubit in an optical cavity. J. Phys. B 47, 145502 (2014).

34. Duan, L. M, Lukin, M. D,, Cirac, J. I. & Zoller, P. Nature 414, 2001 413.

35. Cirag, J. I. & Zoller, P. Goals and opportunities in quantum simulation. Nat. Phys. 8, 264 (2012).

36. Georgescu, I. M., Ashhab, S. & Nori, F. Quantum simulation. Rev. Mod. Phys. 86, 153 (2014).

37. Batle, J., Casas, M., Plastino, A. & Plastino, A. R. Connection between entanglement and the speed of quantum evolution Phys. Rev.
A 72,032337 (2005).

38. Borras, A., Casas, M., Plastino, A. R. & Plastino, A. Entanglement and the lower bounds on the speed of quantum evolution. Phys.
Rev. A 74, 022326 (2006).

39. Frowis, E. Kind of entanglement that speeds up quantum evolution. Phys. Rev. A 85, 052127 (2012).

40. Aolita, L. et al. Scaling laws for the decay of multiqubit entanglement. Phys. Rev. Lett. 100, 080501 (2008).

41. Hashemi Rafsanjani, S. M., Huber, M., Broadbent, C. J. & Eberly, J. H. Genuinely multipartite concurrence of N-qubit X matrices.
Phys. Rev. A 86, 062303 (2012).

42. Wootters, W. K. Entanglement of formation of an arbitrary state of two qubits. Phys. Rev. Lett. 80, 2245 (1998).

43. Bennett, C. H. & DiVincenzo, D. P. Quantum information and computation. Nature 404, 247 (2000).

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

45. 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).

46. Leibfried, D. et al. Creation of a six-atom Schrodinger cat state. Nature 483, 639 (2005).

47. Lu, C. Y. et al. Experimental entanglement of six photons in graph states. Nat. Phys. 3, 91 (2007).

48. Varcoe, B. T. H,, Brattke, S., Weidinger, M. & Walther, H. Preparing pure photon number states of the radiation field. Nature 403, 743
(2000).

49. Jonathan, D. & Plenio, M. B. Light-shift-induced quantum gates for ions in thermal motion. Phys. Rev. Lett. 87, 127901 (2000).

50. You, J. Q. & Nori, F. Atomic physics and quantum optics using superconducting circuits. Nature 474, 7353 (2011).

51. Prawer, S. & Greentree, A. D. Diamond for quantum computing. Science 320, 1601 (2008).

52. Demkowicz-Dobrzanski, R. & Maccone, L. Using entanglement against niose in quantum metrology. Phys. Rev. Lett. 113, 250801
(2014).

Acknowledgements

This work was supported by the National Natural Science Foundation of China under grant Nos 11304179,
11247240, 11274200, 11175248, 61178012, the Specialized Research Fund for the Doctoral Program of Higher
Education under grant Nos 20133705110001, 20123705120002, the Provincial Natural Science Foundation of
Shandong under grant No. ZR2014AP009, and the Scientific Research Foundation of Qufu Normal University.

Author Contributions

Y.-J.Z. and W.H. contributed equally to this work. Y.-].Z. and W.H. calculated and analyzed the results. Y.-].X.,
J.-X.T. and H.F. involved in the discussion. Y.-].Z. and H.F. co-wrote the paper. All authors reviewed the
manuscript and agreed with the submission.

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

How to cite this article: Zhang, Y.-J. et al. Speedup of quantum evolution of multiqubit entanglement states.
Sci. Rep. 6,27349; doi: 10.1038/srep27349 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:27349 | DOI: 10.1038/srep27349 8


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

	Speedup of quantum evolution of multiqubit entanglement states
	Introduction
	Results
	Decoherence model and quantum speed limit time
	QSLTs of N-qubit GHZ-type states
	QSLTs of N-qubit W-type states

	Discussion
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Speedup of quantum evolution of multiqubit entanglement states
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27349
            
         
          
             
                Ying-Jie Zhang
                Wei Han
                Yun-Jie Xia
                Jian-Xiang Tian
                Heng Fan
            
         
          doi:10.1038/srep27349
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27349
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27349
            
         
      
       
          
          
          
             
                doi:10.1038/srep27349
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27349
            
         
          
          
      
       
       
          True
      
   




