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Benchmarking quantum state transfer on quantum devices
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Quantum state transfer (QST) provides a method to send arbitrary quantum states from one system to another.
Such a concept is crucial for transmitting quantum information into the quantum memory, quantum processor,
and quantum network. The standard benchmark of QST is the average fidelity between the prepared and
received states. In this work we provide a new benchmark which reveals the nonclassicality of QST based on
spatiotemporal steering (STS). More specifically, we show that the local-hidden-state (LHS) model in STS can
be viewed as the classical strategy of state transfer. Therefore, we can quantify the nonclassicality of the QST
process by measuring the spatiotemporal steerability. We then apply the spatiotemporal steerability measurement
technique to benchmark quantum devices including the IBM quantum experience and QuTech quantum inspire
under QST tasks. The experimental results show that the spatiotemporal steerability decreases as the circuit
depth increases, and the reduction agrees with the noise model, which refers to the accumulation of errors during
the QST process. Moreover, we provide a quantity to estimate the signaling effect which could result from gate
errors or intrinsic non-Markovian effect of the devices.
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I. INTRODUCTION

A reliable quantum state transfer (QST) from the sender
to receiver is an important protocol for both quantum com-
munication and scalable quantum computation [1,2]. Such
a process can not only be used to transmit quantum infor-
mation between two computational components [3–5], but
also to change the entanglement distribution in the quan-
tum internet [6–9]. To implement the QST, one can rely on
the SWAP operation [10] or the quantum teleportation [11]
between the sender and the receiver. For hybrid quantum
systems, e.g., phonons in ion traps [12], spin chain [13–17],
electro-optic [18], circuit quantum electrodynamics [19], and
bosonic quantum systems [20], interaction between the sender
and receiver through the communication line is required.

A similar concept is known as spatial steering, which states
that the quantum states can be remotely prepared using entan-
gled pairs. It was first proposed by Schrödinger [21] against
the famous thought experiment called the Einstein-Podolsky-
Rosen paradox [22]. The mathematical formulation of spatial
steering was proposed recently [23–26]. Spatial steering plays
a crucial role in many quantum information tasks, such
as the channel discrimination problem [27–29], one-sided
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quantum key distribution [30], measurement incompatibil-
ity [26,31–34], and no-cloning principle [35]. Similar to
the analogy between Bell and Leggett-Garg (LG) inequali-
ties [36–39], temporal steering [40–42] is also proposed as
the temporal analog of spatial steering. Such a nonclassical
temporal quantum correlation can be used to quantify the non-
Markovianity [43,44], witness quantum scrambling [45], and
certify quantum key distribution [42]. Recently, spatiotempo-
ral steering (STS), which is defined similarly to the Bell-LG
inequality [46], was proposed [47] to certify the nonclassical
correlations in a quantum network [48]. We also highlight that
a steering task is said to be unsteerable when the steering
resources can be described by the local-hidden-state (LHS)
model [49,50].

In this work we define the classical strategy of the state
transfer process. In general, such a strategy can be mathemat-
ically described by the LHS model. Therefore, we employ the
quantification of spatiotemporal steerability to quantify the
nonclassicality of the QST process. Note that similar discus-
sions regarding the nonclassicality of quantum teleportation
protocol have been proposed in Refs. [51–53].

We then utilize the quantification of spatiotemporal steer-
ability (or the QST nonclassicality) to benchmark noisy
intermediate-scale quantum devices [54] including the IBM
quantum experience [55] and QuTech quantum inspire [56].
Such quantum devices can now be applied to implement
some quantum algorithms [57–60] and simulations [61,62].
In general, benchmarks of quantum devices provide us with
a simple method to evaluate the performance of the quan-
tum devices under certain quantum information tasks, e.g.,
benchmarking the shallow quantum circuits [63], nonclas-
sicality for qubit arrays [64], quantum chemistry [65], and
quantum devices [66–68]. Our experimental results show that
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the degree of QST nonclassicality decreases as the circuit
depth increases. In addition, the decrease agrees with the
noise model, which describes the accumulation of noise (qubit
relaxation, gate error, and readout error) during the QST pro-
cess. In general, the results for the IBM quantum experience
show that it outperforms QuTech quantum inspire from the
viewpoint of QST nonclassicality. In addition, the results from
the IBM quantum experience are obtained before and after
the maintenance. The result before the maintenance violates
the no-signaling in time condition [69–73], which is possibly
due to the gate error and the non-Markovian effect in the
devices [74–76].

II. BENCHMARKING QUANTUM STATE TRANSFER
WITH SPATIOTEMPORAL STEERING

In this section let us briefly recall the quantum state transfer
(QST) and the spatiotemporal steering (STS) scenario [47] in
terms of the language of quantum information science. We
will also discuss the similarities between them and demon-
strate how to quantify the nonclassicality of the QST process
in the context of STS.

A. Quantum state transfer

The protocol for QST is depicted by a sender (Alice) who
prepares an arbitrary quantum state ρA0 and a receiver (Bob)
who then receives the transferred state ρB. Without loss of
generality, the state transfer process can be described using a
global quantum channel �t , such that the prepared state ρA0

and the received state ρB are related based on the following
equation:

ρB = TrA[�t (ρA0 ⊗ σB0 )], (1)

where σB0 is the initial state of Bob. Here we use the subscript
t to represent the time which will be used later. The QST
process �t is perfect if ρA0 and ρB are related by a unitary
operation, of which the inverse, i.e., the decoding unitary, can
be used to recover the prepared state ρA0 [1]. We note that
Eq. (1) can be easily applied to d-level [17,19] and multipar-
tite systems [15].

For qubit systems, the states can be perfectly transferred
in a spin chain model with XY coupling [2,13,15], XY Z
coupling [14], or XXZ coupling [16]. We will experimentally
present an explicit example in the cloud based on the XY
interaction to implement the QST process in Sec. III B.

B. Spatiotemporal steering

In the STS scenario, a bipartite system is shared by Alice
and Bob. At initial time t = 0, Alice performs local measure-
ments labeled as x with the corresponding outcomes labeled
as a. After Alice’s measurement, the bipartite system is then
sent into a global quantum channel �t . Finally, Bob receives
a state from a probability distribution over the set {�̃a|x(t )}a,x.
Without loss of generality, one can use the terminology in
the standard spatial steering [23,24] which is termed as the
assemblage {�a|x(t ) := PA(a|x)�̃a|x(t )}a,x to characterize the
spatiotemporal steerability. Here PA(a|x) describes the proba-
bility of obtaining the output a conditioned on Alice’s choice
of measurement x, and �̃a|x(t ) = �a|x(t )/PA(a|x) is the condi-

tional quantum state received by Bob. According to quantum
theory, when Alice and Bob share an initial separable state,
i.e., σA0 ⊗ σB0 , the states received by Bob after the channel
can be expressed as

�̃a|x(t ) = TrA[�t (�̃a|x(0) ⊗ σB0 )], (2)

where �̃a|x(0) = (Ma|xσA0 M†
a|x )/PA(a|x), σA0 (σB0 ) is the ini-

tial state for Alice (Bob), and {Ma|x} is considered to be a set of
projective measurements. Throughout this work we consider
σA0 to be 1/d for satisfying no-signaling in time condition in
Eq. (5), which we will explicitly discuss later.

We call the assemblage {�a|x(t )}a,x spatiotemporal un-
steerable if it agrees with the local-hidden-state (LHS)
model [23,77], namely

�LHS
a|x (t ) =

∑
λ

P(λ)PA(a|x, λ)σ (λ) ∀ a, x, (3)

such that the assemblage can be constructed by an ensemble
of ontic states {P(λ), σ (λ)}λ together with the stochastic map
{PA(a|x, λ)}λ, which maps the local hidden variable λ to a|x.
In other words, an assemblage can be described by the LHS
model, whenever it can be explained classically. Because the
set of LHS models forms a convex set, we can, in general,
quantify the spatiotemporal steerability by the notion of the
spatiotemporal steering robustness ST SR [47,78], which is
defined as follows:

ST SR({�a|x(t )}) = min
r,{τa|x},{�LHS

a|x (t )}
r,

s.t.
1

1 + r
�a|x(t ) + r

1 + r
τa|x = �LHS

a|x (t ) ∀ a, x. (4)

The optimal solution r∗ in Eq. (4) can be interpreted as
the minimal amount of noisy assemblage {τa|x} required
to destroy the spatiotemporal steerability of the underlying
assemblage {�a|x(t )}. The optimization problem can be com-
puted by the semidefinite program presented in Appendix A.

To obtain the spatiotemporal steerability quantum mechan-
ically [47,78], the assemblage should satisfy the no-signaling
in time (NSIT) condition [70,72,79], that is, the underlying
assemblage obeys the following condition:∑

a

�a|x(t ) =
∑

a

�a|x′ (t ) ∀ x �= x′. (5)

Once the NSIT condition is violated, the obtained spatiotem-
poral steerability can be explained by classical signaling
effect. Actually, one can always violate the spatiotemporal
steering inequality using additional classical communication
from Alice to Bob. A similar situation has been reported as a
communication loophole in the spatial steering scenario [80]
and the clumsiness loophole in the spatiotemporal/temporal
quantum correlations [73,76].

Here we provide a quantity D to estimate the signaling
effect by using the trace distance

D({�a|x(t )}) = max
x

1

2

∣∣∣∣∣
∣∣∣∣∣
∑

a

�a|x −
∑

a

�a|x′

∣∣∣∣∣
∣∣∣∣∣
1

∀ x �= x′.

(6)

By the definition in Eq. (5), the value of D is zero if and only if
the given assemblage satisfies NSIT condition. Furthermore,
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we prove that D is a lower bound of ST SR, namely

ST SR({�a|x(t )}) � D({�a|x(t )}) (7)

(see Appendix C for the derivation). Such a relation justifies
that when ST SR = D, the observed ST SR can be alterna-
tively falsified due to extra classical communication resource.

C. Quantifying the nonclassicality of QST using STS

We can observe that Bob’s received states for STS and
QST processes are basically in the same form [see Eqs. (1)
and (2)], indicating that a QST process can be discussed from
the viewpoint of STS. In fact, the classical strategy of state
transfer can be defined as: Bob constructs the received state
by an ensemble of ontic states together with a stochastic map.
In other words, the LHS model in Eq. (3) also describes the
classical strategy of state transfer. Based on such insights, the
ST SR can also be used to quantify the nonclassicality of
QST.

Here we provide a vivid example of the classical state
transfer known as measure-and-prepare scenario [81]. Let us
consider Alice is going to transfer a set of quantum states
{ρ̃A

a|x} [sampled from a probability distribution PA(a|x)] to
Bob. Alice first performs the measurement Mξ on her state
ρ̃A

a|x and obtains the outcome ξ according to the distribution
P(a, ξ |x) = PA(a|x)Tr[Mξ ρ̃

A
a|x]. After receiving ξ from Alice,

Bob can then construct the unnormalized states ρB
a|x by prepar-

ing a set of states {σξ } together with distribution P(a, ξ |x),
namely

ρB
a|x =

∑
ξ

P(a, ξ |x)σξ =
∑

ξ

P(ξ )P(a|x, ξ )σξ .

The above equation is mathematically equivalent to Eq. (3).
Therefore, the measure-and-prepare scenario can be described
by the LHS model.

We now point out that the ST SR of the underlying assem-
blage is invariant under an arbitrary unitary transformation Ũ ,
namely

ST SR({�a|x}) = ST SR({Ũ�a|xŨ †}) (8)

(see Appendix B for the derivation). Accordingly, the opti-
mal decoding unitary, which is used to recover the prepared
state, is redundant under STS scenario (see the discussion
in Sec. II A). In fact, neither the complete knowledge of the
decoding unitary nor the full description of �t is required to
quantify the nonclassicality of the QST process. We recall that
steering-type scenarios are one-sided device independent, in
which Alice’s measurement devices cannot be characterized
(untrusted) [24,26]. Note that the standard benchmark of a
QST process, e.g., average fidelity, relies on the complete
knowledge of the decoding unitary or, equivalently, �t . In
addition, to reconstruct �t and the decoding unitary, the quan-
tum process tomography, which requires fully trusted devices,
is necessary.

The experimental setup for quantifying the nonclassicality
of the QST process using STS can be summarized in the

following algorithm box:

Steerability Estimation

With the assemblage defined as {�a|x(t) :=
PA(a|x)�̃a|x(t)}, the nonclassicality of a QST
process Λt can be quantified by the following
steps:

(1) Alice performs projective measurements on
maximally mixed states and get a probabil-
ity distribution PA(a|x).

(2) Alice apply Λt on all post-measurement
states {�̃a|x(0)}.

(3) Bob performs quantum state tomography
to characterize a set of receiving quantum
states {�̃a|x(t)}.

(4) Calculate ST SR({�a|x(t)}).

ST SR({�a|x(t)}) > 0 certifies that Λt is a non-
classical QST process.

III. EXPERIMENTAL REALIZATION

In this section we provide a scalable circuit, which can be
used to implement the n-qubit QST as shown in Fig. 1. Alice
prepares the states in Q1, and Bob receives the transferred
states in Qn. To calculate the spatiotemporal steering robust-
ness (ST SR), we introduce the preparation method of the
assemblage, the quantum state transfer process, and both of
their circuit implementations. Moreover, we discuss the ideal
theoretical results and model the noise effect by introducing
extra qubit decoherence described by the Lindblad master
equation.

A. State preparation

Because the IBM quantum experience does not allow one
to access the post-measured states after Alice’s measurements,
we prepare six eigenstates of Pauli matrices being Alice’s
post-measurement states with indexes x ∈ {1, 2, 3} and a ∈
{1, 2}. Note that one can use the ancilla qubit, the CNOT op-
eration, and the measurement operation on the ancilla qubit to
replace the measurement operation on the system qubit [76].
Nevertheless, we consider the state preparation to avoid fur-
ther errors from the CNOT operation. Note that the gate
fidelity and the execution time of the CNOT operation are
both at least 10 times larger than the single qubit operation.
Thus, to decrease the errors, the number of CNOT operations
should be as less as possible. The initial state of the qubits on
the IBM quantum experience is always in |0〉. We can prepare
�̃a|x by applying the corresponding u3(δ, φ, ξ ) operation at Q1,
mathematically as follows:

�̃a|x = u3(δ, φ, ξ )|0〉〈0|u†
3(δ, φ, ξ ), (9)
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FIG. 1. Circuit implementation of QST. Here we prepare the
initial states by implementing the u3 operation in qubit Q1. The states
can be transferred to the Q2 by applying the U1,2(θ ) operation decom-
posed with a CRX followed by a CNOT operation. We then iterate
the Ul,l+1(θ ) operation on the n-qubit chain. Finally, the states will
be transferred to Qn, which can then be obtained by the procedure of
quantum state tomography.

with the matrix representation of the u3(δ, φ, ξ ) operation
being

u3(δ, φ, ξ ) =
(

cos δ
2 −eiξ sin δ

2

eiφ sin δ
2 ei(ξ+φ) cos δ

2

)
. (10)

Because we prepare the above states uniformly, PA(a|x) =
0.5 ∀ a, x, and the corresponding assemblage can be obtained
by performing Pauli measurements on the maximally mixed
state 1/2. The above assemblage satisfies the NSIT condition
in Eq. (5) and can maximize the spatiotemporal steering ro-
bustness [26,78,82].

B. Quantum state transfer process

We consider a QST process described by an n-qubit chain,
as shown in Fig. 2, with each qubit labeled as Ql , where l =
1, 2, . . . , n. In this process, Alice prepares the states in Q1, and
after the QST process, Bob will receive the transferred states
in Qn. We consider a QST procedure, which involves several
iterations of quantum operations. For each iteration, we turn
on the qubit-qubit interaction between Ql and Ql+1, and then
turn it off when the QST from Ql to Ql+1 is accomplished.
Here the “closed” interaction can be represented by the iden-
tity operator in the interaction Hamiltonian. The interaction
Hamiltonian between Ql and Ql+1 [47,83] is written as

Hl,l+1 = h̄J (σ+
l σ−

l+1 + σ−
l σ+

l+1), (11)

where J is the coupling strength between Ql and Ql+1.
σ+

l (σ−
l ) is the raising (lowering) operator acting on Ql . With-

out loss of generality, J can be set to 1/2. The corresponding
time evolution unitary operator can then be written as

Vl,l+1(t ) = exp(−iHl,l+1t/h̄)

=

⎛
⎜⎝

1 0 0 0
0 cos t

2 −i sin t
2 0

0 −i sin t
2 cos t

2 0
0 0 0 1

⎞
⎟⎠

l,l+1

, (12)

FIG. 2. Schematic illustration of the perfect n-qubit QST process
�t , which consists of several iterations of quantum operations. For
the lth iteration, the state is transferred from Ql to Ql+1 by turning
on the qubit-qubit interaction [depicted in Eqs. (11) and (12)] for a
period of time �t = π/(2J ), where J is 1/2. Therefore, to transfer
Alice’s prepared states from Q1 to Qn, the iteration has to be per-
formed n − 1 times.

where the matrix representation of the unitary operator is
expanded in the computational basis for Ql and Ql+1. There-
fore, when the two qubit state is initialized in ρ ⊗ |0〉〈0|, the
reduced state ρ ′ for Ql+1 after the evolved time �t = π reads
as follows:

ρ ′ = Trl [ Vl,l+1(�t ) (ρ ⊗ |0〉〈0|) V†
l,l+1(�t )] = S†ρS, (13)

where S = diag(1, i) is a unitary operator. Obviously the state
ρ is perfectly transferred from Ql to Ql+1 because the fidelity
between the prepared and received states under the decod-
ing unitary operation S is unity. We note that the effective
dynamics of the Vl,l+1(�t ) is identical to the iSWAP† op-
eration. If one of the subsystems is |0〉 (|1〉), the iSWAP†

operation can be viewed as a SWAP operation together with
a S† (S) operation. Also note that while considering the XY Z
interaction Hamiltonian in Ref. [14], the evolution operator is
proportional to the SWAP operation.

Accordingly, to transfer Alice’s prepared states from Q1 to
Qn, n − 1 times of the aforementioned two-qubit operations
are required. The total QST process can be described using
the following unitary operation:

Ṽ1,n =
1∏

l=n−1

Vl,l+1. (14)

Finally, the unitary Sn−1 is applied on Qn, and Bob ob-
tains the states that are the same as Alice’s prepared states.
However, based on Eq. (8), the decoding unitary operation
Sn−1 is unnecessary when considering the STS scenario. Usu-
ally, for digital quantum processors, e.g., the IBM quantum
experience and QuTech quantum inspire considered in this
work, the Sn−1 operation comprises a sequence S gate.

The circuit implementation of the evolution operator
Vl,l+1(θ ) in Eq. (12) is shown in Fig. 3(a). Here we replace
t with θ . To implement the controlled rotation X (CRX)
in the IBM quantum experience, one has to decompose it
with two CNOT operations and three u3 operations. Thus,
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FIG. 3. Circuit decomposition of Vl,l+1(θ ) and Ul,l+1(θ ). Rx (θ )
is the rotation X operation with rotating angle θ .

there are a total of four CNOT operations in the evolution
operator Vl,l+1(θ ). As mentioned above, we would like to
decrease the number of the CNOT operations to decrease
the inevitable errors. Thus, we consider an alternative unitary
operator Ul,l+1(θ ), which reduces one CNOT operation as

Ul,l+1(θ ) =

⎛
⎜⎜⎝

1 0 0 0
0 0 −i sin θ

2 cos θ
2

0 0 cos θ
2 −i sin θ

2
0 1 0 0

⎞
⎟⎟⎠

l,l+1

, (15)

where the circuit implementation of Ul,l+1 is shown in
Fig. 3(b). If the initial state in Ql+1 is always |0〉〈0|, we can
replace Vl,l+1 with Ul,l+1; thus Eq. (13) still holds, where

ρ ′ = Trl [Vl,l+1(θ )(ρ ⊗ |0〉〈0|)V†
l,l+1(θ )]

= Trl [Ul,l+1(θ )(ρ ⊗ |0〉〈0|)U †
l,l+1(θ )]. (16)

For this implementation, the QST process is perfect only when
θ = π , that is, ρ and ρ ′ are related by unitary operation S. We
refer to the cases where θ �= π as imperfect QST processes
because the transferred states cannot be transformed to the
prepared states through an decoding unitary transformation.

C. Ideal theoretical results

Figure 4 shows theoretical predictions of ST SR with
respect to the parameter θ for different qubit numbers n ∈
{2, 3, 4, 5}. We can observe that for fixed n, the value of
ST SR for the perfect QST case (θ = π ) is always larger
than those for the imperfect QST cases (θ �= π ). This is be-
cause for a fixed n, the assemblages for the θ = π case and
those for the θ �= π cases are, in general, related by a unitary
transformation and a completely positive and trace-preserving

FIG. 4. Value of ST SR with respect to different angle θ for
different qubit number n. Here the initial assemblage for Q1 is
{�a|x = PA(a|x)�̃a|x}a,x where PA(a|x) = 1/2 for all a, x and �̃a|x are
the eigenstates of Pauli operators.

map (CPTP), respectively. It has been proved that ST SR
monotonically decreases whenever the underlying assemblage
is sent into a CPTP map [49].

Moreover, for fixed θ , the value of the ST SR monotoni-
cally decreases with increasing qubit number n. As shown in
Figs. 1 and 2, increasing n means increasing the number of
the iterations required in the QST process. As described in
Eq. (16), for each iteration, the input state ρ and the output
state ρ ′ can also be generally related by a CPTP map. There-
fore, when increasing the number n, the prepared assemblage
will be iteratively sent into the CPTP maps, which results in a
decrease of the ST SR [49].

D. Noise simulation

Because the quantum devices nowadays suffer from noise
due to the interactions with environments [84,85], we model
the noise effect by introducing extra qubit decoherence (de-
phasing and relaxation) described by the following Lindblad
master equation (similar discussions can be found in the
Ref. [76]):

ρ̇(t ) =
n∑
l

h̄
γ l

T1

2
[2σ l

−ρ(t )σ l
+ − σ l

+σ l
−ρ(t ) − ρ(t )σ l

+σ l
−]

+
n∑
l

h̄
γ l

T2

2

[
2σ l

z ρ(t )σ l
z − σ l

z
2
ρ(t ) − ρ(t )σ l

z
2]

, (17)

where ρ denotes the density operator for the total n-qubit
system, and the coefficients γ l

T1
= 1/T l

1 and γ l
T2

= (1/T l
2 −

1/2T l
2 )/2 are the qubit relaxation and decoherence rates for

Ql , respectively. Here T l
1 and T l

2 represent the relaxation and
dephasing time for Ql , respectively. The relaxation and the
coherence time for each qubit and the operation-execution
time are all public in the IBM quantum experience [55]. We
use this public information together with the master equation
to model the decoherence effect for real devices, such that the
final reduced state ρn of Qn can be obtained when tracing out
other qubits.

We further consider the measurement (readout) errors,
which is not described in the aforementioned master equa-
tion. To insert such errors, we briefly recall how to obtain
measurement errors in the IBM quantum experience. In the
measurement-error calibration, we always measure the system
in a computational basis while initializing the qubit with two
basis states, |0〉 and |1〉. For the ideal situation, the mea-
surement outcome is 0 (1) with certainty when the qubit is
initialized in |0〉 (|1〉). Therefore, measurement errors � can
be determined by the average probability of preparation in
|0〉 (|1〉) with the opposite outcome 1 (0). We model such
errors by sending the quantum state into the bit-flip channel
before measurement, i.e.,

ρn → (1 − �)ρn + �XρnX †. (18)

The above channel changes the population of the quantum
state ρn with probability �. Notably, once the state is |0〉 or |1〉,
the population obtained by the above is the same as the one
in the measurement-error calibration. Finally, we emphasize
that since both Eqs. (17) and (18) can be described by CPTP
maps, ST SR can only decrease [49] after introducing our
noisy model.
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FIG. 5. The experimental values of the ST SR under the QST. The evolution operators transfer the state from Q1 to Qn. The experimental
results of (a) and (c) are implemented in Mar 2020 after maintenance, whereas those for (b) and (d) were complete in Jan 2020 before the
maintenance. In (a) and (b) we show the spatiotemporal steerability as a quantification of the QST process. When θ = π , the ideal evolution
circuit, corresponding to the perfect QST process, provides the maximal spatiotemporal steerability. Although the experimental ST SR cannot
reach the theoretical prediction, the trend of the experimental results functions similarly with the ideal case. Moreover, one can observe that
the ST SR well fitted the noisy model for (a) and (b). One can see that the signaling effect in (d) actually dominates ST SR in (b) by
Eq. (6).

IV. EXPERIMENTAL RESULTS

We prepare the eigenstates of Pauli matrices in Q1 using
the corresponding single-quantum operation u3, which rotates
the |0〉 to the prepared states (see Sec. III A). The global evo-
lution �n(θ ) is then applied as shown in Fig. 1 with different
qubit numbers n ∈ {2, 3, 4, 5}. After sending the system into
the channel �n(θ ), we can reconstruct the reduced density
matrices on Qn by standard state tomography. Here the mea-
surement results are obtained through 8000 shots for each
procedure in the state tomography.

In Fig. 5 we present experimental data with θ ∈ {mπ
7 |m =

0, 1, . . . , 14} obtained from different dates on March 2020
and January 2020 for the same device named IBMQ boe-
blingen. The experiment shown in Figs. 5(a) and 5(c) was
completed right after maintenance, whereas the results in
Figs. 5(b) and 5(d) were obtained before the maintenance.
We also provide the noise simulation mentioned in Sec. III D
and the violation of the NSIT described in Eq. (6). One can
find that the value of the ST SR at θ = π , where the perfect
QST occurs for the ideal case, decreases as the qubit number
n increases. The reduction agrees with the noise simulations,
suggesting that the QST nonclassicality is suppressed because
of accumulation of noise. Additionally, It seems that the over-
all ST SR or the QST nonclassicality for the result before the
maintenance are larger than that after maintenance. However,
by observing Figs. 5(c) and 5(d), we can clearly find that
the ST SR before the maintenance, as shown in Fig. 5(b),
is actually dominated by the signaling effect, which cannot be
regarded as a genuine quantumness. Therefore, benchmarking
nonclassicality of a quantum device requires both ST SR and
the condition of NSIT.

Furthermore, there exists intrinsic non-Markovianity in
the quantum processors [74,86]. The non-Markovianity is

a possible source of the violation of NSIT shown in the
presented experimental results because the existence of the
non-Markovian effect implies that the operations shown in
Fig. 1 could not be divisible. In other words, the global evolu-
tion �n(θ ) could depend on the state preparation operation u3

and could result in the violation of Eq. (5).
Finally, the experimental results of the perfect QST from

the other quantum devices based on spin qubits (QuTech
spin-2) in silicon [87,88] and the superconducting transmon
qubits (QuTech starmon-5) are also presented in Table I.
Because QuTech devices do not support the generalized u3

and CNOT operation (one has to decompose the arbitrary

TABLE I. The values of the ST SR under the perfect QST
process with different quantum devices. Here we consider the IBMQ
boeblingen, QuTech starmon-5, and spin-2 systems. The transference
route initially begins with the preparation in Q0, passing through
the intermediary qubits, and performs state tomography on the fi-
nal qubit. The experimental results of the signaling effect are also
presented.

Devices Transference routes n ST SR Signaling

IBMQ 0 → 1 → 2 → 3 → 4 2 0.216 0.015
boeblingen 3 0.202 0.018

4 0.173 0.019
(Mar 2020)

5 0.129 0.026

QuTech 0 → 2 → 4 2 0.170 0.051
starmon-5 3 0.054 0.035
(May 2020)

QuTech 0 → 1 2 0.103 0.100
spin-2
(May 2020)
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quantum operations by a serious single quantum operations
and the CZ operations), we only consider the perfect QST case
which can be decomposed by H, S, Z , and CNOT operations.
The qubit relation time (T1) and the coherence time (T2)
given by the IBM quantum experience [55] is about six to
eight times longer than those given by QuTech quantum in-
spire [56]. Generally speaking, the IBM quantum experience
outperforms QuTech quantum inspire when both the ST SR
and signaling effect are considered. This could be because of
the unwanted operation decompositions on the CRX and the
CNOT operation such that the noise effect and circuit depth
increase. The signaling effect in QuTech spin-2 dominates the
result, just like IBMQ’s results before maintenance. We also
present ST SR under the perfect QST process on other IBM
quantum devices (in Appendix D).

V. DISCUSSION

In this work we first defined the classical strategy of state
transfer as the received state can be constructed by an en-
semble of ontic states together with a stochastic map. Such
a strategy can be described by the local-hidden-state model
which is widely used in the context of the steering scenarios.
We then proposed a method based on STS to quantify the
nonclassicality of the QST process. We have shown that the
spatiotemporal steerability is invariant under the process of
the perfect QST, whereas the reduction during the process of
the QST is imperfect. Moreover, we have provided a quantity
to estimate signaling effect and proved that such a quantity is
a lower bound of ST SR.

Not only did we realize a proof-of-principle experiment but
also performed a benchmark experiment of the QST process
on the IBM quantum experience and QuTech quantum inspire.
Our experimental results show that the degrees of QST non-
classicality decrease as the circuit depth increases. In addition,
the decrease agrees with the noise model, which describes the
accumulation of noise (qubit relaxation, gate error, and read-
out error) during the QST process. The experimental results
from the IBMQ boeblingen before the maintenance shows that
the spatiotemporal steerability is actually dominated by the
signaling effect. Such signaling effect could be caused by the
intrinsic non-Markovianity for the quantum devices.

In Ref. [16] it has been shown that the average fidelity
of the QST process is identical to estimate the degree of
entanglement distribution. More specifically, by keeping one
part of the maximally entanglement pair in the sender and
sending the other part to the receiver through the QST process,
we can compute the singlet fraction of the output state [89].
The above approach has been used to quantify the QST pro-
cess [89]. In general, this output state is the Choi state, which
is the one-to-one mapping between the quantum state and
quantum channel. We recall that the degree of the entangle-
ment can be estimated by spatial steerability [24,27,29,82].
Furthermore, violating the steering inequality is related to the
singlet fraction [90]. Due to the hierarchy relation in Ref. [78],
STS can access partial information of the Choi state. There-
fore, it is naturally to ask whether spatiotemporal steerability
can estimate the amount of entanglement distribution.

Throughout this work, although we only consider the
single-qubit QST, we briefly discuss the d-level [17,19] and

multipartite QST [15]. Since, in Eq. (1), the dimension of the
prepared and received states can be arbitrary, our approach
can be easily extended to d-level QST. It would be more
interesting to consider multipartite QST. In such a scenario,
depending on the structure of the assemblage, one could
introduce more constraints on the ontic states in the LHS
model [91]. For instance, consider the case where the assem-
blage contains two sets of two-qubit entangled states, there are
at least two different ways to define the ontic states in the LHS
model: One could either allow the ontic states to be arbitrary
or separable two-qubit states. Therefore, the nonclassicality of
multipartite QST could be very versatile (e.g., the ontic states
could be m-separable in the notion of genuine multipartite
entanglement [91–94]).

This work also raises some open questions. Can we charac-
terize the non-Markovian effect? Can we implement the QST
process with less CNOT operations? In our work we have
to use three CNOT operations to implement QST, while the
number of the CNOT operations is the same as the operation
decomposition of the SWAP operation.
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APPENDIX A: SEMIDEFINITE PROGRAMMING FOR
SPATIOTEMPORAL STEERING ROBUSTNESS

Here we briefly describe the semidefinite program (SDP)
of the spatiotemporal steering robustness ST SR in Eq. (4)
which is first introduced in [47]. We also note that the SDP
of the ST SR is identical to that in the spatial and temporal
steering scenarios [26,27,44].

Let us consider m-measurement settings x ∈ {1, 2, . . . , m}
where each has q outcomes a ∈ {1, 2, . . . , q}. Since inputs
and outcomes are finite, the number of the variable λ in Eq. (3)
is qm. Each λ can be considered as a string of ordered out-
comes according to the measurements (ax=1, ax=2, . . . , ax=m).
We can define the deterministic strategy function Dλ(a|x) =
δa,λ(x), where δ is the Kronecker delta function and λ(x) de-
notes the value of the string at position x [24,26]. Therefore,
given an assemblage {�a|x}, the primal SDP of ST SR can be

023038-7



HUANG, LIN, KU, AND CHEN PHYSICAL REVIEW RESEARCH 3, 023038 (2021)

formulated as follows (see the derivation in Refs. [24,26]):

min
{σλ}

Tr
∑

λ

σλ − 1

s.t.
∑

λ

Dλ(a|x)σλ − �a|x � 0 ∀ a, x,

σλ � 0 ∀ λ. (A1)

The dual formulation of Eq. (A1) is given by [24,26]

max
{Fa|x}

Tr
∑
a,x

Fa|x�a|x − 1

s.t. 1 −
∑
a,x

Dλ(a|x)Fa|x � 0 ∀ λ,

Fa|x � 0 ∀ a, x. (A2)

Here Fa|x is the steering witness that distinguishes the steer-
able assemblage from the unsteerable ones. We note that the
strong duality of ST SR has been shown in Refs. [26,79],
meaning that the results of the primal and dual formulations
are equivalent.

APPENDIX B: PROOF OF EQ. (8) IN THE MAIN TEXT

In this Appendix we show that given an assemblage
{�a|x}, the ST SR is invariant under unitary transforma-
tion using the strong duality mentioned in Appendix A.
More specifically, we show ST SR({�′

a|x}) = ST SR({�a|x}),
where �′

a|x = U�a|xU † with U being an arbitrary unitary op-
erator.

Because the dual formulation of SDP in Eq. (A2) of
ST SR is strongly feasible, given an assemblage {�a|x}, one
can always find the optimal spatiotemporal steering witness
{F ∗

a|x} satisfying both constraints in Eq. (A2):

ST SR({�a|x}) = Tr
∑
a,x

F ∗
a|x�a|x − 1.

With the above, we now apply a unitary transformation
U on the given assemblage {�a|x}. The dual formulation of
ST SR({�′

a|x}) can be expressed as follows:

ST SR({�′
a|x}) = max

{F ′
a,x}

Tr
∑
a,x

F ′
a|x�

′
a|x − 1

� Tr
∑
a,x

(UF ∗
a|xU

†)(U�a|xU †) − 1

= Tr
∑
a,x

UF ∗
a|x�a|xU † − 1

= Tr
∑
a,x

F ∗
a|x�a|x − 1

= ST SR({�a|x}).

The inequality holds because {UF ∗
a|xU

†} is not the optimal
solution of SDP. Nevertheless, it is indeed a valid solution

because it satisfies both constraints in Eq. (A2):

1 −
∑
a,x

Dλ(a|x)F ′
a|x = 1 −

∑
a,x

Dλ(a|x)UF ∗
a|xU

†

= U

(
1 −

∑
a,x

Dλ(a|x)F ∗
a|x

)
U †

� 0 ∀ λ,

F ′
a|x = UF ∗

a|xU
† � 0 ∀ a, x.

Therefore, we arrive at the bound relation, i.e.,

ST SR({�′
a|x}) � ST SR({�a|x}). (B1)

A similar argument can also be applied to the primal SDP
in Eq. (A1) of ST SR. Given an assemblage, one can al-
ways find the optimal {σ ∗

λ } that satisfies both constraints in
Eq. (A1):

ST SR({�a|x}) = Tr
∑

λ

σ ∗
λ − 1.

By applying a unitary transformation U on the given as-
semblage {�a|x}, the primal SDP of ST SR({�′

a|x}) can then
be expressed as follows:

ST SR({�′
a|x}) = min

{σ ′
λ}

Tr
∑

λ

σ ′
λ − 1

� Tr
∑

λ

Uσ ∗
λU † − 1

= Tr
∑

λ

σ ∗
λ − 1

= ST SR({�a|x}).

The inequality holds because {Uσ ∗
λU †} is not the optimal

solution of the SDP. Nevertheless, it is indeed a valid solution
because it satisfies both constraints in Eq. (A1):∑

λ

Dλ(a|x)σ ′
λ − �′

a|x =
∑

λ

Dλ(a|x)Uσ ∗
λU † − U�a|xU †

= U (
∑

λ

Dλ(a|x)σ ∗
λ − �a|x )U †

� 0 ∀ a, x,

σ ′
λ = Uσ ∗

λU † � 0 ∀ λ.

Therefore we arrive at another bound relation which is given
as

ST SR({�′
a|x}) � ST SR({�a|x}). (B2)

There are some similar properties of Eq. (B2) that have been
discussed in Ref. [49].

By combining Eqs. (B1) and (B2) we find that ST SR of
the assemblage is invariant under unitary transformation:

ST SR({U�a|xU †}) = ST SR({�a|x}), (B3)

thus we have completed the proof that perfect state transfer
implies invariance of ST SR. �
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APPENDIX C: PROOF OF EQ. (7) IN THE MAIN TEXT

We now briefly summarize how to obtain the bound rela-
tion in Eq. (7) by additionally introducing two optimization
problems (R1 and R2). We then show the bound relations
of each optimization problems, namely (1) ST SR � R1, (2)
R1 � R2, (3) R2 � D. Due to the transitivity we can com-
plete the proof.

Once the NSIT condition is not satisfied, the marginal of
the assemblage can be defined as �x = ∑

a �a|x. Motivated
by the definition of ST SR in Eq. (4), it is convenient to
introduce the first optimization problem, namely

R1({�a|x}) = min
r1,{τx},σ

r1, s.t.
�x + r1τx

1 + r1
= σ ∀ x, (C1)

where σ and τx are arbitrary quantum states. It is easy to see
that the above optimization problem is merely the robustness
without the NSIT condition, and the corresponding SDP can
be easily derived. We note that whether the above robustness
has the corresponding resource theory is still vague [95]. It is
easy to discover that the optimal solution for Eq. (4) (denoted
as r∗, {τ ∗

a|x}, and {(�LHS
a|x )∗}) is a valid solution for Eq. (C1) be-

cause it satisfies all the constraints in Eq. (C1) by introducing
τx = ∑

a τ ∗
a|x and σ = ∑

a(�LHS
a|x )∗. Nevertheless, it may not

be the optimal solution for Eq. (C1). Therefore, we have the
first bound relation

ST SR({�a|x}) � R1({�a|x}). (C2)

Since the right-hand side of the constraint in Eq. (C1) is
independent of x, we can reformulate Eq. (C1) as

R1({�a|x}) = min
r1,{τx}

r1,

s.t. r1(τx − τx′ ) = �x′ − �x ∀ x �= x′. (C3)

With the above results, we can further introduce another opti-
mization problem, namely

R2({�a|x}) = min
r2,{τx}

r2,

s.t. r2||τx − τx′ ||1 = ||�x − �x′ ||1 ∀ x �= x′. (C4)

Equations (C3) and (C4) satisfy the following bound relation:

R1({�a|x}) � R2({�a|x}). (C5)

The inequality holds because the optimal solution in Eq. (C3)
is also a valid but not optimal solution for Eq. (C4).

Now, consider r∗
2 and {τ ∗

x } to be the optimal solution for
Eq. (C4), it must satisfy the constraint, namely

r∗
2 ||τ ∗

x − τ ∗
x′ ||1 = ||�x − �x′ ||1 ∀ x �= x′.

Because the maximum value of the trace norm between two
arbitrary quantum states is 2, i.e., ||τ ∗

x − τ ∗
x′ ||1 � 2, we have

r∗
2 � 1

2 ||�x − �x′ ||1 ∀ x �= x′,

or alternatively,

r∗
2 � max

x

1
2 ||�x − �x′ ||1 ∀ x �= x′.

Therefore we arrive at the last bound relation

R2({�a|x}) = r∗
2

� max
x

1

2

∣∣∣∣∣
∣∣∣∣∣
∑

a

�a|x −
∑

a

�a|x′

∣∣∣∣∣
∣∣∣∣∣
1

∀ x �= x′

= D({�a|x}). (C6)

Finally, due to the transitivity, we complete the proof, namely

ST SR � R1 � R2 � D. (C7)

�

APPENDIX D: THE EXPERIMENTAL RESULTS FROM
DIFFERENT IBMQ DEVICES

In Table II we show ST SR under the process of the
perfect QST with different IBMQ devices: 20-qubits almaden,

TABLE II. Experimental results of the perfect QST (θ = π ) from
different IBMQ devices.

Devices Transference routes n ST SR Signaling

almaden
(Mar 2020)

0 → 1 → 2 → 3 → 4 2 0.169 0.026
3 0.130 0.021
4 0.086 0.019
5 0.040 0.021

almaden
(Mar 2020)

5 → 6 → 7 → 8 → 9 2 0.133 0.025
3 0.040 0.025
4 0.016 0.015
5 0.018 0.018

boeblingen
(Mar 2020)

0 → 1 → 2 → 3 → 4 2 0.216 0.015
3 0.202 0.018
4 0.173 0.019
5 0.129 0.026

boeblingen
(Jan 2020)

0 → 1 → 2 → 3 → 4 2 0.231 0.184
3 0.198 0.153
4 0.170 0.140
5 0.140 0.138

boeblingen
(Mar 2020)

5 → 6 → 7 → 8 → 9 2 0.059 0.024
3 0.133 0.025
4 0.116 0.030
5 0.033 0.030

boeblingen
(Mar 2020)

15 → 16 → 17 → 18 → 19 2 0.025 0.021
3 0.032 0.027
4 0.010 0.010
5 0.005 0.005

cambridge
(Jul 2020)

0 → 1 → 2 → 3 → 4 2 0.017 0.017
3 0.006 0.006
4 0.009 0.008
5 0.011 0.011

london
(Oct 2019)

0 → 1 → 3 → 4 2 0.203 0.022
3 0.190 0.027
4 0.154 0.029

paris
(Jul 2020)

0 → 1 → 2 → 3 → 5 2 0.208 0.074
3 0.197 0.087
4 0.148 0.039
5 0.085 0.061
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20-qubits boeblingen, 28-qubits cambridge, 5-qubits london,
and 27-qubits paris. The circuit implementations for all are the
same as the one introduced in the main text (see Secs. III A

and III B). One can see that the different chips shows different
performances of the QST. We thus can benchmark each chips
under the QST tasks.
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[53] I. Šupić, P. Skrzypczyk, and D. Cavalcanti, Methods to estimate
entanglement in teleportation experiments, Phys. Rev. A 99,
032334 (2019).

[54] J. Preskill, Quantum computing in the NISQ era and beyond,
Quantum 2, 79 (2018).

[55] IBM Quantum Experience, https://quantumexperience.ng.
bluemix.net/qx/experience.

[56] QuTech Quantum Inspire, https://www.quantum-inspire.com/.
[57] S. J. Devitt, Performing quantum computing experiments in the

cloud, Phys. Rev. A 94, 032329 (2016).
[58] A. Kandala, A. Mezzacapo, K. Temme, M. Takita, M. Brink,

J. M. Chow, and J. M. Gambetta, Hardware-efficient variational
quantum eigensolver for small molecules and quantum mag-
nets, Nature (London) 549, 242 (2017).

[59] D. S. Steiger, T. Häner, and M. Troyer, ProjectQ: An open
source software framework for quantum computing, Quantum
2, 49 (2018).

[60] E. Knill, Quantum computing with realistically noisy devices,
Nature (London) 434, 39 (2005).

[61] A. Smith, M. S. Kim, F. Pollmann, and J. Knolle, Simulating
quantum many-body dynamics on a current digital quantum
computer, npj Quantum Inf. 5, 106 (2019).

[62] G. García-Pérez, M. A. C. Rossi, and S. Maniscalco, IBM
Q experience as a versatile experimental testbed for sim-
ulating open quantum systems, npj Quantum Inf. 6, 1
(2020).

[63] M. Benedetti, D. Garcia-Pintos, O. Perdomo, V. Leyton-Ortega,
Y. Nam, and A. Perdomo-Ortiz, A generative modeling ap-
proach for benchmarking and training shallow quantum circuits,
npj Quantum Inf. 5, 45 (2019).

[64] M. Waegell and J. Dressel, Benchmarks of nonclassicality for
qubit arrays, npj Quantum Inf. 5, 66 (2019).

[65] A. J. McCaskey, Z. P. Parks, J. Jakowski, S. V. Moore, T. D.
Morris, T. S. Humble, and R. C. Pooser, Quantum chemistry as
a benchmark for near-term quantum computers, npj Quantum
Inf. 5, 99 (2019).

[66] N. Klco and M. J. Savage, Digitization of scalar fields for
quantum computing, Phys. Rev. A 99, 052335 (2019).

[67] K. Wright, K. M. Beck, S. Debnath, J. M. Amini, Y. Nam, N.
Grzesiak, J.-S. Chen, N. C. Pisenti, M. Chmielewski, C. Collins,
K. M. Hudek, J. Mizrahi, J. D. Wong-Campos, S. Allen, J.
Apisdorf, P. Solomon, M. Williams, A. M. Ducore, A. Blinov,
S. M. Kreikemeier, V. Chaplin, M. Keesan, C. Monroe, and
J. Kim, Benchmarking an 11-qubit quantum computer, Nat.
Commun. 10, 5464 (2019).

[68] G. Bai and G. Chiribella, Test One to Test Many: A Unified Ap-
proach to Quantum Benchmarks, Phys. Rev. Lett. 120, 150502
(2018).

[69] J. J. Halliwell, Leggett-Garg inequalities and no-signaling in
time: A quasiprobability approach, Phys. Rev. A 93, 022123
(2016).

[70] J. Kofler and I. C. V. Brukner, Condition for macroscopic re-
alism beyond the Leggett-Garg inequalities, Phys. Rev. A 87,
052115 (2013).

[71] G. C. Knee, K. Kakuyanagi, M.-C. Yeh, Y. Matsuzaki, H. Toida,
H. Yamaguchi, S. Saito, A. J. Leggett, and W. J. Munro, A strict
experimental test of macroscopic realism in a superconducting
flux qubit, Nat. Commun. 7, 13253 (2016).

[72] C.-M. Li, N. Lambert, Y.-N. Chen, G.-Y. Chen, and F. Nori,
Witnessing quantum coherence: From solid-state to biological
systems, Sci. Rep. 2, 885 (2012).

023038-11

https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/RevModPhys.86.419
https://doi.org/10.1103/PhysRevLett.54.857
https://doi.org/10.1088/0034-4885/77/1/016001
https://doi.org/10.1103/PhysRevA.89.032112
https://doi.org/10.1103/PhysRevA.92.062310
https://doi.org/10.1103/PhysRevA.93.062345
https://doi.org/10.1103/PhysRevLett.116.020503
https://doi.org/10.1103/PhysRevA.94.062126
http://arxiv.org/abs/arXiv:2003.07043
https://doi.org/10.1038/npjqi.2015.22
https://doi.org/10.1038/s41598-017-03789-4
https://doi.org/10.1038/s41534-020-00305-x
https://doi.org/10.1103/PhysRevX.5.041008
https://doi.org/10.1103/PhysRevA.97.032301
https://doi.org/10.1103/PhysRevLett.119.110501
https://doi.org/10.1103/PhysRevLett.121.140501
https://doi.org/10.1103/PhysRevA.99.032334
https://doi.org/10.22331/q-2018-08-06-79
https://quantumexperience.ng.bluemix.net/qx/experience
https://www.quantum-inspire.com/
https://doi.org/10.1103/PhysRevA.94.032329
https://doi.org/10.1038/nature23879
https://doi.org/10.22331/q-2018-01-31-49
https://doi.org/10.1038/nature03350
https://doi.org/10.1038/s41534-019-0217-0
https://doi.org/10.1038/s41534-019-0235-y
https://doi.org/10.1038/s41534-019-0157-8
https://doi.org/10.1038/s41534-019-0181-8
https://doi.org/10.1038/s41534-019-0209-0
https://doi.org/10.1103/PhysRevA.99.052335
https://doi.org/10.1038/s41467-019-13534-2
https://doi.org/10.1103/PhysRevLett.120.150502
https://doi.org/10.1103/PhysRevA.93.022123
https://doi.org/10.1103/PhysRevA.87.052115
https://doi.org/10.1038/ncomms13253
https://doi.org/10.1038/srep00885


HUANG, LIN, KU, AND CHEN PHYSICAL REVIEW RESEARCH 3, 023038 (2021)

[73] R. Uola, G. Vitagliano, and C. Budroni, Leggett-Garg macrore-
alism and the quantum nondisturbance conditions, Phys. Rev. A
100, 042117 (2019).

[74] J. Morris, F. A. Pollock, and K. Modi, Non-Markovian memory
in IBMQX4, arXiv:1902.07980.

[75] B. Pokharel, N. Anand, B. Fortman, and D. A. Lidar, Demon-
stration of Fidelity Improvement Using Dynamical Decoupling
with Superconducting Qubits, Phys. Rev. Lett. 121, 220502
(2018).

[76] H.-Y. Ku, N. Lambert, F.-J. Chan, C. Emary, Y.-N. Chen, and
F. Nori, Experimental test of non-macrorealistic cat states in the
cloud, npj Quantum Inf. 6, 98 (2020).

[77] S. J. Jones, H. M. Wiseman, and A. C. Doherty, Entangle-
ment, Einstein-Podolsky-Rosen correlations, Bell nonlocality,
and steering, Phys. Rev. A 76, 052116 (2007).

[78] H.-Y. Ku, S.-L. Chen, N. Lambert, Y.-N. Chen, and F. Nori,
Hierarchy in temporal quantum correlations, Phys. Rev. A 98,
022104 (2018).

[79] L. Clemente and J. Kofler, Necessary and sufficient conditions
for macroscopic realism from quantum mechanics, Phys. Rev.
A 91, 062103 (2015).

[80] S. Nagy and T. Vértesi, EPR steering inequalities with commu-
nication assistance, Sci. Rep. 6, 21634 (2016).

[81] M. Horodecki, P. W. Shor, and M. B. Ruskai, Entan-
glement breaking channels, Rev. Math. Phys. 15, 629
(2003).

[82] S.-L. Chen, H.-Y. Ku, W. Zhou, J. Tura, and Y.-N. Chen,
Robust self-testing of steerable quantum assemblages and
its applications on device-independent quantum certification,
arXiv:2002.02823.

[83] X. Li, Y. Ma, J. Han, T. Chen, Y. Xu, W. Cai, H. Wang, Y. P.
Song, Z.-Y. Xue, Z.-Q. Yin, and L. Sun, Perfect Quantum
State Transfer in a Superconducting Qubit Chain with Para-
metrically Tunable Couplings, Phys. Rev. Appl. 10, 054009
(2018).

[84] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP: An open-
source python framework for the dynamics of open quantum
systems, Comput. Phys. Commun. 183, 1760 (2012).

[85] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP 2: A python
framework for the dynamics of open quantum systems, Comput.
Phys. Commun. 184, 1234 (2013).

[86] R. Harper and S. T. Flammia, Fault-Tolerant Logical Gates in
the IBM Quantum Experience, Phys. Rev. Lett. 122, 080504
(2019).

[87] L. M. K. Vandersypen, H. Bluhm, J. S. Clarke, A. S. Dzurak,
R. Ishihara, A. Morello, D. J. Reilly, L. R. Schreiber, and M.
Veldhorst, Interfacing spin qubits in quantum dots and donors—
hot, dense, and coherent, npj Quantum Inf. 3, 34 (2017).

[88] T. F. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward,
P. Scarlino, M. Veldhorst, D. E. Savage, M. G. Lagally, M.
Friesen, S. N. Coppersmith, M. A. Eriksson, and L. M. K.
Vandersypen, A programmable two-qubit quantum processor in
silicon, Nature (London) 555, 633 (2018).

[89] M. Horodecki, P. Horodecki, and R. Horodecki, General tele-
portation channel, singlet fraction, and quasidistillation, Phys.
Rev. A 60, 1888 (1999).

[90] C.-Y. Hsieh, Y.-C. Liang, and R.-K. Lee, Quantum steer-
ability: Characterization, quantification, superactivation, and
unbounded amplification, Phys. Rev. A 94, 062120 (2016).

[91] D. Cavalcanti, P. Skrzypczyk, G. H. Aguilar, R. V. Nery, P. S.
Ribeiro, and S. P. Walborn, Detection of entanglement in asym-
metric quantum networks and multipartite quantum steering,
Nat. Commun. 6, 7941 (2015).

[92] Y. Zhou, Q. Zhao, X. Yuan, and X. Ma, Detecting multipartite
entanglement structure with minimal resources, npj Quantum
Inf. 5, 83 (2019).

[93] H. Lu, Q. Zhao, Z.-D. Li, X.-F. Yin, X. Yuan, J.-C. Hung, L.-K.
Chen, L. Li, N.-L. Liu, C.-Z. Peng, Y.-C. Liang, X. Ma, Y.-A.
Chen, and J.-W. Pan, Entanglement Structure: Entanglement
Partitioning in Multipartite Systems and Its Experimental De-
tection Using Optimizable Witnesses, Phys. Rev. X 8, 021072
(2018).

[94] O. Gühne and G. Tóth, Entanglement detection, Phys. Rep. 474,
1 (2009).

[95] E. Chitambar and G. Gour, Quantum resource theories, Rev.
Mod. Phys. 91, 025001 (2019).

023038-12

https://doi.org/10.1103/PhysRevA.100.042117
http://arxiv.org/abs/arXiv:1902.07980
https://doi.org/10.1103/PhysRevLett.121.220502
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1103/PhysRevA.76.052116
https://doi.org/10.1103/PhysRevA.98.022104
https://doi.org/10.1103/PhysRevA.91.062103
https://doi.org/10.1038/srep21634
https://doi.org/10.1142/S0129055X03001709
http://arxiv.org/abs/arXiv:2002.02823
https://doi.org/10.1103/PhysRevApplied.10.054009
https://doi.org/10.1016/j.cpc.2012.02.021
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1103/PhysRevLett.122.080504
https://doi.org/10.1038/s41534-017-0038-y
https://doi.org/10.1038/nature25766
https://doi.org/10.1103/PhysRevA.60.1888
https://doi.org/10.1103/PhysRevA.94.062120
https://doi.org/10.1038/ncomms8941
https://doi.org/10.1038/s41534-019-0200-9
https://doi.org/10.1103/PhysRevX.8.021072
https://doi.org/10.1016/j.physrep.2009.02.004
https://doi.org/10.1103/RevModPhys.91.025001

