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Within the hierarchy of inseparable quantum correlations, Einstein-Podolsky-Rosen steering is distin-
guished from both entanglement and Bell nonlocality by its asymmetry—there exist conditions where the
steering phenomenon changes from being observable to not observable, simply by exchanging the role of
the two measuring parties. While this one-way steering feature has been previously demonstrated for the
restricted class of Gaussian measurements, for the general case of positive-operator-valued measures even its
theoretical existence has only recently been settled. Here, we prove, and then experimentally observe, the
one-way steerability of an experimentally practical class of entangled states in this general setting. As well as
its foundational significance, the demonstration of fundamentally asymmetric nonlocality also has practical
implications for the distribution of the trust in quantum communication networks.
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Einstein-Podolosky-Rosen steering (or quantum steering)
is a nonlocal effect that is distinct from other nonclassical
correlations such as Bell nonlocality [1] and quantum
nonseparability. This distinction manifests as a heirarchy,
with each effect witnessed by violation of a corresponding
inequality that bounds measurement correlations [2]. In this
heirarchy, moving from Bell nonlocality to quantum steering
to nonseparability requires increasing the number of parties
and apparatuses that must be trusted, but the corresponding
protocols have been demonstrated to be progressively more
robust to noise [3,4] for projective measurements.

Another logical distinction between steering and the
other protocols is immediately apparent from the defini-
tions. For both entanglement and Bell nonlocality, two
observers, Alice and Bob, must either jointly share such
correlations or not. Steering, however, may be formulated
as a quantum information task whereby either Alice or Bob
(but not both) is untrusted, but can nonetheless prove the
existence of shared entanglement [2]. Thus, for the asym-
metric case of steering, one may ask separately whether
Alice can steer Bob, i.e., whether or not she can use her
measurements to steer his measurement outcomes enough
to violate a steering inequality [2], and whether Bob can
steer Alice. Finding entangled states for which the two
questions have opposing answers, i.e., one-way steerable
states, is a highly challenging task. Although a plethora of
inequalities exist to demonstrate steering in one direction,
to prove no such demonstration exists in the other involves
an implicit optimization over all possible measurement
strategies. Thus, the existence of one-way steering consid-
ering the general case of positive-operator-valued-measures
(POVMs) has only very recently been established in theory
[5], and never observed experimentally. In this Letter we
prove the one-way steerability of a readily-accessible class
of states which we use to carry out the first observation of
truly asymmetric nonlocality.
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The existence of asymmetric nonlocal correlations has
been observed only under a restricted class of states and
measurements—namely, for Gaussian measurements on
Gaussian states. Although practical and widely utilized, these
Gaussian resources are provably insufficient for several
quantum information applications, including entanglement
distillation [6,7] and universal quantum computation [8].
Nevertheless, Gaussian resources have featured extensively
in the development of EPR steering. Criteria for testing
stochastic analogues of the EPR paradox, where position and
momentum measurements are made on Gaussian continuous
variable states, have long since been proposed [9] and
experimentally investigated [10]. In this context, it was
demonstrated that an asymmetry between the observed
violation for Alice and Bob was possible [11]. With the
EPR paradox formalized and generalized as EPR steering [2]
(with corresponding steering inequalities), the theoretical
existence of one-way steering for Gaussian states and mea-
surements was clear, and was eventually conclusively
observed [12]. However, Gaussian measurements are insuffi-
cient to capture the full nonlocality of Gaussian states [ 13—15].
In fact, it is possible to find explicit examples of Gaussian
states which are one-way steerable with Gaussian measure-
ments, but two-way steerable when using certain well-chosen
non-Gaussian measurements [16,17] (see Supplemental
Material [17]). That is, the presence of one-way steerability
under a resctricted class of measurements does not imply
one-way steerability of the state itself. Do there exist states that
are only one-way steerable regardless of the measurements
chosen, i.e., genuinely one-way steerable states?

The answer is yes. Following the discovery of example
states that were one-way steerable under arbitrary projective
measurements [20] and arbitrary finite-setting POVMS [21],
the theoretical existence of genuine one-way steering was
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finally settled by Quintino et al. [5]. There, an ingenious
theorem was used to extend the results of Ref. [20] to infinite-
setting POVMs. While conceptually satisfying, these exam-
ples belong to a rather exotic family of states and only
demonstrate the effect over an extremely small parameter
range, making them unsuitable for experimental observation.

Fortunately, a more practical example of one-way steering
for an infinite number of arbitrary projective measurements
has been independently shown [22]. Similarly to Ref. [21],
it involves distribution through a loss channel, but the
authors instead consider the mixture of a singlet state with
symmetric noise, i.e., the family of Werner states [23].

By applying the theorem of Ref. [5], we are able to
construct a family of states that can be steered in one
direction with a finite number of Pauli measurements, but,
crucially, cannot be steered in the other direction, even
for the case of POVMs and infinite settings. Additionally,
the experimental tractability of Ref. [22] is retained as the
new example state also corresponds to a Werner state that
has been subjected to a lossy channel.

The demonstration of fundamentally asymmetric non-
locality is of foundational significance in itself. One
corollary is that it can be seen as the POVM extension
of the results of Ref. [3], namely, the observation of steering
with Bell local states. This follows because Bell nonlocality
can be demonstrated only if bidirectional steering is
possible. More practically, as many applications have been
found where entanglement [24], Bell nonlocality [25], and
steering [26,27], respectively, play a crucial role, compre-
hensively resolving these questions provides the ultimate
answers as to which entangled states can be seen as
resources for which protocols. For example, for the practi-
cally relevant case of qubits distributed through lossy,
dephasing networks, from the results reported here, one can
immediately draw some conclusions about which scenarios
could possibly allow for device-independent quantum key
distribution [28,29] as opposed to the one-sided device-
independent version [27].

One-way steering with POVMs.— Consider two observ-
ers, Alice and Bob, performing local measurements on a
shared quantum state p. Alice and Bob have classical
strings k and j, respectively, which label and record the
measurements they choose to perform. We will write these
measurements as {M .} and {M,;}, where M, and M,
correspond to outcomes A and B. For simplicity, the M,
are often taken to be rank-one projectors, but in general are
described by POVM elements that are positive semidefinite
(Mg 2 0) and conserve probability (ZaMa‘k =1). We
say that the state is steerable if the observed correlations
violate any appropriate steering inequality, which is derived
from the measurements implemented by the trusted party.

The goal of a one-way steering experiment is to show
(i) that there is no choice of measurements on p,5 that will
allow, say, Bob to demonstrate steering of Alice’s state (see
Fig. 1), and (ii) there exists a specific choice of measurements,
{M} and {M,;}, on the state p45 Whose output correla-
tions allow Alice to demonstrate steering of Bob’s state.
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FIG. 1. Creation of a one-way steerable state (see text for details).
One half of a Werner state py is sent directly to Alice, whose
measurements are described by {M,;}, while the other is trans-
mitted to Bob through a loss channel, which replaces a qubit with
the vacuum state and is parametrized by probability p. Bob’s
measurements are described by {M bl ;}. For differing values of p the
final state is unsteerable by Bob for arbitrary projective measure-
ments or arbitrary POVMs. For the same range of p values, Alice
can explicitly demonstrate steering via a finite number of Pauli
measurements on both sides. She does this by steering Bob’s
measurement outcomes so that their shared correlations exceed the
upper bound C,, allowed in an optimal local hidden state model.

The steering scenario considered in Ref. [22] was for the
distribution through a lossy channel of the Werner states
defined as py = uly,) (w,| +(1-)/41,, where u € [0, 1],
I, is the 4 x 4 identity matrix and |y,) = (]01)—|10))/v/2
(ref. [22]). These states have been extensively studied in the
context of loss tolerant steering inequalities [2,22,30,31].
These inequalities have been used to definitively demon-
strate steering without any detection loophole with a finite
number of Pauli measurements [4,32,33].

A lossy channel is one that replaces a qubit with the
vacuum state |v) with probability p and can be represented
by the map p — (1 — p)p + p|v)(v|. Specifically, for a
Werner state where one subsystem is distributed through a
lossy channel to Bob we have the qubit-qutrit state

()

where I, is the identity on Alice’s qubit subspace and |v) is
a vacuum state orthogonal to Bob’s qubit subspace.

Evans and Wiseman observed (endnote 13 of Ref. [22])
that the steering inequalities in Ref. [4] demonstrate that,
for y € [1/2,1] and if

then steering by Bob is impossible even for an infinite
number of projective measurements. On the other hand,
Alice may steer Bob for any p by simply considering her
qubit subspace. Thus, Eq. (1) gives an example of a one-
way steerable state if Alice and Bob are restricted to
projective measurements.

To make the extension to POVMs we make use of the
following result due to Quintino et al. [5]. If a state, 7,5,
is one-way steerable for arbitrary projective measurements,
then the state

I
pw—pL=(1 —p)pw+p7A® [v) (v

PAB = a1 (tap + 71 @ 75) (3)

is one-way steerable for arbitrary POVMs. Here, 753 =
try(745) and 7, is a projection operator onto a subspace
orthogonal to 7, = trg(z4). If we apply this result, setting
tap = pr and pp, = tap) (pr), we arrive at the state
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1 2
PaB = 3PL + 3PLa Q7n, (4)

which is only one-way steerable, even for arbitrary POVMs.
Crucially, the orthogonal projection can simply be regarded
as transmission through another lossy channel mixing in
another vacuum. However, we can effectively combine these
into a single loss channel, leading to a final state,

1-p p+21,
= — s 5
pan = 2l ()

where |v) is the vacuum state. Substituting in Eq. (2) we can
deduce the relationship between p and y for general one-
way steering to be

Pw +

2u+1

p>F (6)
While the above state is provably not steerable by Bob for
arbitrary POVMs, we still require an explicit measurement
strategy for Alice to demonstrate steering. Because of the
erasure channel and inefficient experimental hardware, both
Alice and Bob will frequently fail to observe a detection
event. In this scenario, Bob is trusted and so he may project
into the qubit subspace, making the erasure channel and the
efficiency of his detectors irrelevant. Alice, however, must
have sufficiently efficient detection to avoid needing to
make a fair sampling assumption. This is because a
dishonest Alice could exploit such an assumption to fake
steerable correlations on a subset where she reports an
outcome. Demonstrating steering using Werner states in this
scenario has been studied, and extremely loss tolerant
strategies based upon a finite number of well-chosen
Pauli measurement settings have been identified and
demonstrated [4]. In each round of the demonstration,
Bob randomly announces his choice of measurement setting
ﬁf for ke {l,...,n}. Alice announces an outcome,
a, € {-1, 1}, which could, in principle, be from her own
Pauli measurement or a cheating strategy. After all rounds
are complete, Bob computes his steering parameter based

upon the correlations and checks whether the inequality

1 n

Sn = ZZ(“K’@ < Cy(na) (7)

k=1

is violated, where 714 is the proportion of rounds where Alice
reports an outcome and the bound C,,(17,) is derived from the
optimal cheating strategy [4] for that efficiency and choice of
measurement settings.

By simultaneously verifying that our state (5) is steerable
by Alice while remaining unsteerable by Bob, one can
demonstrate one-way steering for both projective and
general measurements.

Experimental details and results.— We realized an
experimental demonstration of our theory results in a
two-photon experiment, where a detection-loophole-free
steering violation in one direction was observed to 6
standard deviations. Furthermore, tomographic recon-
struction verified the creation of a two-qubit state of the
type of Eq. (5), and crucially adhering to the condition
expressed in Eq. (6), which we showed theoretically to be

provably unsteerable in the reverse direction even for
general POVMs. First, polarization Bell states were gen-
erated from a high-heralding-efficiency spontaneous para-
metric down-conversion (SPDC) source, which enabled us
to close the detection loophole (Fig. 2). A fiber-coupled
continuous-wave diode laser with 4 = 410 nm and output
power (after fiber) of 2.5 mW pumped a 1 cm long
periodically poled potassium titanyl phosphate (ppKTP)
crystal which was mounted in a polarization Sagnac ring
interferometer [34,35]. This type of source emits photons in
Gaussian modes, which can be efficiently coupled to fiber,
yielding high heralding efficiency. At both outputs, we used
high-transmission long pass filters to reduce background
light, but allowing the SPDC photons at 820 nm to pass
with high efficiency. Furthermore Bob’s arm contained a
variable neutral density (ND) filter to control the fraction of
arriving photons, thereby implementing the lossy channel
of Fig. 1(b). Qubit measurements were implemented using
wave plates and polarizing beam splitters. The photons
were coupled into single-mode fibers and detected by
Perkin-Elmer single-photon-counting modules (SPCM-
AQR-14-FC) with an efficiency of about 50% at 820 nm.

To test the quality of the generated entangled photon
pair, its joint polarization state was reconstructed via
quantum state tomography [36] and its fidelity with the
closest Werner state, and corresponding parameter p, were
determined (see Supplemental Material [17]). We aim to
produce the ideal singlet state, which is a Werner state with
u = 1. Any small uncompensated phase shift may produce

410 nm pump
Key: M Alice

B Bob | gradient filter

' PBS . LP filter mirror (variable loss)

© uwp W Dichroic WM ppKTP (source) @ QWP and HWP

FIG. 2. In the experimental scheme, Alice and Bob are
represented by black and green boxes, respectively. Both are
in control of their line and their detectors. The party that is
steering is additionally in control of the source. Entangled photon
pairs at 820 nm were produced via SPDC in a Sagnac interfer-
ometer. Different measurement settings are realized by rotating
half- and quarter-wave plates (HWP and QWP) relative to the
polarizing beam splitters. A gradient neutral density (ND) filter is
mounted in front of Bob’s line to control the fraction of photon
qubits passing through. Long pass (LP) filters remove 410 nm
pump photons copropagating with the 820 nm photons before the
latter are coupled into single-mode fibers and detected by single
photon counting modules and counting electronics.
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astate (|HV) + e|VH))/+/2, where @ is not exactly 7, but
such a state is Werner-like because the phase shift is locally
correctable. Other imperfections like slightly imperfect
alignment of polarization optics and slightly imperfect
Sagnac interference will provide small deviations from a
Werner-like state, leading to a non-100% fidelity. We
measured the steering parameter S, in our experiment by
rotating the HWPs and QWPs for the set of n measurements

[3,4]. We calculated the error for S, as AS, =

\/AS,(systematic)? + AS, (statistical)?> [4]. The system-
atic error contribution occurs due to imperfections in Bob’s
measurement, which could result in overestimating the
steering parameter S,, while the statistical error is due to
Poissonian statistics in coincidence photon counting. EPR-
steering experiments usually require that Bob chooses his
setting independently from one measurement to the other.
Because we controlled Alice’s implementation of honest
and dishonest strategies, there was no need to force a time
ordering of the events. However a strict time ordering has to
be reconsidered in a field deployment [4].

First, we investigated the case of an EPR-steering task
where Alice and Bob could steer each other’s state; i.e.,
a two-way steering task can be completed. For this, we
engineered a heralding efficiency of 7, = (16.98 £+ 0.02)%
for Alice and 5z = (16.94 £+ 0.02)% for Bob, which was
sufficient to demonstrate steering for n = 16 measure-
ments, using a dual-platonic-solid arrangement [22]. The
generated state had a fidelity of (99.672 +0.001)% with
the nearest Werner state with u = 0.991 £ 0.002. The
parameter u was engineered to be sufficiently high, such
that the subsequent highly correlated state allowed EPR

1.00
0 /
0.98 - = +
0.96
0.94 1 /

(il (i)

0.92

0.90 T T T T T T T T T 1
0.90 0.92 0.94 0.96 0.98 1.00
loss (p)

FIG. 3. The steering regimes are parametrized by the y value of
the Werner state py,(¢) and the loss p. A tunable loss allows the
state to be shifted from aregime where it is two-way steerable (i), to
aregime where it is one-way steerable if the parties have access to
arbitrary projective measurements, (ii) and, finally, a regime where
it is one-way steerable even if the parties have access to arbitrary
POVMs (iii). The data points with their standard deviations in (ii)
and (iii) correspond to the red and blue data points in Fig. 4.

steering at an experimentally accessible heralding effi-
ciency. We successfully violated the inequality in both
steering directions with S;4 = 0.966 % 0.005 for Alice and
S16 = 0.954 £ 0.005 for Bob (Fig. 4). The steering param-
eters were 8.4 standard deviations for Alice, and 5.1
standard deviations for Bob, above the bound.

Adding a ND gradient filter into Bob’s beam shifted the
state into a regime where it was one-way steerable for
projective measurements. For this, we arranged a state
with a fidelity of (99.6 +0.1)% with a Werner state of
pu=0.991 £ 0.003 and applied loss with p = (87 £3)%
(Fig. 3). Alice remained able to steer the other party with
Si16 = 0.970 £ 0.004, 7.3 standard deviations above the
bound, at n = (17.11 + 0.07)% (Fig. 4). The loss of infor-
mation in Bob’s arm made him unable to steer the other party.
We observed a steering parameter of S5 = 0.963 £ 0.006.
In this case, this S value would not have violated a steering
inequality even with an infinite number of measurements.

Finally, we investigated the regime where only
one-way steering is possible, even for arbitrary POVMs.
We produced, and completely characterized by tomogra-
phy, a state having fidelity of (99.1 4 0.3)% with a Werner
state of y = 0.978 £0.008 with an applied loss of p =
(99.5 £0.3)% (Fig. 3). Alice remained able to steer Bob

1.00 + L L L * 1 A\ 1
\ \
N \
A \
\\ \
N \
? 0961 @ AN % ' -
s 18 &N
£ NS
g RN
[v] 0.99 S AR
Q - N
o 0.92- NN
c ANEERN
= * \\ N
(0] \
(9] N
& ® § ; .
0.88 } -
| 094 i
0.17 n 0.18
T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Heralding efficiency (n)

FIG. 4. Experimental demonstration of one-way EPR steering.
Without any loss Alice (green square) and Bob (green circle)
measure a steering parameter S, above the bound for n = 16
measurements [orange curve; the dashed lines for n = 6 (blue) and
n = 10 (red) are for information only] and can steer each other by
using projective measurements. By adding loss to Bob’s arm the
Werner state becomes one-way steerable for projective measure-
ments. Alice’s steering parameter S;¢ (red square) remains above
the bound for n = 16 measurements, while Bob’s (red circle) is
below the bound for n = co measurements (black), as expected
since the state does not allow him to steer Alice by projective
measurements. With a significant amount of loss applied, the state
becomes such that Bob could not steer Alice even if he could
perform arbitrary positive operator-valued measures (POVMs).
Both Bob’s (blue circle) and Alice’s (blue square) measured
steering parameters are slightly reduced, but Alice’s indicates that
she remains able to steer the other party. The horizontal uncertain-
ties are smaller than the data points.
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with a steering parameter S;q = 0.960 = 0.005, being 6.6
standard deviations above the bound, at n = (17.17 +
0.04)% (Fig. 4). Bob’s steering parameter S;s = 0.951 +
0.006 did not violate the inequality (Fig. 4) and there is no
kind of measurement he could choose, even in principle, to
be able to steer Alice. We note that the shared state is not
exactly a Werner state, but the extremely high fidelity
implies, with low probability of error, that the state is only
one-way steerable. We note that it is known theoretically
that the one-way steerably property is not limited only to
strict Werner states.

Conclusions.—We have conclusively demonstrated the
phenomena of one-way steering in the general setting of
nonsequential POVMs, providing a clear demonstration of the
inequivalence between steering, entanglement and Bell non-
locality. As an immediate consequence, we have identified a
class of channels which could never allow fully device-
independent QKD with Werner states for any measurement
strategy but may still permit one-sided device-independent
protocols.

Several natural extensions to this work remain. Of
primary interest is the question of whether the bound for
one-way steering with POVMs derived here is in fact tight.
We conjecture that it is not, based upon comparison with
the work of Skrzpczyk et al. [21]. Considering their results
suggests that the bounds for one-way steering with arbitrary
projective measurements may well hold for arbitrary
POVMs. This approach may also hold promise for resolv-
ing a long-standing open problem in the study of Werner
states [37], namely, for what values of x are they steerable
or nonlocal?

Another interesting avenue would be to investigate the
nature of asymmetric nonlocality in the multipartite setting
for general POVMs. One might also consider the most
general possible measurement strategies, involving sequen-
ces of measurements. Finally, it would be illuminating to
extend this analysis to higher dimensions, in particular, to
consider the one-way steerability of the Gaussian continu-
ous variable states of the original EPR argument.
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