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Einstein-Podolsky-Rosen (EPR) steering describes the ability of one observer to nonlocally “steer” the
other observer’s state through local measurements. EPR steering exhibits a unique asymmetric property;
i.e., the steerability can differ between observers, which can lead to one-way EPR steering in which only
one observer obtains steerability in the steering process. This property is inherently different from the
symmetric concepts of entanglement and Bell nonlocality, and it has attracted increasing interest. Here, we
experimentally demonstrate asymmetric EPR steering for a class of two-qubit states in the case of two
measurement settings. We propose a practical method to quantify the steerability. We then provide a
necessary and sufficient condition for EPR steering and clearly demonstrate one-way EPR steering. Our
work provides new insight into the fundamental asymmetry of quantum nonlocality and has potential
applications in asymmetric quantum information processing.
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Quantum nonlocality, which does not have a counterpart
in classical physics, is the characteristic feature of quantum
mechanics. First noted in the famous paper published by
Einstein, Podolsky and Rosen (EPR) in 1935 [1], which
aimed to argue the completeness of quantummechanics, the
content of quantum nonlocality has been greatly extended.
In 2007,Wiseman et al. summarized the different conditions
of quantum nonlocality and reformulated the concept of
steering [2] originally introduced by Schrödinger [3] in
response to the EPR paper (usually referred to as EPR
steering), which stands between entanglement [1] and Bell
nonlocality [4] in the hierarchy. In the view of a quantum
information task, EPR steering can be regarded as the
distribution of entanglement from an untrusted party,
whereas entangled states need both parties to trust each
other, and Bell nonlocality is presented on the premise that
they distrust each other [5,6]. As a result, some entangled
states cannot be employed to realize steering, and some
steerable states do not violate Bell-like inequalities. EPR
steering provides a novel insight into quantum nonlocality,
and it exhibits an inherent asymmetric feature that differs
from both entanglement and Bell nonlocality. Consider two
observers, Alice and Bob, who share entangled states. There
are cases in which the ability of Alice to steer Bob’s state is
not equal to the ability of Bob to steer Alice’s state. There are
also situations in which Alice can steer Bob’s state but Bob
cannot steer Alice’s state, or vice versa; these situations are
referred to as one-way steering [2,7]. Several theoretical
[7–22] and experimental studies [23–31] have focused on the
verification and applications of EPR steering. Experimental

demonstrations of one-way steering with the measurements
restricted to Gaussian measurements have been reported
[24,25]. A class of entangled qubit states that can be used to
show the property of one-way steering with general projec-
tive measurements has been theoretically constructed [7],
with the requirement that the weight of the entangled part of
the states should be between 0.4983 and 0.5. To prepare this
type of mixed entangled states, the biggest error bar of the
weight should be less than 0.000 85 which implies that the
experimental requirement is high. There has been no exper-
imental demonstration of this phenomenon until now.
In this work, we consider an EPR steering game between

two observers, Alice and Bob, restricted to two-setting
projective measurements. A value called steering radius R
is defined on the basis of steering robustness to quantify the
steerability [20]. Asymmetric EPR steering and one-way
steering are then clearly demonstrated for a class of two-qubit
entangled states. For the case of nonsteerability, we exper-
imentally construct the local hidden state model (LHSM)
[2,7] anduse local hidden states to reproduce the experimental
results obtained in the steering process with high fidelity.
The steering process is illustrated via the EPR steering

channel as shown in Fig. 1. Alice sends one of the two
particles to Bob and wants to persuade Bob to believe that
she can steer his state. The analysis is the same when Bob
wants to steer Alice’s state. Bob’s conditional states (CSs)
obtained after receiving all results κj~n fromAlice, where κj~n
denotes that Alice gets the result κ (0 or 1) when measuring
along the direction ~n, can now represent as ~ρκj~n ¼
TrA½ρABðΠκj~n ⊗ IÞ� (unnormalized, where the normalized
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form is ρκj~n ¼ ~ρκj~n=Tr½~ρκj~n�), where Πκj~n ¼ ½I þ ð−1Þκ~n·
~σ�=2. I represents the identity matrix and ~σ ¼ ðσx; σy; σzÞ
is the Pauli vector. All of the CSs form an assemblage on
Bob, as introduced in detail in Ref. [20]. It is worth
mentioning that Bob’s unconditional state ρB ¼ TrA½ρAB� ¼P

κ ~ρκj~n remains unchanged regardless of the measurement
direction ~n Alice chooses. After obtaining all the CSs, Bob
can judge whether there exists an LHSM consisting of the
state ensemble ofELHSM ¼ fpiρig satisfying ρB ¼ P

ipiρi,
where ρi is the normalized local hidden state with the
corresponding probabilitypi.

P
ipi ¼ 1 andpi ∈ ½0; 1�. For

the case of twomeasurement settings, it has been proven that
four local hidden states are sufficient to reproduce the four
CSs if an LHSMexists [32]. If Bob’s CSs can be rewritten as
the combinations of ELHSM shown below,

~ρκj~n ¼
X

i

Pðκj~n; iÞpiρi; ð1Þ

then the steering task fails. The probability distribution
Pðκj~n; iÞ is a stochastic map (positive and normalized) from
i to κ. As proven in Ref. [32], for any given two-qubit state,
Pðκj~n; iÞ ∈ f0; 1g for all the κ, ~n, and i. The simulation of
Bob’s four CSs is demonstrated through the local hidden
states channel, as shown in Fig. 1, and the corresponding
equations derived based on Eq. (1) can bewritten as follows:

tC1 ¼ pa þ pd; ~ρC1 ¼ paρa þ pdρd;

tC2 ¼ pb þ pc; ~ρC2 ¼ pbρb þ pcρc;

tD1 ¼ pc þ pa; ~ρD1 ¼ pcρc þ paρa;

tD2 ¼ pd þ pb; ~ρD2 ¼ pdρd þ pbρb; ð2Þ

where ti ¼ Tr½~ρi�. Each CS can now be reproduced by a
combination of only two elements from the ensemble
ELHSM. Otherwise, if there is no such ensemble ELHSM ¼
fpiρig and the map distribution Pðκj~n; iÞ satisfying Eq. (2),
Bob confirms that Alice steers his system successfully.
We can expand the hidden states ρi (i ¼ a, b, c, d) to the

super quantum hidden state model (SQHSM), which means
there are no physical restrictions on the states ρi and ρi,
which can be located outside of the Bloch sphere. In such a
case, there is generally more than one set of solutions of the
linear equations (2). Employing the quantum steering
ellipsoids [33], for any given two-qubit state ρAB and the
set of two measurement settings f~n1; ~n2g, the radius of the
SQHSM is defined as

rðρABÞf~n1;~n2g ¼ min
SQHSM

fmaxfL½ρa�; L½ρb�; L½ρc�; L½ρd�gg;

ð3Þ

where L½ρi� (i ¼ a, b, c, d) denotes the length of Bloch
vectors of the states ρi. If rðρABÞf~n1;~n2g > 1, at least one of

the hidden states is located beyond the Bloch sphere; thus,
ELHSM is not a physical ensemble. Because we can choose
any measurement settings to demonstrate the steerability,
the steering radius is defined as

RðρABÞ ¼ max
f~n1;~n2g

frðρABÞf~n1;~n2gg: ð4Þ

In a recent work [20], the steering robustness was defined
to quantify the steerability for the state ρAB. The steering
robustness is defined as RðAÞ≔minft ≥ 0jfΞajxga;xg,
where A ¼ f~ρajxga;x is an assemblage given by ρAB, and
Ξajx ¼ ð~ρajx þ t~τajxÞ=ð1þ tÞ is unsteerable with an arbi-
trary assemblage f~τajxga;x. If we pick ~τajx ¼ Tr½~ρajx�I=2,
and restrict the number of measurement settings to two, we
find that RðρABÞ ¼ 1þRðAÞ. As a result, RðρABÞ > 1 is
the necessary and sufficient condition that the state ρAB is
steerable in the two measurement settings case.
Asymmetry is an inherent characteristic of EPR steering.

We consider the two-qubit asymmetric states as follows,

ρAB ¼ ηjΨðθÞihΨðθÞj þ ð1 − ηÞjΦðθÞihΦðθÞj; ð5Þ

FIG. 1. The two-setting protocol of EPR steering and the
strategy for the LHSM to reproduce the CSs in a failed steering
task. Alice sends one of the two qubits to Bob through the EPR
steering channel and measures her state along one of the two
projective measurement settings ~n1 and ~n2 according to Bob’s
requirement. Alice then sends her measurement result 1j~n1 or
0j~n1 (1j~n2 or 0j~n2) to Bob. Correspondingly, Bob obtains one of
the four CSs, which are denoted as ~ρC1; ~ρC2 (the two CSs for ~n1)
and ~ρD1; ~ρD2 (the two CSs for ~n2) after measuring his qubit
(marked with a dashed frame). The classical communications
between Alice and Bob occur in the communication channel. For
a failed steering task, there exists an LHSM consisting of four
local hidden states with the corresponding probabilities to
reproduce the four CSs. The symbol labeled by a (b, c, d)
represents the local hidden state ρa (ρb, ρc, ρd) with the
corresponding probability pa (pb, pc, pd). They are sent through
the local hidden states channel. The combinations of two
corresponding hidden states, represented by the dashed frame,
are used to reconstruct Bob’s four CSs.
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with 0 ≤ η ≤ 1. jΨðθÞi ¼ cos θj0A0Bi þ sin θj1A1Bi and
jΦðθÞi ¼ cos θj1A0Bi þ sin θj0A1Bi. Here, j0Ai and j1Ai
(j0Bi and j1Bi) are the computational basis of Alice’s
(Bob’s) qubit. It has been proven that, for all nontrivial
states ρAB (entangled), Alice can always steer Bob’s system
in the case of two measurement settings along directions x
and z [13]. Referring to the steering radius, we find
RðρABÞ ¼ rðρABÞfx;zg. As a result, RðρABÞ ¼ rðρABÞfx;zg >
1 for all nontrivial ρAB. Considering the steering process
from Bob to Alice, we prove that Bob could not steer
Alice’s state when j cos 2θj ≥ j2η − 1j [34]. Therefore, if
the state ρAB, which Alice and Bob shared, is located in the
area satisfying j cos 2θj ≥ j2η − 1j, there always exists an
LHSM for Alice to reproduce her CSs when Bob chooses
any two directions to measure. Under such a condition, the
state ρAB possesses the property of one-way steering. If
there exists an LHSM for Alice when Bob measures along
x and z, then j cos 2θj ≥ j2η − 1j [34]. As a result, we can
focus only on the measurement directions fx; zg in dem-
onstrating the two-measurement-setting steering protocol.
For the nonsteerability case, the four elements of ELHSM
are located in the XZ plane of the Bloch sphere. We
can then prepare the local hidden states with the corre-
sponding probabilities severally. When j cos 2θj < j2η − 1j,
we prove that RðρBAÞ¼rðρBAÞfx;zg and find that RðρABÞ >
RðρBAÞ > 1, which shows that the asymmetry still exists in
the case of two-way steering [34].
Figures 2(a) and 2(b) show the setup for preparing the

asymmetric entangled states in Eq. (5). Ultraviolet pulses
with a center wavelength of 400 nm and a bandwidth of
approximately 1.2 nm are used to pump the two-crystal
geometry type-I BBO crystals to generate entangled photon
pairs [35]. A 400 nm half-wave plate (HWP) is used to
change the state’s parameter θ. When we consider the
steering process from Alice to Bob, Bob calculates the
steering radius R with the four obtained CSs and deter-
mines whether the steering is successful. If an LHSM
exists, we further check this fact by constructing the
ensemble ELHSM with the UMZ inserted with an HWP
and two RSs, as shown in Figs. 2(b) and 2(c). Following the
corresponding combinational rules of hidden states, Bob
can reproduce the four CSs, as shown in Fig. 2(d). In
contrast, when Bob wants to steer Alice’s system, Bob
measures his qubit along the directions x and z, and Alice
performs state tomography of her CSs. To verify the
existence of an LHSM, Alice attempts to reconstruct the
CSs using four local hidden states with the same setup
shown in Fig. 2(d).
We prepare several entangled states in the form of ρAB to

perform the EPR steering task. In our experiment, Alice
(Bob) can obtain the normalized CSs with fidelities of
approximately 99.3� 0.3%. In Fig. 3(a), the two yellow
regions satisfy j cos 2θj ≥ j2η − 1j. According to previous
theoretical analysis, Bob cannot steer Alice’s state when the
shared states are located in these two regions. However,

owing to the coordinate errors of the experimental CSs
when represented in the Bloch sphere [34], which are
deduced from the counting statistics, several states, for
which Alice can steer Bob in theory cannot be used to
complete the EPR steering task for both Alice and Bob with
the measurement directions along x and z. The states
represented by blue points show the case of one-way
steering; i.e., Alice can steer Bob’s state ðA → BÞ, but
Bob could not steer Alice’s state. The red squares represent
the states that show the cases for two-way steering [Alice
and Bob can steer each other ðA↔BÞ]. Asymmetry still
exists in such a case because the values of RðρABÞ are larger
than the corresponding values of RðρBAÞ in both theory and
experiment [34]. A small region, which is surrounded by
the red frame in the right column, is magnified and shown
in the left column, where the states are labeled by numbers.
The corresponding values of R are shown in Fig. 3(b),
which demonstrates the asymmetry of steering. The EPR
steering task is successful if R > 1. Otherwise, the
EPR steering fails. The strategy to use local hidden states

FIG. 2. Experimental setup. (a) The entangled photon pairs are
prepared through the spontaneous parametric down conversion
(SPDC) process by pumping the BBO crystal with ultraviolet
pulses. The state’s parameters η and θ can be detuned conven-
iently by employing the setup shown in (a) and the unbalanced
Mach-Zehnder interferometer (UMZ) with beam splitters (BSs)
and removable shutters (RSs) shown in (b). A unit consisting of a
quarter-wave plate (QWP) and a half-wave plate (HWP) on
Alice’s side is used to set the measurement direction. The same
unit with an extra polarization beam splitter (PBS) on Bob’s side
is used to perform state tomography. Photons are collected into a
single mode fiber equipped with a 3 nm interference filter and are
then detected by a single-photon detector (SPD) on each side. (d)
The strategy is for ELHSM to reproduce the CSs. One of the two
photons is used as the trigger for the coincidence unit, and the
other is used to prepare the four local hidden states, which can be
conveniently prepared by employing the setup of (b) and (c). The
probabilities are controlled by adjusting the RSs.
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(black points) to construct the four normalized CSs (red
points) obtained from the maximally entangled state is
shown in Fig. 3(c).
In our experiment, we construct the corresponding local

hidden states if an LHSM exists. For the states that were
theoretically predicted to show the ability of EPR steering
but failed because of experimental errors, the ensemble
ELHSM is deduced based on the experimental results of the
CSs. For the states that could not be used to realize the EPR
steering theoretically, we use the theoretically predicted CSs
to deduce the ensemble. Figure 4 shows the experimental
combinations of the local hidden states to reproduce CSs.
The constructed CSs are obtained with high fidelity of
approximately 99.8� 0.1% compared to the desired states.
To illustrate the one-way EPR steering, a failure to construct
the hidden states is shown in Fig. 4(c) where the theoretical
hidden states are located outsides the Bloch sphere. There
exists a situation in which only three hidden states are
sufficient to rebuild the fourCSs, and the results are shown in
the Supplemental Material [34]. Additional results with the
measurement directions set to be fx; yg and fy; zg can be
found in the Supplemental Material [34]. The experimental
errors are estimated from the statistical variation of photon
counts, which satisfy the Poisson distribution.
The LHSM provides a direct and convinced contra-

diction between the nonlocal EPR steering and classical

physics. In this work, we propose a feasible way to find the
LHSM for the case where EPR steering fails. Following a
similar idea to steering robustness [20], we introduce a
practical criterion R to quantify the steerability of entangled
states in the case of two settings measurement. The
experimental results show the asymmetry of EPR steering
and the presence of one-way steering with projective
measurements. We further experimentally prepare the local
hidden states and use them to reconstruct the CSs with high
fidelity when R ≤ 1.
Our protocol is restricted to two-settingmeasurement.Any

quantum information application or experimental demon-
stration is realized by a finite measurement setting scenario.
Taking the semidevice independent quantum key distribution
as an example [11], Alice and Bob will have a certain finite
setting protocol (e.g., two-setting) before the steering re-
source is distributed. Once the steerability is demonstrated by
this two-setting protocol, the security of the key is not
threatened by the number of measurement settings. Our
work provides an intuitional and fundamental way to under-
stand the EPR steering and the asymmetric nonlocality. The

FIG. 3. Experimental results for asymmetric EPR steering.
(a) The distribution of the experimental states. The right column
shows the entangled states we prepared, and the left column is a
magnification of the corresponding region in the right column.
The two green curves represent the cases of j cos 2θj ¼ j2η − 1j.
The blue points and red squares represent the states realizing one-
way and two-way EPR steering, respectively. The black triangles
represent the states for which the EPR steering task fails for both
observers. (b) The values of R for the states labeled in the left
column in (a). The red squares represent the situation where Alice
steers Bob’s system, and the blue points represent the case where
Bob steers Alice’s system. (c) Geometric illustration of the
strategy for local hidden states (black points) to construct the
four normalized CSs (red points) obtained from the maximally
entangled state.

FIG. 4. The experimental results of the normalized CSs and
local hidden states shown in the Bloch sphere. The theoretical and
experimental results of the normalized CSs are marked by the
black and red points (hollow), respectively. The blue and green
points represent the results of the four local hidden states in
theory and experiment, respectively. The normalized CSs con-
structed by the local hidden states are shown by the brown points.
(a) and (c) The case in which Alice steers Bob’s system, whereas
(b) and (d) show the case in which Bob steers Alice’s system. The
parameters of the shared state in (a) and (b) are θ ¼ 0.442 and
η ¼ 0.658; the parameters of the shared state in (c) and (d) are
θ ¼ 0.429 and η ¼ 0.819. (a), (b), and (d) Show that the LHSMs
exist, and the steering tasks fail. (c) Shows that no LHSM exists
for the steering process with the constructed hidden states located
beyond the Bloch sphere and R ¼ 1.076.

PRL 116, 160404 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

22 APRIL 2016

160404-4



demonstrated asymmetric EPR steering has important appli-
cations in the tasks of one-way quantum key distribution [36]
and the quantum subchannel discrimination [20], evenwithin
the frame of two-setting measurements.
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