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If the presence of entanglement could be certified in a device-independent (DI) way, it is likely to
provide various quantum information processing tasks with unconditional security. Recently, it was
shown that a DI protocol, combining measurement-device-independent techniques with self-testing,
is able to verify all entangled states, however, it imposes demanding requirements on its experimental
implementation. In this work, we propose a much less-demanding protocol based on Einstein-
Podolsky-Rosen (EPR) steering to certify entanglement. We establish a complete framework for
DI verification of EPR steering in which all steerable states could be verified. We then analyze its
robustness towards noise and imperfections of self-testing by considering the measurement scenario
with three settings at each side. Finally, a four-photon experiment is implemented to demonstrate
that even Bell local states can be device-independently verified. Our work may pave the way for

realistic applications of secure quantum information tasks.

Entanglement is not only of fundamental importance
to understand quantum theory, but also has found
practical applications in information processing and
computational tasks [1]. If its presence could be
certified in a fully device-independent (DI) manner, such
as violating some Bell inequality [2, 3], it is likely
to offer quantum information processing tasks with
unconditional security because it does not require any
trust in both measurement and state-preparation devices.
However, the conclusive violation of Bell inequalities
usually demands the high efficiency of measurement
apparatuses to close the detection loophole. Besides, it
also needs the low transmission loss of prepared states
since sufficiently lossy entangled states are unable to
violate any Bell inequality [4]. Thus, although this trust-
free verification of entanglement using Bell inequalities
has promising applications in quantum tasks, its practical
utility is limited due to noise.

Recently, Bowles et. al. proposed an alternate
DI protocol able to verify all entangled states [5, 6].
Intrinsically, it is composed of two parts: The first
part utilizes measurement-device-independent (MDI)
techniques that injecting some well-prepared quantum
states randomly into the characterized system relaxes the

requirement of high measurement efficiency as introduced
by Buscemi [7], allowing the detection loophole to be
circumvented [8]; Then it employs self-testing [9, 10]
to certify the above input states device-independently.
However, its experimental test relies on the near-perfect
self-testing of these states with average fidelity above
99.998% [6], making it unrealistic to implement within
current technology.

As shown in Fig. 1, we present an experimental-
friendly protocol based on Einstein-Podolsky-Rosen
(EPR) steering beyond all above limitations. Specifically,
EPR steering is a form of nonlocal correlations
which lies intermediate between entanglement and
Bell nonlocality [11-13], and has been operationally
interpreted as a one-sided device-independent task to
certify the presence of entanglement within quantum
theory [11, 12]. Being confirmed in many experimental
setups [14-17], it was also proven to be useful in
one-sided secure key distribution [18] and randomness
generation [19].  Furthermore, its verification was
extended to the MDI scenario [20-25], and the
corresponding experimental validations were reported
in [21, 23, 26]. Here, inspired by results in [5, 6], we
give a full analysis of DI verification of EPR steering.



More importantly, we find that our steering protocol is
unconditionally secure and robust to the transmission
loss, detection efficiency, and self-testing.

In this work, we first establish a complete framework
for DI verification of EPR steering that the presence
of entanglement in all steerable states can be certified
device-independently. = Then, we analyze the noise
robustness of the three-measurement setting case and
show that it is able to tolerant a self-testing fidelity
lower than 98.5%, which is a significant reduction
in comparison to entanglement verification for Werner
states. Finally, two pairs of entangled photons are
delicately generated to validate our DI steering protocol,
and the results indicate that even Bell local states can
be faithfully verified with an experimentally attainable
self-testing fidelity of around 99.2%.

Results

Device-independent verification of EPR steering.
Consider the quantum steering scenario in which two
space-like separated observers, namely Alice and Bob,
are involved. In principle, if Alice is able to steer Bob,
then such steerability could be witnessed by violating a
suitable linear steering inequality of the form [28]

Ws = Z(CLJ’B]'> <0. (1)
J

Here Alice obtains outcome a given the measurement
j, and the operator B; describes the corresponding
observable chosen by Bob. Moreover, the above
verification task could be accomplished in a
measurement-device-independent way [20-25] where
the trust in Bob as per Eq. (1) is completely transferred
to a third observer, Charlie say, who randomly assigns
some quantum states to Bob. Specifically, upon receiving
these states described by density matrices {7 ;} where
T denotes the transpose operation, Bob is required to
perform an arbitrary binary measurement B with which
the outcomes are modelled as either “Yes” or “No”.
Denote by P(a, Yes|z,B,7,;) the probability that Alice
obtains a for the measurement  and Bob answers “Yes”
when assigned to ng. Thus, it follows from Eq. (1) that
there is a MDI steering witness [21-23]

Wbt = Z gv,ja;P(a, Yes |z = 4,5, Tbj:j) <0 (2

ab,j

with gy ; being some predetermined weights. In practice,
Bob could perform a partial Bell state measurement
(BSM) B = {B1,l — By} where By = |<I>j><<I>(J{| with
[®7) = 3, 144)/Vd models the answer “Yes” and d is
the dimension of the Hilbert space of {TbT ;1 equal to that
of Bob’s local system. It has been shown in [21, 23] that
each steering inequality (2) can be constructed from a
corresponding witness (1), implying all steerable states
could be detected in a MDI manner.

Within the above MDI framework, both Alice’s and
Bob’s sides are already device-independent, except for
the additional trust in the input states prepared by
Charlie. Hence, eliminating this extra trust immediately
gives rise to a fully DI steering verification. As illustrated
in Fig. 1, this can be achieved via self-testing which
aims to uniquely identify the state and the measurements
for uncharacterized systems [9, 10, 29]. In particular,
noting that the states {ng} for Bob can be generated
by Charlie performing local measurements {7 ;} on the
Bell state |®}) shared by Bob and Charlie, i.e., Trc[Ip®
7,5 |®7) (@7 ]] = 7];/d, we can employ self-testing to
uniquely determine this state preparation process via
certain Bell inequality because its maximal violation
can only be achieved by a certain state and specific
measurements up to some local isometry. Since all pure
bipartite entangled states and the measurements could be
self-tested [30, 31], confirmed in recent experiments [32,
33|, it further follows from Eq. (2) that we are able to
construct a DI steering inequality [34]

Wpt = Z ge,jajP(a,Yes,cle = j,B,z=7) <0, (3)

a,C,J

for every steerable state. Here each state 7, ; in Eq. (2)
corresponds to Charlie making a local measurement z on
a Bell state and obtaining an outcome ¢ in Eq. (3).

self-testing
X ..o / y A
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FIG. 1: DI verification of EPR steering. The whole
protocol consists of two parts: The left describes MDI
verification of states pi2 to be tested: Alice takes a
measurement = and obtains a, while Bob performs only one
binary measurement on his local system and random input
states {7, ;} and his answer “Yes” is collected; The right box

represents the self-testing process where these states {ng}
are device-independently certified via the test of some Bell
inequalities, such as the simple Bell-CHSH test.

Hence, we have established a framework to device-
independently certify all steerable states. It is worth
noting that the self-testing process of ]@;D and Charlie’s
measurements is not explicitly imposed in the DI steering
witness as per Eq. (3), thus requiring a further detailed
analysis case by case. For example, if Charlie is restricted
to binary measurements, we can make use of Clauser-
Horne-Shimony-Holt (CHSH) type inequalities [36] to
do self-testing. In the following, we study the case
in which three dichotomic measurement settings are
chosen at each side and analyze its robustness towards
imperfections of self-testing.



Three measurement settings. Suppose that Alice
randomly takes three dichotomic measurements x =
1,2,3, and Bob randomly receives 7., = (I + co;)/2
for ¢ = 41 and j = =z,y,z sent from Charlie
where o;s represent three Pauli observables. It follows
from above discussions that we need to identify these
states device-independently via self-testing. This could
be accomplished if the following triple Bell-CHSH
inequality [37]

B=F11+Fy1+FEi32—Fap
+E31+Ey 1 — E33+ Ey
+E52+ FEso— Es3+ Eg3 <6 4)

is maximally violated by the measurement expectation
E, .= Zb,c:il bep(b, cly, z) where y = 1,2, ..., 6, refers
to Bob’s six dichotomic measurements and z = 1,2,3
Charlie’s three measurements. Indeed, its maximal

quantum violation is B = 6v/2, which certificates
an unique state |®F) = %(|00) + |11)) and the

corresponding measurements ”ijgj for Bob with (4, j) =
{(z,2),(2,y), (z,y)} and o0,,+0y,0, for Charlie up to
a local unitary. Note that the second measurement
oy for Charlie is not fully determined due to the sign
problem. However, this issue does not affect its utility in
entanglement certification [5].

Practically, it is unable to achieve the perfect self-
testing, or equivalently, to obtain a maximal value 8 =
6v2. Thus, we need to modify the above DI steering
inequality (3) to allow for imperfections. Here, we
adopt the fidelity fo = (@5 p,..|®5) to evaluate the
performance of self-testing, i.e., the overlap between
estimated states self-tested from experimental data and
the target state. Moreover, the corresponding fidelity for
Charlie’s measurements can be cast as the state fidelity in
a similar form of f; = (5 | 0;p))...0; |®3) for j =1,2,3.
All these fidelity are calculated from data via a semi-
definite program [38-40]. After considerable algebra [34],
we are able to obtain the modified DI steering witness
allowing for imperfections of self-testing [34]

3
Wpi™ =Wpi =Y V/1-f; <o0. ®)
Jj=1

Here Wpy is given as per Eq. (3). It is remarked
that the fidelity in [6] is defined in terms of trace
distance, interchangeable with the one used in the above
inequality [34]. Additionally, it differs from the one
in [21] which is obtained via quantum state tomography.

Experimental setup
The experimental setup for the DI verification of EPR
steering is displayed in Fig. 2. First, two pairs of

entangled photons via the spontaneous parametric down-
conversion (SPDC) process are generated. In particular,
one pair is prepared as |®3) = (]00) + [11))/+/2, labelled
as ps4, and the other is a family of Werner states

prr =0 |U5) (U5 |+ (1-v)], w01 ()
Here, the white noise parameter 1 — v in Eq. (6)
is simulated by flipping Alice’s measurements with
probability (1 — v)/2 [41]. The steerability of this class
of states is to be verified via the steering witness (5).

Then, these photonic states are distributed to three
observers. As shown in left side of Fig. 2, p12 is sent
to Alice (photon 1: the green ball) and Bob (photon
2: the blue ball) through single-mode fibers while the
entangled photonic pair encoding ps4 is distributed to
Charlie (photon 3: the red ball) and Bob (photon 4:
the yellow ball) similarly. The detailed parameters for
wave plates (WPs) to realize three Pauli measurements
o; performed on the single photon (photon 4 for Bob)
are given in Tab. I in Supplemental Materials [34].
Further, it is shown in the right side of Fig. 2 that
Bob’s partial BSM is implemented via three polarizing
beam splitters, two 22.5° rotated HWPs, and four pseudo
photon-number-resolving detectors (PPNRD). In each
PPNRD, a balanced beam splitter splits the light into
two fiber-coupled single photon detector, and thus we
could detect two photons with probability 1/2. To
improve the quality of this partial BSM, an interference
filter of 3 nm is inserted in the o-light path for
spectral selection so that a Hong-Ou-Mandel (HOM)
interference visibility higher than 30 : 1 is observed
in our experiment. Additionally, a standard quantum
measurement tomography is performed to estimate the
experimentally constructed BSM and a fidelity around
0:9831 + 0 : 0040 is obtained [34].

Finally, we collect the measurement statistics to first
do three Bell-CHSH tests B; ; to self-test Charlie’s three
Pauli measurements and thus quantum states assigned
to Bob. And the corresponding fidelity is estimated from
the expectation ((of +0P)® o) /v2 [34]. We then
use them to test the DI steering inequality (5) in a more
explicit form of

42 (ajcj P(a,Yes,clz =z = j4,B) —P(am\j)/\/g)

J,a,c

—Z\/l—fj <0. (7)

For the family of Werner states (6), its theoretical
prediction of the outcome statistics (7) should be 3v —
(V3 + 23:1 v/1—f;) < 0. In particular, the average
fidelity around 98.5% of self-testing is allowed for Bell
local states with v = 0.7, which is a significant reduction
in comparison to entanglement verification with fidelity
above 99.998% [6, 34].
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[

Experimental setup for the DI steering protocol.

Two pairs of entangled photons are generated via

the spontaneous parametric down-conversion process, where the S-barium-borate (BBO) crystal is cut in a sandwich-like
configuration to prepare desired states with high fidelity. One pair labeled as 1 and 2 is generated as a family of Werner
states in Eq. (6) distributed to Alice and Bob, while the other labeled as 3 and 4 is produced as the Bell state |®]) sent
to Charlie and Bob. A complete implementation of DI steering verification (7) requires three Bell-CHSH tests and one MDI
steering test (2). Hence, Alice and Charlie perform three Pauli measurements o; on their respect photons, while Bob makes
6 measurements described by (0 + ¢F)/v2 and (0 — 07)/v/2 on the photon 4 and an additional partial BSM B on his
photons 2 and 4. Abbreviations of the components: HWP, half wave plate; QWP, quarter wave plate; PBS, polarizing beam
splitter; IF, interference filter; FC, fiber coupler; BSM, the partial Bell state measurement B; BD, beam splitter; D1-D8, single

photon detector.

Experimental analysis

In this experiment, the entangled photon pairs encoding
|®5) are collected up to 13000 per second with a pump
power of 30 mW. We observe an extinction ratio over
500 : 1 in the H/V basis and the H+V/H-V basis,
implying that it is generated with fidelity higher than
0.997. Charlie’s three Pauli measurements are self-tested
by means of three Bell-CHSH tests B, ; for (i,j) =
(1,2),(1,3),(2,3). With the fair-sampling assumption,
we obtain %12 = 28241, %13 = 28211, and %23 =
2.8189, all close to the maximal value 24/2 ~ 2.8284.
Correspondingly, the fidelity of three Pauli measurements
self-tested from experimental data is obtained with f; =
0.9931, fo = 0.9897, and f3 = 0.9979, respectively. The
Poisson oscillation of the photon is counted with an
uncertainty of 0.0009, and we test 100 groups of the
Poisson oscillations to optimize the fidelity around which
the standard deviation is 0.9936 x 10~°.

Our experimental results for DI verification of Werner
states in Eq. (6) are plotted in Fig. 3. We first do
quantum state tomography to verify that each Werner

state is generated with v = 0.6469(4), 0.6742(4),
0.7015(4), 0.8090(4), 0.9239(3), and 0.9951(0.9) from
about 9,800,000 photon pairs [34]. For the ideal case,
i.e., all f; = 1, the theoretical prediction of the steering
inequality (7) for Werner states should be 3v — /3 < 0
and it recovers the bound v = 1/v/3 =~ 0.5774 for
steerability [28].  If self-testing is non-perfect, the
steering inequality, incorporated with self-testing results
obtained above, is shown as the red line in Fig. 3, while
the experimental results are displayed in red dots. It
is evident that we successfully witness steerability for
v > 0.7015(4), allowing for system errors, statistic errors,
and imperfections of self-testing. Importantly, a violation
of the steering inequality (7) up to 0.1189 4+ 0.0714 is
achieved at the point v = 0.7015(4) which is lower
than the Bell-CHSH bound 1/v/2 = 0.707 [36] and even
the Vétersi bound 2 0.7056 [42]. This implies that
we are even able to faithfully verify Bell local states
device-independently. However, the error bars for the
steerable Werner states with v = 0.6469(4), 0.6742(4) fall
into the failure region and thus we cannot conclude that
it is witnessed in our DI protocol. In contrast, we also
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FIG. 3: Experimental results for Werner states (6).
The theoretical prediction for DI steering verification (7)
is plotted as the red line, while the corresponding
experimental results are shown as red dots for v =

0.6469(4), 0.6742(4), 0.7015(4), 0.8090(4), 0.9239(4), 0.9951(1).

Especially, we observe a violation up to 0.1189 + 0.0714
for the Bell local state with v = 0.7015(4). In contrast,
the corresponding theoretical and experimental results for
using simple Bell-CHSH inequality with two measurements
to certify steerability are also given in blue line and dots,
and the error bars are about 0.001. The shaded blue region
represents the failure of steering witnesses.

perform a simple Bell-CHSH test to verify steerability
of these states device-independently. In Fig. 3, the blue
line describes the theoretical result while blue dots are
for the experimental results for these Werner states.

Method

In the fully DI verification of EPR steering for any
quantum state pap, we need to collect the measurement
statistics to check whether it violates either the DI
steering inequality (3) for the ideal case or the one (5)
accounting for imperfections. For example, suppose
that Bob is input TbY:j = 1 +bo;) with b =
+1,5 = 1,2,3 randomly from Charlie. Alternate,
Bob’s input states could be generated by Charlie
performing local measurements described by positive-
operator-valued measures {Ep ; = 75 ;} on the Bell state
|®F) = (|00) + |11))/+/2 shared by Bob and Charlie. As
a consequence, the DI steering inequality (3) could be

expressed in a more explicit form of

Wpr = Z bja; P(a,Yes, clz = j, B,z = j)
a,b,j

= Z a; b Te[I @ |®F) (®F | g, @ (I +b0F) /2
J,a,b

"PAB ® \@;) <(I)§L|Boc]
1
:i Z a; bjTI' [I@ (I+ ijB)/2 . pAB]

Jrab

1 1 1
ZEZWJBD = 5Wupr =  Ws. (8)
i

Here By represents the Bob’s subsystem to which the
states 7, ; = (I + bo;) are assigned.

Further, those input states for Bob can be device-
independently identified via self-testing. Consider that
two noncommunicating parties, Bob and Charlie, are
involved. Each has access to a black box with an
underlying state |¢). Since it is accomplished with three
Bell-CHSH tests, Bob takes six dichotomic measurements
y = 1,2,...,6 and Charlie performs z = 1,2,3. Bob’s
inputs and outputs are denoted respectively by y and
b, while Charlie’s is by z and c¢. After rounds of
experiments, the joint probability distribution p(b, c|y, 2)
could be reconstructed. So we are able to test whether it
violates the triple Bell operator as per Eq. (4).

o {7

|0)BH

| D
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FIG. 4: The local isometry U is explicitly constructed to allow
us to self-test the singlet state and Pauli operators.

It has been proven by Bowles et al. [6] that if the
maximal violation B = 61/2 is observed, then there exists
a local auxiliary state |00) € [Hp @ Hp]|® [Ho @ Hor]
(|00) is short for |0000) 5/ g o) and a local isometry U
(see Fig. 4) such that

Ulle) @ 00)] = &)  [85) ",
UXC ) @ [00)] = &) @ 0" [85) 7,
U[2° [4) @ 00)] = &) @ oS [@5) ",
UYe [9) 100)] = 0" &) @0 [2)7 ", (9)

+
2

)



where |€) is the junk state left in systems [Hp ® H/5] @
[He @ HY], in the form of

1€) = [€0) ¢ @ 100)7 " +161) P @ NPT (10)

with (£]&0) + (£1]€1) = 1. It means that we can extract
the exact information of the maximally entangled state
of two-qubit |®F) = %(|00> + |11)) and Charlie’s three
measurements

XY =0, Y¢ =40, Z¢ =0, (11)

Although there exists the sign problem of o, to be
distinguished, it does not pose any constraint to verify
entanglement [5] and EPR steering similarly.

Finally, noting that ayT = —0y, the measurement
set {0y, —0y,0.} could be transformed from the set
{04,0y4,0.} on which is acted the transpose operation
T, or vice verse. It is easy to verify that the state pap
has a LHS model with one measurement set if and only if
it does also for the other set because the partial operation
preserves the nonlocal property of EPR steering. Thus,

we obtain the DI steering test
1
WDIZZ(?’U_\/g)- (12)

for Werner states (6), and
nois 1
WDIy:Z(?’U_\/g)_Z\/l_fj' (13)

which allows for the imperfections of self-testing.

Conclusions

We have studied the DI verification of EPR steering
and implemented an optical experiment to validate
our DI protocol. First, we prove that all steerable
states, including Bell local states, can be verified
device-independently. Furthermore, we analyze its
robustness against noise in the implementation process,
such as imperfections of self-testing, and derive a
suitable steering inequality as per Eq. (5) for the three-
measurement setting case. Finally, we give a proof of
principle experiment to successfully demonstrate our DI
steering protocol. We believe that our results may pave
the way for realistic implementations of secure quantum
information processing tasks involving EPR steeirng or
entanglement.

Finally, it is pointed out that there exist possible ways
to improve the performance of our DI steering protocol
and avoid the potential loopholes. For example, the
delicate methods proposed in [15, 25, 43] may help to
tolerate more worse transmission loss and measurement
efficiency. Moreover, the resource efficient method used
in [44] could improve the success probability of the partial
BSM, and the self-testing could be more noise robust by
adopting other techniques [10]. Finally, it is interesting

to follow an alternate framework [45] to verify quantum
steering.
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Figure 2

Experimental setup for the DI steering protocol. (see Manuscript file for full figure caption)
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Figure 3

Experimental results for Werner states (see Manuscript file for full figure caption)
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Figure 4
The local isometry U is explicitly constructed to allow us to self-test the singlet state and Pauli operators.
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