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Einstein-Rosen-Podolsky (EPR) steering or quantum steering describes the “spooky action at a dis-
tance” that one party is able to remotely alter the states of the other if they share a certain entangled state.
Generally, it admits an operational interpretation as the task of verifying entanglement without trust in the
steering party’s devices, making it lie intermediately between Bell nonlocality and entanglement. Together
with the asymmetrical nature, quantum steering has attracted a considerable interest from theoretical and
experimental sides over the past decades. In this Perspective, we present a brief overview of the EPR
steering with emphasis on the recent progress, discuss current challenges, opportunities, and propose vari-
ous future directions. We look to the future, which directs research to a larger-scale level beyond massless
and microscopic systems to reveal steering of higher dimensionality, and to build up steered networks

composed of multiple parties.
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I. INTRODUCTION

The concept of steering a quantum system was first
introduced by Schrodinger [1] in his response to the Ein-
stein, Podolsky, and Rosen (EPR) paper, which objected
the complete description of reality provided by quantum
mechanics [2]. The objection, called EPR paradox, refers
to entanglement between two spatially separated particles
that performing local measurements on one particle steers
(adjusts) the state of the other distant one. This unusual
property called “spooky action at a distance” implies a vio-
lation of local realism in entangled systems and refers to a
measurement process that in quantum mechanics we can-
not associate objective physical reality with the entangled
systems that is independent of the measurement we choose
to make. The subject has received its renewed interest after
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an article by Reid [3], in which the practical inequality
for testing EPR correlation based on a Heisenberg uncer-
tainty relation of the amplitude and phase quadratures
was proposed. The EPR paradox was first demonstrated
experimentally in a continuous-variable (CV) system via
nondegenerate parametric amplification [4]. The approach
has been applied with considerable success to study EPR
steering in a variety of continuous-variable systems [5—8].

The study of EPR steering received further stimulus in
2007 when Wiseman et al. formalized it for mixed states
and provided an operational interpretation via the task of
verifying entanglement [9,10]. It provides an approach to
certify the existence of entanglement without assumptions
of trust devices at the site of steering party. Therefore,
steering is often called a one-sided device-independent
(1SDI) scenario for verification of entanglement. This
property makes quantum steering a necessary resource for
quantum information processing where some of the parties
are considered untrusted, such as 1SDI quantum key distri-
bution [11-14], quantum secret sharing [15—17], quantum
teleportation [18,19], and randomness generation [20-23].
Moreover, it is also capable of discriminating subchannels
[24] and enabling high metrological precision beyond the
standard limit [25].
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Among three types of nonlocal correlations existing in
nature, Bell nonlocality, EPR steering, and entanglement,
the EPR steering lies in between Bell nonlicality [26] and
entanglement [27] in the sense that not all entangled states
exhibit EPR steering and not all steerable states are able
to violate Bell inequalities [28]. Unlike the Bell nonlo-
cality and entanglement, which are symmetric under the
permutation of the parties involved, steering is intrinsically
a directional form of correlation that the steerability from
subsystem A to subsystem B may not be equal to the oppo-
site direction [29]. For example, in the case of Gaussian
measurements the presence of asymmetric noises or losses
in the subsystems creates the possibility of asymmetric
steering [30,31], which, in principle, may achieve the limit
of one-way steering, i.e., 4 can steer B while B cannot steer
A [32]. The property of one-way steering has been pre-
dicted in a number of systems [33—42] and demonstrated in
several experimental configurations [43—49]. The aspect of
one-way steering has also generated a great deal of interest
in the study of EPR steering in the more complex situation
of multipartite systems [6,7,50—52].

The research work on EPR steering can be divided
essentially into two groups. The largest of these groups
is comprised of investigations of conceptional aspects and
quantification of quantum steering. Much of it is based
on mathematical analysis of the possibility of different
steering criteria [6,7]. The other is devoted to determin-
ing in which conditions are possible to reveal steering
and exploring how useful it is for practical applications.
Most work on demonstration of steering deals with opti-
cal systems [13—15,43—49,52—70]. This is easily under-
stood since there are practical sources of entangled light
beams available, which can be easily applied to optics
experiments.

A comprehensive analysis of all the issues considered
is practically impossible. An extensive literature on var-
ious aspects of EPR steering now exists and is reviewed
in several articles [5—8]. Little work has been done, how-
ever, to study the effects of steering in multipartite, high-
dimensional and, in particular, systems where atoms or
ions are encoded as qubits. There are two reasons for
this. On the experimental side, generation of an entan-
gled state or mapping an entangled state of photons on
states of high-dimensional systems or massive objects with
perfect efficiency is difficult to achieve in practice. On
the theoretical side, the effects of steering have not been
so well explored mostly due to difficulties to characterize
entangled states of a high degree of entanglement in high
dimension systems, between atoms and between massive
objects. Thus, in these areas there are still many problems
and challenges remaining to be solved.

Therefore, the purpose of this Perspective is to provide
a comprehensive discussion on challenges and possible
directions of future developments of the subject of EPR
steering. We focus our attention on practical applications

and experimentally tested aspects of EPR steering in mul-
tipartite, high-dimensional, and atomic and macroscopic
systems. We believe that an extensive study of these sys-
tems is appropriate for the present experimental situation,
in particular, for atomic ensembles [71—73] and atomic lat-
tices [74,75], which could be found efficient for steered
(directional) information transfer.

This Perspective is organized as follows. In Sec. II
we begin our analysis with a brief description of what
we mean by EPR steering. Some description of criteria
to identify steering and their experimental verifications
required for suggestions of further developments is appro-
priate, so in Sec. IIl we give an overview of steering
criteria, which are commonly used in the analysis of EPR
steering and their applications adapted to different systems.
Next, in Sec. IV we review some experiments to indicate
the experimental progress in the verification of the steering
criteria and manifestation of quantum steering. The final
Sec. V presents a discussion of the current developments,
challenges, and perspectives.

II. EPR STEERING

Suppose that two spacelike separated observers, say
Alice and Bob, share a bipartite physical state described
by the density operator p45. We are interested in the steer-
ing scenario where Alice tries to convince Bob that the
shared state is entangled, even though Bob does not trust
her. This entanglement verification task can be mathemat-
ically formulated as the problem of checking whether the
measurement statistics is incompatible with the local hid-
den state (LHS) model [9]. Particularly, Alice is required
to perform measurements on system A, labeled X, and
announces her outcome x. Correspondingly, Bob performs
some measurements ¥ on his system B and obtains out-
come y. Then, Bob will be successfully convinced by Alice
that they share entanglement, or equivalently, 4 can steer
B, if and only if the joint probability p (x, y|X, ¥) cannot be
explained by LHS models of the form [9]

peyIX, 1) =) p(pIX, Mpok|Y, p2)
A

=Y PRI, VT[], (1)
A

where the hidden parameter is described by a random
variable A, which also specifies the response function
p(x|X, 1) for system A4, po(y|Y, p,) refers to a quantum
probability distribution generated from Bob by performing
a positive operator-valued measure (POVM) {Eﬁ yyona
local hidden state p; . Hence, EPR steering for the direction
A — B is demonstrated if there exists a set of measure-
ments without admitting the above explanation. However,
the conclusive proof of no steerability usually requires
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searching over all possible measurements, which generi-
cally is a challenging task to deal with, even for simple
two-qubit states [76—78].

Noting from Eq. (1) that system B follows from the
description of quantum theory, with a set of tomograph-
ically complete measurements, Bob can reconstruct all
received states after Alice announcing her measurement
outcomes. Consequently, Bob would obtain state assem-
blages {oyx} [79] that the subnormalized states, each
associated with probability p(x|X) = Tr [ox| X], satisfy
Y . oux = pp = Try[psp] for Alice’s measurement X.
Thus, the LHS model as described in Eq. (1) is equiv-
alent to there existing an ensemble {p;}; and positive
distribution p (x|.X, 1) such that

oux = ) _pMpGlX, Ve, VXX (2)
A

Here, the state ensemble indexed by the hidden variable A
satisfies Y, p(M)pn = >, pr = pp. If such a model exists,
then Bob may be cheated by Alice via only sending unnor-
malized states p; with a conditional probability p (x|X, A).
Otherwise, Alice succeeds in convincing Bob that she must
perform local measurements on an entangled state. For-
tunately, determining whether the state assemblages are
compatible with a LHS model can be tackled via numerical
tools, such as the semidefinite programming [6] or conic
programming [80].

We might mention that EPR steering verified by LHS
models of the form (1) lies intermediately between Bell
nonlocality, which cannot be explained by local hidden
variable (LHV) models of the form [28,81-83]

PayIX, 1) =" pp X, Mp(IY.2),  (3)
A

where p(x|X,)) and p(y|Y, L) are response functions of
systems 4 and B, respectively, and quantum inseparabil-
ity (entanglement), which cannot be explained by quantum
separable models of the form [9,83]

Pe(e,yIX, V) =Y p(Mpo&lX,o)po(Y. p1),  (4)
A

where o, and p, are some quantum states of systems 4 and
B, respectively.

This hierarchical relation can be illustrated via a class of
Werner states [84]

1 —pn

ow = u|WH (V| + Lz, wnel0,1], (5)

with |W) = (]01) — |10))/+/2. The state (5) is entangled
if and only if u > 1/3 [84], EPR steerable under projec-
tive measurements if and only if © > 1/2 [9], and cannot

violate any Bell inequality if u < 0.6595 [85]. The lower
bound for steering, u = 1/2, can be achieved exactly in
the limit of infinitely many measurement settings [9]. For a
finite number of settings, e.g., n = 10, 19 = 0.5236 [57],
and n = 30, w3z = 0.5058 [86]. Generally, their inequiva-
lence can also be proven under POVM measurements [28].
It should be pointed out that the exact critical value of
i = u at which the state (5) ceases to be the Bell non-
local under projective measurements is unknown [85—87].
However, there are bounds established, the best currently
known 0.6964 > . > 0.6829 that when pu > 0.6964 the
state (5) is Bell nonlocal.

Similar to the steering from A to B (4 — B), steering
in the opposite direction B — A is verified if the out-
come statistics p (x,y|X, Y) does not admit a LHS model
described by

p(a.bl4,B) =Y pMWTr[Efxp]p@IY. ).  (6)
A

Here the task is for Bob to convince Alice they share entan-
glement. It is clear that steering is a directional form of
correlation, describing the EPR idea of one party appar-
ently adjusting the state of another by way of local mea-
surements, which is fundamentally defined differently to
entanglement. Consequently, the steerability for two direc-
tions is not always the same, sometimes even appearing
only in one direction, i.e., the so-called one-way steering.
For example, consider the class of loss-depleted states [36]

|
oL =pl¥O)) (W) + (1 —p>§ ®pf (7

where |V (0)) = cos0]|00) + sinf|11) and ,og =Try[| W (0))
(U()]]. It is one-way steerable for 6 € [0,7/4] and
cos?(20) > 2p — 1)/[(2 — p)p?] under projective mea-
surements.

The above considerations of EPR steering refer to bipar-
tite systems, but it is not difficult to extend the con-
siderations to multipartite systems. There are a number
of theoretical approaches determining criteria for multi-
partite steering [50-52,88-90]. For example, Cavalcanti
et al. [89] have proposed a criterion for multipartite steer-
ing of N spatially separated parties among which 7T are
trusted and N — T are untrusted. Each party can perform
a measurement X; € M; and achieve outcome x; € Oy;.
Following the LHS model (1), if the observed correlations
cannot be reproduced by LHS(7, N) models of the form
» XN)

pxy, .., xnl X, ...

T N
=Y pW [ [ro@i X, o) [ pes1X.0). (8
3 j=1 Jj=T+1

then the entanglement between N parties in the presence
of N — T untrusted parties is confirmed. The violation of a
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LHS(1,2) model demonstrates EPR steering in a bipartite
scenario, and the violation of the LHS(1,N) is a demon-
stration of EPR steering in a multipartite scenario. In the
case of a tripartite system, a violation of LHS(2, 3) model
is referred to as ome-fo-two steering where two trusted
parties are steered by the remain third one. Similarly, if
the joint probability distribution cannot be explained by
a LHS(1, 3) model, the system is called two-to-one steer-
ing. Of a particular interest is a “collective steering” that
the steering of one party (7' = 1) by a group of remaining
N — 1 parties cannot be demonstrated by measurements
involving fewer than N — 1 parties [50]. The collective
steering has been identified as a necessary resource for
1SDI quantum secret sharing [15,16,38,91].

The above discussed approach to multipartite systems
has been further developed by He ef al. [90] to a set of
spin observables defined on a discrete Hilbert space, i.e.,
multisite qudits. Moreover, diverse steering structures in
multipartite systems have also been studied [92].

I11. CRITERIA FOR EPR STEERING

The definition of EPR steering introduced in the previ-
ous section is not efficient for testing steering conditions in
physical systems. Therefore, various criteria for determin-
ing EPR steering have been proposed, depending on the
size of a given system and the detection method. However,
it would be inappropriate here to attempt a survey of the
large literature on this topic. Readers interested are referred
to review papers [5—7]. It is sufficient to focus attention on
only these criteria, which could be applied to a large class
of systems, particularly to practical systems.

The first criterion to identify EPR steering was intro-
duced by Reid [3], which is determined in terms of contin-
uous variables, in-phase X, and out-of-phase P quadrature
components satisfying the commutation relation [X, P] =
i (h=1). Although not explicitly concerned with EPR
steering, the criterion was originally formulated to con-
firm the EPR paradox. Further investigations carried out
by Wiseman et al. [9] showed that the EPR paradox is
merely a particular case of steering. For bipartite systems
the criterion corresponds to a violation of the Heisenberg
uncertainty relation on one of the systems, say system B,
held by Bob, when measurements are performed on the
other system, say system 4, manipulated by Alice. Accord-
ing to the criterion the system B is steered by 4 if the
correlations between them are so strong that the product
of the inferred variances falls below the Heisenberg uncer-
tainty bound for system B, i.e., there is a violation of the
relation

1
SBl4 = AingaXpAingaPp > 5 ©)

Here [AintaXg*= Y, pa(@)[AXgla)]*, where [A(Xg|a)]?
is the variance of the conditional distribution for Bob’s

Xp conditioned on Alice’s outcome a. The measurement
at A is chosen to minimize the quantity [Ajys AXB]z. The
[AingaPp)* is defined similarly. The condition (9) also
holds if we define

AingiQ = AQ; + u; Uy, (10)

where Q; and U; are quadrature components, either X;;) or
Pj(;), and u; is real constant, selected to minimize the vari-
ances [3,5]. The variances in Eq. (9) quantify the uncer-
tainty with which Alice at 4 can predict (infer) the outcome
of a measurement at B through her choice of measurement
basis and are therefore called inferred variances.

The violation of the inequality (9) is a sufficient criterion
for steering and the largest violation of the inequality (9)
means the strongest steerability of Alice. The limit Sp)4 =
0 corresponds to perfect EPR steering. Since the inferred
variances AinrpXy and Ajnr4Xp may not be equal, which
may result from the presence of an asymmetry between
subsystems A4 and B, we see from Eq. (9) that the measure
of steering Sy may not be equal to Sp|4. This implies that
steering can be asymmetric to the extent that even if 4 can
steer B, the system B may not necessarily be able to steer A.

The significance of the Reid criterion is that it is
directly accessible experimentally since it involves quadra-
ture components, which can be measured accurately by
optical homodyning [5,93]. The criterion requires one of
the two-mode variances (10) to be reduced below thresh-
old for quantum squeezing, which is also a requirement for
an entangled two-mode squeezed vacuum state. Therefore,
a direct way to experimentally realize steering is to use out-
put beams of a source of squeezed light such as an optical
nondegenerate parametric down-converter [4].

From the theoretical side, the two-mode variances (10)
are easy to calculate. This has encouraged theoretical
research into applications of the inferred variances cri-
terion in searching for steering conditions in a variety
of systems [5]. In this way, a significant body of work
has accumulated, in particular, on searching for asym-
metric steering conditions in two-mode Gaussian systems
ranging from optical fields [30—34], Bose-Einstein conden-
sates (BECs) [94,95] to hybrid optomechanical systems
[38-41,96-99].

The Reid criterion can be extended to multipartite sys-
tems. The most direct approach taken to generalize the
Reid criterion to situations of multipartite systems is to
divide the set of systems (modes) into two groups [50,89].

To outline this approach, we concentrate on a system
composed of three modes and divide the modes into two
groups, mode i constituting group A4 and modes j and &
constituting group B. The extension of the Reid criterion
for steering to the case of multipartite steering refers to the
Heisenberg uncertainty that involves variances of linear
combinations of the quadrature components of the group
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of modes

1
Sap = Ainf,B()mO_jk)Ainf,B(Pi|Oj/'k) > > (11)

where

Aines(UilOp) = A[U; + (805 + 2] (12)

are inferred variances of a linear combination of the
quadrature components of the modes. The weight factors
gj, gr are estimated to minimize the variance. A violation
of the inequality (11) implies the presence of multipartite
steering between the modes.

The measure of multipartite steering Sjx is very sim-
ilar to the measure S;; of bipartite steering. However, it
involves a superposition of the modes j and & of the group
B. This suggests that the superposition can be treated as
a single “collective” mode so that we can express the
variance (12) in the form

Aings(UilO) = A (Ui + g:Cii) (13)

where Cj. = O; + giOk. Thus, the collective mode Cj; can
be treated as a single mode that the condition for multipar-
tite steering can be converted into a bipartite-type steering
condition. While it appears to be formally similar to bipar-
tite variance, the mode Cj has now a nature of a collective
mode, which may not necessarily reflect the nature of the
individual modes j and £.

The violation of the inequality (11) is the sufficient
condition for tripartite steering without any requirements
about possible bipartite steerings between modes i and j,
and between i and k. This means that in general for a tripar-
tite steering we can have two distinct possibilities. Namely,
we could have that the mode i is steered by either mode j
or k. In this case, we would have that the tripartite steer-
ing is accompanied by a bipartite steering. This situation
is referred to as ordinary tripartite steering. The other case
corresponds to the inequality S < 1/2 with both S;; and
S;ix greater than 1/2. In this case, the tripartite steering is
not accompanied by the bipartite steering and is referred
to as collective steering or genuine tripartite steering [50].
The collective steering is thus a generalization of the ordi-
nary tripartite steering to the case when a given mode is
steered only by the collective mode of a linear superposi-
tion of the remaining modes. In this sense, the collective
steering is a stronger form of the tripartite steering.

It should be pointed out that in the multimode case there
are some limitations, constraints for distribution of steer-
ing between different systems (modes) imposed by the
monogamy relations [91,92,100-103]. For example, two
individual modes cannot simultaneously steer a third mode
using the same two-setting steering witness [92].

It is convenient to determine properties of bipartite CV
systems in terms of covariance matrix, which is com-
posed of the second statistical moments of the quadrature

operators,
V. V.
(%)
Vig Vs

where V4 and V3 are the covariance matrices correspond-
ing to the reduced states of each subsystem, respectively,
and V,p contains correlations between them. In this way,
the state determined by V is steerable by Gaussian mea-
surements on A4 if and only if the inequality Vg4 + i€25 > 0
is violated [9]. Here, Vg4 = Vg — VABVE1 VZ;B is the Schur
complement of ¥, which describes the conditional state of
the subsystem B after a measurement was made on sub-
system A4, and Q5 = @7, w is symplectic structure of the
two-dimensional matrix

(%)
“\-1 0/

This method yielded Adesso et al. [104,105] to intro-
duce a necessary and sufficient criterion for steering of
arbitrary Gaussian states in the form of two subsets of
finite numbers of modes under Gaussian measurements
expressed in terms of the symplectic spectra {DJB‘A} of the
Schur complement V4, which reads as

gA—>B := max {0, _Z]';\‘;E‘A<1 In (f)jB‘A) } (14)

The quantity G4~5 is a monotone under Gaussian local
operations and classical communication and the larger
value implies the stronger Gaussian steerability. We refer
to this quantifier as the Adesso criterion. The criterion (14)
refers to multimode systems so it allows the study of mul-
tiple forms of EPR steering. If we restrict the subsets to be
composed of only a single mode (ny = mg = 1), the cri-
terion then refers to bipartite steering. It is found that the
bipartite steering criterion is especially useful in classify-
ing the steerability of two-mode Gaussian states based on
their purity.

It should be noted that there are many similarities
between the Reid and Adesso criteria. For instance, both
criteria are sufficient and necessary for all-Gaussian sce-
narios, i.e., they are proven to be equivalent to some extent.
However, from a practical point of view, the descrip-
tion of Reid criterion in terms of the inferred variances
is more convenient experimentally since it involves only
quadrature components, which are measured directly in
laboratory by means of homodyne detections. Since the
tomographic reconstruction of covariance matrix can be
obtained after the accurate measurements of the quadrature
components [44,93,106], it follows that Adesso criterion is
also experimentally accessible.
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The Reid and Adesso criteria refer to Gaussian sys-
tems with Gaussian measurements. However, these crite-
ria are not necessary under non-Gaussian measurements.
That is, there are Gaussian systems whose states are one-
way steerable with Gaussian measurements but are two-
way steerable with non-Gaussian measurements [46,107].
Regarding this issue the question has been raised “Do
there exist states that are only one-way steerable regardless
of the measurement?” To resolve this question theoretical
analysis has been taken, which shows that this situation
might be encountered when states are detected by perform-
ing arbitrary projective measurements [35] or arbitrary
measurement settings (measurement directions) [108].

In this situation steering conditions can be verified by
the linear EPR steering inequalities [109]. The measure
is the expectation value of a correlation function between
measurement results in the subsystems summed over the
number of measurements xn. For instance, for measure-
ment setting taken by observer B to correspond to the
Pauli observable U,f and a random variable a; € {—1,1}
corresponding to the declared result the observer 4 sub-
mits to B, the steering parameter for system B satisfies the
inequality [57]

1 n
Si =D laof) < Culen).
k=1

(15)

By exchanging the labels 4 <> B, we can invert the roles
of the systems and obtain the steering parameter for 4
1 n
Sp =~ 2 (i) < Cules).
k=1

(16)

Here C,(€;)(i = A4, B) is the bound derived from the opti-
mal cheating strategy for that efficiency and choice of
measurements, and ¢; is the proportion of rounds where
observer i reports an outcome of their measurements to
the other observer. The questions whether according to
the above inequalities 4 is steering B and/or B is steering
A depend on the number of measurements » and a mea-
surement setting that the inequalities not violated for some
numbers of measurements they may be violated for a dif-
ferent number of measurements or a different measurement
setting. However, in any case a violation of both of the
inequalities (15) and (16) signals the existence of two-way
steering.

Instead of determining variances that tell the statistical
uncertainty in measuring an observable of a given sys-
tem one can, in principle, use entropy as a measure of
uncertainty (disorder). Since entropy is a measure of dis-
order in a system, it obviously depends on the correlation
properties, which are not limited to the second-order cor-
relations [68]. Therefore, the measure of uncertainty in
terms of information entropy contains the contribution of

the higher-order correlations. This observation led to the
study of quantum steering in terms of information entropy
as a more general approach. This also indicates that the
general entropy criteria for steering represents a natural
progression from the work on. There are different types
of entropy, e.g., Shannon, Rényi, or Tsallis entropy, which
have been proposed to obtain criteria for steering because
they satisfy certain inequalities called entropic uncertainty
relations. Of particular relevance to the subject of quantum
steering are uncertainty relations for conditional entropies
[61,68,110-114].

Let us briefly explain how entropic criteria for steering
have been developed. For the Shannon entropy the steering
criterion was first developed by Walborn et al. [68] and for
continuous variables by Schneeloch et al. [110] for discrete
observables. The starting point is to introduce two observ-
ables that one observer measures observables X, and Z, on
subsystem 4 and the other observer measures observables
Xp and Zp on subsystem B. A measurement, e.g., X; (j =
A, B) produces a probability distribution (py,...,p,) of
n outcomes of observable X; for which we can consider
the Shannon entropy H(X;) = — ) _._, p;log(p;). For mea-
surements of the two observables on side j the uncertainty
of the measurements can be expressed as an entropic
uncertainty relation

HX;) + H(Z) = q9(X;,Z;), (17)
where ¢(X;,Z;) = —logz(cg(j’zj ) is the lower bound for

this uncertainty relation, and 0)2(/, Z is the maximum abso-
lute overlap of the eigenvectors of X; and Z;. If two
observers A and B are sharing a separable state pyp =
04 ® pp and observer B is testing the entropic uncertainty
relation using side information provided by A4 then the
conditional entropic uncertainty relation holds [68,110]

(18)

where H (X3|Xy) = H(X4,Xg) — H(Xy) is the conditional
Shanon entropy, which quantifies the uncertainty involved
in predicting values of the observables, and H (X4, Xp) is
the entropy of measurements X and X performed on the
total system. Since the measurements of 4 are not spec-
ified, the inequality (18) can be regarded as a steering
inequality that a violation of the inequality (18) constitutes
a demonstration of steering from 4 to B.

Similarly, we may define a steering parameter for Rényi
entropy of order « > 0, which for probability distribution
(@1, -.,pn) of n measurements of observable X; on side
j is defined by He(X;) =[1/(1 —)]In[Y;_, pf]. and
satisfies an entropic uncertainty relation

HXp|Xy) + H(Zp|Z4) = q(XB,Zp),

Hy (X)) + Hp(Z)) = q(X;, Z)), (19)

where 8 is such that o ~! + ! = 2, and the limit @ — 1
the Rényi entropy becomes the Shannon entropy. Thus, in
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terms of the Rényi entropy separable states tested on side
B satisfy the following conditional entropic uncertainty
relation [111]:

Hy (Xp|Xy) + Hp(Zp|Z4) = q(Xp, Zp), (20)

where H, (X |Y) is the conditional Rényi entropy. Hence, if
we introduce the notation Hz = (X, Zp) — Hy (Xp|X4) —
H,(Zg|Zy), it follows from Eq. (20) that for separable
states Hg < 0. Accordingly, an entangled state shared
between 4 and B is steerable if Hp > 0.

Finally, consider uncertainty relations for the Tsallis
entropy of order & # 1, S, = — > ;_; pf Ing (r), in which
the a logarithm is defined as In, (x) = (x'™* — 1) /(1 — a).
The above analysis for the Shannon and Rényi entropies
cannot be adopted for the Tsallis entropy, because the Tsal-
lis entropy for two independent systems is not additive, i.e.,
for two independent systems 4 and B

Se(4,B) = 5,(A4) + So(B) + (1 — a)S,(4)Se(B). (21)

Therefore, we cannot write the conditional entropic uncer-
tainty relation from the entropic uncertainty relation. This
led to the formulation of a conditional entropic uncertainty
relation with added correction term [112]. In other words,
for a given set of m measurements A4,,, B,, on two separate
systems 4 and B, one can define an inequality [112]

D SaBuldy) + (1 = a)C(A, By) = Ci(m),  (22)

m

where Cj(m) = mlIny[md/(m+d —1)] for a set of m
mutually unbiased basis of dimension d, « € (0,2],
and C(4,,,B,,) is the correction term. As before, it
is convenient to introduce a parameter Hrp = Cj(m) —
Y SaBuldy) + (1 — a)C(A,,, By), which for separable
states H7 < 0, and H7 > 0 whenever a shared entangled
state is steerable.

It should be noted that each of the entropic criteria
has advantages and disadvantages connected with its use.
For example, if the measurement settings in subsystems
A and B are bounded by a local hidden state then the
Rényi entropic steering parameter holds only for the two-
measurement settings, whereas the Tsallis entropic steering
criteria do not have such a restriction [111]. Neverthe-
less, the analysis of the conditional entropic uncertainty
relations is becoming an important technique for the deter-
mination of steerable states.

Interesting studies have been done to determine criteria
for high-dimensional systems, i.e., d-dimensional systems
beyond qubits (d > 2), such as qutrits and qudits [23,115].
For example, if two measurements are allowed for each
side of a bipartite system, EPR steering can be certified

through the criterion [23]

Sa= plablj =1+ ) pabli=2)

a=b a+b=0

1
<G=1+—,
2 Jd

where b denotes the outcomes of two mutually unbiased
measurements on the d-dimensional system B, and a + b
denotes sum modulo d.

Another class of high-dimensional steering criteria are
the so-called dimension-bounded criteria, which allow for
the detection of steering from correlations with minimal
assumptions about measurement devices on one of the
sides, either 4 or B. The name of dimension-bounded steer-
ing came from the fact that the requirement of trusted
measurements can be removed if all measurements are
made on quantities belonging to the same Hilbert space of
a finite dimension. In other words, the dimension-bounded
steering criterion requires that measurements made on
side B act on a fixed finite-dimensional Hilbert space.
The dimension-bounded steering criterion can be evalu-
ated through the data matrix D. We are not going into the
rather lengthy analysis, which can be found in Refs. [61]
and [116], but merely note that in the case when the data
matrix D is build up of the observed data, which are
not steerable, the determinant of D satisfies an inequality,
called the dimension-bounded steering inequality

1 (V2d;—1
7

Here m is the number of measurements performed in the
subsystem B and d, is the dimension of the chosen oper-
ators. If, in particular, the system is composed of two
qubits (dgy = dg = 2), Eq. (24) then gives the following
inequality:

DB, = |detD| — % (%) <0. 25)

This criterion can be experimentally tested since for qubits
one can use as a tool the Bloch-sphere representation.
Finally, we remark that there are other methods that have
been found useful for detection of EPR steering, such as
the argument without inequality [117], the criteria ana-
log of the Bell inequalities [118,119], criteria based on
local uncertainty relations [120,121], and criteria based
on moment matrix [122], and conditional quantum Fisher
information [25]. The later three are suitable for arbitrary
dimensional systems [25,120,122]. Steering weight [108]
and steering robustness [24] criteria have been proposed
for bipartite multidimensional systems. Both criteria could
be efficiently computed via the semidefinite programming

(23)

DB,, = |detD| —

) <0. (24

mdA
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and are further proven to be steering monotones under cer-
tain conditions [123]. Recently, the steering robustness has
been generalized to test genuine high-dimensional steering
by connecting to the Schmidt number [70]. In addition, it
has been observed that the steerability of state assemblages
has an one-to-one mapping to the measurement incom-
patibility of the corresponding measurement assamblages
[124—-127], and thus in general the joint measurability cri-
teria map to steering criteria. One can find more interesting
examples in Refs. [6,7]. Note that most of them have
limitations in their applications that can be adapted to sys-
tems with specific structures. How to generalize a widely
applied as well as experiment-friendly measure is still one
of the burning issues of this topic.

IV. EXPERIMENTAL DEMONSTRATIONS OF EPR
STEERING

A number of experiments for demonstrating EPR steer-
ing have been proposed and in some cases implemented.
One class of experiments is based on the use of squeezed
light and passive optical elements, i.e., beam splitters [15]
or large-scale integrated quantum photonic circuits [62] to
generate multiple beams of entangled photons. The basis
of this class of experiments is to use photons to encode
information in their discrete variables such as polarization
[46—49,57—-61], paths [62], or a hybrid of them [23,52-56],
or orbital angular momentum [64—67]. By detecting pho-
tons, the linear steering inequalities or generalized entropic
criteria are used to test EPR steering. Another method is to
measure the noise of amplitude or phase quadratures of the
field of entangled beams of photons [15,43—45,69]. In this
way, variances of the quadrature components can be deter-
mined and EPR steering quantified by using the Reid or
Adesso criteria.

A different class of experiments is based on the use
of massive (macroscopic size) objects, such as ultracold
atomic ensembles or BEC. Massive objects are of funda-
mental interest because the original discussion of the EPR
paradox was of a phenomenon between two distant mas-
sive objects and since massive objects may be more tightly
bound to the concept of local realism [3,128]. Entangle-
ment [129,130], EPR steering [71-73], and Bell nonlo-
cality [131] in massive objects have been demonstrated
experimentally.

In this section, we review some experiments in which
EPR steering has been demonstrated.

A. Demonstration of asymmetric steering in bipartite
systems

In the preceding section we have discussed criteria
that indicate conditions for asymmetry and directionality
of EPR steering. We now illustrate how asymmetry and
directionality have been achieved in experiments on EPR
steering in bipartite systems.

One of the first experiments demonstrating asymmet-
ric feature of EPR steering in bipartite systems was that
by Wagner ef al. [29]. This experiment involved single-
mode squeezed beams and beam splitters to generate
spatially separated entangled beams. The balanced homo-
dyne method was used to measure the variances of the
quadrature components of the entangled beams. Quanti-
fying steering by the Reid criterion (9), they observed
an appreciable asymmetry of the values of the two
products of the inferred variances V(Xp|Xy)V(05|04) =
SBlA and V(XA |XB) V(9A|93) = SA\B of the beam pOSitiOI’lS
X4, Xp and the beam directions 8,4, 0p, respectively, Spiy =
0.31 and S4)p = 0.47. The observed asymmetry with both
Sp4 and Sy reduced below 1/2 is a manifestation of an
asymmetric two-way steering.

In a slightly different experiment, Handchen et al. [43]
succeeded in the realization of Gaussian one-way steering
between two single-mode squeezed beams. As explained
in the previous section, one-way steering between two
modes is manifested when simultaneously either Sp4 <
1/2 and Syp >1/2 or Sps>1/2 and Sy < 1/2. A
schematic diagram of the Héndchen et al. experimental
configuration is illustrated in Fig. 1(a). The continuous-
wave squeezed beam generated by type-I parametric
down-conversion was superimposed with vacuum on a bal-
anced beam splitter and divided into two beams A4 and
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FIG. 1. Experimental demonstrations of one-way steering via

linear optics and photonic systems. (a) Outline of the experi-
mental arrangement of Handchen et al. [43] for realization of
Gaussian one-way steering. (b) Certification of one-way steering
in Ref. [43]. Measurement results of the inferred variance prod-
ucts according to Reid criterion versus an increasing contribution
of the added vacuum on mode B. (c) The experimental scheme of
Wollmann et al. [46] to observe one-way steering in a qubit-qutrit
system. (d) Three different steering regimes are parametrized by
the purity of Werner state u and the loss channel p. Reproduced
from (a) and (b) Ref. [43], (c), (d) Ref. [46].
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B. Then the beam B was sent through a half-wave plate
and a polarizing beam splitter to prepare mode B with
adjustable phase-insensitive loss by mixing with the sec-
ond vacuum mode. It is apparent that the measured steering
parameters fall below the level for steering over appropri-
ate ranges of the contribution of the added vacuum field to
the mode B. Their measurement results of the conditional
variance products versus an increasing contribution of the
added vacuum are shown in Fig. 1(b). For loss smaller
than 39%, steering in both directions was observed. With
an increasing added vacuum contribution one-way steer-
ing was achieved, i.e., only Sz < 1/2. Further increase
of the vacuum contribution (larger than 70%) resulted in
disappearance of steering.

In the experiments we have discussed so far, the steer-
ability was achieved under the restriction of Gaussian
measurements. However, the same may not be true for
non-Gaussian measurements. Several theoretical analyses
have shown that there exist bipartite Gaussian states that
are not steerable by Gaussian measurements, yet whose
EPR steering can be revealed by suitable non-Gaussian
measurements in certain parameter regimes [46,107,132].
That is, there are Gaussian systems whose states are one-
way steerable with Gaussian measurements, which become
two-way steerable with non-Gaussian measurements.

In discrete-variable (DV) systems, following the the-
oretical predictions, a number of experiments have been
performed to demonstrate one-way steering with differ-
ent measurement settings [46—48]. For example, Fig. 1(c)
shows an experiment arrangement of Wollmann et al.
[46] to demonstrate one-way steering by performing arbi-
trary projective measurements on two-qubit Werner states
distributed over a lossy channel, which replaces a mode
(qubit) with the vacuum state |v) with probability p:

1
o= —p)pw+p§ ® [v)(v]. (26)

Here py is the Werner state defined in Eq. (5) with purity
parameter o € [1/2, 1], 14 is the identity on the subspace
of the subsystem A4, and |v) is a vacuum state orthogo-
nal to states of the subsystem B. To make the extension
to POVMs, it has been proven that when the final state is
prepared in the form

p+2l
pw + -

3 3 5 Wl 27

PaB =
then Bob cannot steer Alice by arbitrary POVMs as long as
p > 2u + 1)/3 [28]. For the opposite direction, steering
from Alice to Bob can be detected by the linear EPR steer-
ing measure (15). Thus, three different steering regimes can
be parametrized by the purity of Werner state i and the
loss channel p, as shown in Fig. 1(d). Their data points
demonstrated the phenomena of one-way steering with
projective measurements and POVMs, respectively.

The above discussed experiments show that control of
the added noise to one of the subsystems provides us with
a method for varying the directionality of steering. It might
therefore be thought that asymmetry in steering can be
achieved only if an asymmetry is created in the levels of
noise of the subsystems. An entirely different approach to
this problem has been adopted, which is based on an all-
versus-nothing proof of steering without inequalities. The
approach offers an elegant argument of the nonexistence
of local-hidden-variable models by performing a series of
projective measurements on one of the subsystems.

To confirm these predictions, Sun et al. [47] have per-
formed an experiment, which involved two projective
measurement settings for detection of steering properties
of a family of states

pag =W (WO) + (1 —m[P@)(P@O)], (28)

where 0 <n <1, |®(H)) =cosf|10) +sinh|01), and
|V (0)) is defined in Eq. (7). With two settings of projective
measurements they have demonstrated that the state (28)
with 6 and 7 satisfying the inequality |cos 26| > |2 — 1]
is one-way (4 — B) steerable, which is characterized by
steering radius. Another experiment of this kind has been
reported by Xiao et al. [48], who demonstrated the three-
setting one-way steering in a two-qubit system for the first
time.

Evidently, the steerability of states depends on the num-
ber of experimental settings. Regarding to this, one can ask
a question whether there exist states that are only one-way
steerable regardless of the measurement? Theoretical anal-
yses have shown that this asymmetric phenomenon can
be encountered by performing arbitrary measurement set-
tings for a two-qubit system [108]. Recently, two conclu-
sive experimental certification free of limiting assumptions
about the experimental quantum state and measurement
assumptions for one-way steering were reported succes-
sively in two-qubit systems [49,67].

B. Demonstration of EPR steering in multipartite
systems

Motivated by the considerable interest in development
of quantum networks such as quantum internet, great
efforts have been devoted to demonstrate EPR steering
in multipartite and high-dimensional systems. Different
kinds of steerable states, such as genuine multipartite steer-
ing [52] and collective steering [15] have been achieved
experimentally with optical networks.

Evidence of multimode steering shared over three or
more distinct optical systems has been observed in exper-
iments by Armstrong et al. [15]. Their apparatus, shown
schematically in Fig. 2(a), involved linear optics elements
with two quadrature-squeezed qumodes and six vacuum
modes as inputs. The multipartite steering was quanti-
fied by the Reid criterion (9). In this k-mode setting,
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FIG. 2. (a) Schematic diagram of the experimental configura-
tion of Armstrong et al. [15] to demonstrate multipartite steering
in a programmable linear optics circuit. Independent qumodes
are shaped to be multiplexed on the same beam. By program-
matically changing the measurement basis, the scheme allows
to emulate linear optical networks in real time. (b) Outline of
the experiment of Deng et al. [44] to demonstrate the presence
of constrains in the distribution of steering between four modes
of a square cluster state imposed by the monogamy relations.
Reproduced from (a) Ref. [15], (b) Ref. [44].

the inferred variances involve optimized linear combina-
tions of the quadratures of all £ modes, i.e., AjeX; =
AKX + Zf.:ll u;X;) (G # i), where u; are optimized real
constants. Except for multipartite EPR steering, several
entanglement and steering related features, such as one-
sided device-independent quantum secret sharing, one-
sided device-independent quantum key distribution, and
genuine tripartite entanglement were also confirmed in this
experiment.

In a multimode system, directionality of steering, in
particular one-way steering can result from constrains
imposed on the distribution of steering by the monogamy
relations [91,92,100—-103]. This comes to another major
concern for multipartite systems, that is, how steering
can be shared among many parties if there are con-
strains in its distribution. For example, in a tripartite
system, there is a monogamy constrain that two dis-
tinct parties cannot simultaneously steer the third one by
performing two-setting measurements, but this may be
lifted with increasing the number of measurement settings
[92]. For Gaussian systems with Gaussian measurements
four types of monogamy relations have been developed

[91,92,100-102] and experimentally tested in a linear
optics network [44] and a quantum frequency comb [69].

The monogamy relations for Gaussian steerability were
studied experimentally by Deng et al. [44], as shown in
Fig. 2(b). The apparatus involved linear optics elements,
which were used to create a four-mode square cluster
state by coupling two phase-squeezed and two amplitude-
squeezed states of light generated from two nondegenerate
optical parametric amplifiers. The steering properties of
different configurations were determined by the Adesso
criterion (14). In order to introduce an asymmetry in the
system, one of the four modes was transmitted through a
lossy channel. This experiment validates for the first time
general monogamy inequalities for Gaussian steerability
with an arbitrary number of modes per party, which estab-
lish quantitative constraints on the security of information
shared among different parties.

In a three-qubit system, steering is also proven to be
monogamously quantified by the volume of steering ellip-
soids [103], which has been verified within an entangled
photonic state [53]. Very recently, different configurations
of EPR steering in such a system were experimentally
investigated [56], in which a proof-of-principle violation
of the above strong monogamy was also demonstrated, i.e.,
one party can be steered by two other parties simultane-
ously with three measurement settings.

C. Demonstration of high-dimensional EPR steering

In addition to the efforts for generating multipartite
steering by entangling more parties, another promising
direction is to prepare high-dimensional EPR steering.
Interesting aspects of high-dimensional entangled quan-
tum states are the increased channel capacity and improved
tolerance against noise [133,134].

Evidence for high-dimensional steering was certified
in experiments by Zeng et al. [64]. A schematic view
of the apparatus used in the experiments is shown in
Fig. 3(a). In this experiment orbital angular-momentum
photons were generated through a noncollinear type-I
spontaneous parametric down-conversion process and two
measurements settings were employed. The states were
manipulated with spatial light modulator, then their spatial
distribution was reversed by placing a mirror in the path
of the idler photon. The five-dimensional entangled state
|®) = Z?:_z )4 ® |I)p was obtained, where [ is the
azimuthal index of the eigenstates. The multidimensional
EPR steering was determined by violating the linear steer-
ing inequality (23). Evidence for the noise-suppression
phenomenon caused by the extra dimension was also
observed by introducing a tunable isotropic noise into this
entanglement system. More recently, Qu et al. [65] have
certified 11-dimensional steering based on photons entan-
gled in their orbital angular momentum and #» measurement
settings. In addition, it was demonstrated that the extra
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FIG. 3. (a) Experimental arrangement of Zeng et al. [64] to
demonstrate high-dimensional steering with the orbital angular-
momentum photons. (b) Circuit diagram of the multidimensional
silicon quantum photonic circuit in the experiment of Wang et al.
[62] to demonstrate high-dimensional steering beyond qubits.
Reproduced from (a) Ref. [64], (b) Ref. [62].

measurement settings enabled to obtain more information
about the underlying quantum state and revealed more
strength of steering.

Experiments demonstrating high-dimensional steering
beyond qubits were performed by Wang et al. [62] who
used path-entangled photons to encode the desired states
beyond the qubit state. In this way a class of photonic qudit
states was created to demonstrate 15-dimensional steer-
ing. Figure 3(b) is a view a large-scale silicon chip with
671 optical components used in the experiment. A total
of 16 spontaneous four-wave mixing sources were coher-
ently pumped, leading to a maximally entangled states
in dimensions from d =2 to 16. An integrated recon-
figurable interferometric network allowed arbitrary local
projective measurements to be performed. By measuring
the joint probabilities for each measurement, the strong
violations of high-dimensional steering inequalities [22]
were observed.

Guo et al. [23] carried out a related experiment in which
the trust-free verification of EPR steering was demon-
strated beyond qubits by preparing a class of entangled
photonic qutrit states. In this experiment entangled two-
qutrit states were encoded in the hybrid of the path and
polarization degrees of freedom of photons. The noise-
suppression phenomenon for high-dimensional EPR steer-
ing was also demonstrated.

Distribution of high-dimensional entanglement and
steering over a long distance was demonstrated by Hu
et al. [54]. In their experiment a laser beam was separated
into two paths and injected into a Sagnac interferometer to

pump a type-II nonlinear crystal to generate two-photon
polarization entangled state in each path. By encoding
polarized photons in different paths they created a four-
dimensional entangled state. The state was then redis-
tributed over a 11-km long fiber and the long-distance
path distribution of high-dimensional entanglement and
steering demonstrated.

A different example of high-dimensional steering is the
work of Designolle et al. [70]. The aim of their experiment
was to demonstrate a genuine high-dimensional steer-
ing, which cannot be achieved by any lower-dimensional
entanglement. Steering dimensionality was characterized
through the Schmidt number 7 and used the notion of steer-
ing robustness [24] to derive a computable quantifier for
n-dimensional steering under a pair of mutually unbiased
bases measurements on each side, which would provide
insightful references for the development of multidimen-
sional quantum technologies.

D. Demonstration of EPR steering in massive systems

In all experiments on the realization of EPR steering
that have been discussed so far, photons have been the
main carriers of correlations, which are microscopic and
massless-type objects. This is the most progressed tech-
nology so far in demonstrating entanglement and steering.
Apart from these experiments based on optical settings,
experimental realizations of EPR steering with massive
(macroscopic size) objects as carriers of correlations are
desirable, because it could be regarded as a test of quan-
tum physics in a regime of macroscopic systems. Despite a
significant experimental progress in the creation of entan-
glement using massive atomic objects [135—138], EPR
steering as yet had very little experimental investiga-
tion with only few experiments carried out on expanding
BEC condensates that satisfied Reid criterion (9) in the
continuous-variable limit [71—73]. An experiment has also
been performed demonstrating bipartite EPR correlations
in a hybrid light and atomic ensemble system [139].

Although not explicitly directed to observe EPR steer-
ing, but rather to confirm the EPR paradox, the experiment
by Peise et al. [71] may be classified as the first suc-
cessful demonstration of EPR steering between massive
particles. In the experiment they used a BEC of rubid-
ium atoms magnetically trapped in the Zeeman level F' =
1, mr = 0. Spin changing collisions transfer atoms to two
spatial modes of the hyperfine Zeeman levels ' = 1,mp =
—1 and F = 1,mp = 1 creating a two-component spin-
squeezed BEC of spatially correlated (entangled) atoms,
which resembles optical parametric down-conversion. The
time sequence of spin dynamics performed in the exper-
iment to create and then detect the entangled state is
illustrated in Fig. 4(a).

030102-11



YU XIANG et al.

PRX QUANTUM 3, 030102 (2022)

(a) mw dressing |
intensity

1, =1)-I2, -2) /

* ®
B me=-1 \_/ Ug ~ 1.8 MHz¢
8] . Cislisisussnadeipeinsinsieailiimnen
G| ot T L @ No
s / (S "R— /
’m,‘(l 0 = 0,405 = 500 Hz
S . B - N,
rf coupling
4\ @ \
me=1 a5 v
........ L R Y I N
Inhomo-
) geneous
Variable evolution time /| Homodyne | magnetic |  Absorption
Spin dynamics | adjusts the phase 0 detection |  field detection
t,=27ms t,=upto1ms 4=30us t,=9ms t=70pus Time
(b) atom chip (c)

trap \ @, squeezin
. \@/ saueczng

Entanglement
gravity Generation
time-of-flight
expansion

microwave

-

camera Steering

Rabi pulse
and
spatially
resolved A

detection

X

Readout

NN

FIG. 4. (a) Schematic picture of the experimental sequence
used by Peise ef al. [71] to create entangled state of separated
clouds of atoms distributed between the three Zeeman states
mp = 0 and mp = £1; (b) Outline of the Fadel et al. [72] exper-
iment to demonstrate entanglement and EPR steering between
different parts of an expanded atomic cloud. (¢) Experimental
setup to detect spatially distributed entanglement in an expand-
ing BEC and a multipartite steering between distinct parts of the
expanded cloud. Reproduced from (a) Ref. [71], (b) Ref. [72], (¢)
Ref. [73].

The sum and difference of the quadrature components
X4 £ Xp and P4 £ Pg, required to evaluate inferred vari-
ances, were experimentally obtained by measuring, respec-
tively, the sum and the difference of the number of atoms
in the mp £ 1 modes. After preparing the state, the BEC
was released from the trap and the number of atoms in the
modes was detected by absorption imaging on a camera
after a spatial separation of the atomic clouds created by
applying an inhomogenous magnetic field. The measured
values of the product of the inferred variances, needed to
quantify steering by the Reid criterion, showed that for
intermediate time of the spin dynamics, the correlations
created between the components were strong enough to
achieve EPR steering.

A related experiment reporting EPR steering in an
expanding two-component BEC, shown in Fig. 4(b), was
reported by Fadel et al. [72]. In their experiment, BEC
of 590 +30 ¥ Rb atoms was investigated and the two
components corresponded to atoms occupying two hyper-
fine states |F = l,mp=1)=|1) and |F =2,mp = 1) =
|2). Each atom effectively behaved as a two-level system
with internal states |1) and |2). As before a spin-squeezed

(entangled) state was generated by controlling atomic col-
lisions which coherently populated the states |1) and |2).
By counting the number of atoms NIA ® and NzA ® in
two chosen regions 4 and B of the atomic states, they
determined local spins and spin variances. EPR steer-
ing quantified by the Reid criterion (9) was determined
via evaluating the parameters £, and Ep4 for different
positions of the gap between the regions 4 and B, corre-
sponding to different splitting ratios N /(N4 + N®), where
NA® = NIB 4 NA®) Here, EPR steering was observed
for intermediate splitting ratios at which regions of both
two-way and one-way steerings were achieved.

In the above discussed experiments involving the BEC
systems the bipartite steering has been demonstrated.
Recently, a similar experimental arrangement, illustrated
in Fig. 4(c), has been used by Kunkel et al. [73] to demon-
strate multipartite steering between separated regions of an
expanded BEC system. Once again steering was investi-
gated on an expanded BEC initially prepared in a spin-
squeezed state. But this time the cloud was split into three
separate parts by discarding a fraction of atoms. It was
observed that each part was collectively steered by the
remaining two parts, which demonstrated the presence of
thee-way steering. In addition an asymmetry in steering
of different parts was observed, which could be used in a
future experiment to verify if one-way steering between
two parts could be generated in this systems.

V. OUTLOOK, CHALLENGES, AND PROSPECTS

Now that we have a sufficient knowledge of the direc-
tion in which the theoretical studies of EPR steering are
heading and on experimental progress in the verification of
EPR steering, it would be of interest to extend these con-
siderations to current developments, challenges, and future
directions. It has gradually become evident from the above
review of the theoretical and experimental development
that the notion of EPR steering is involved in the whole
field of quantum physics and applied mathematics.

An examination of the literature readily shows that the
research work on EPR steering can be divided into two
categories, studies which are mostly focused on mathe-
matical investigations of the fundamental and conceptional
aspects of EPR steering, and studies where the aim is to
determine and investigate possible practical applications.
Of these groups, it can be seen that the former has attracted
considerable attention and consequently the associated lit-
erature is quite extensive, including a number of recent
reviews, e.g., those by Cavalcanti and Skrzypczyk [6] and
Uola et al. [7]. The latter group concentrates on practical
applications and analysis of the role of steering in practical
tasks. Within this group there is to be found two categories,
studies which deal with all-optical systems, and studies
which deal with atomic and macroscopic particle systems.
This is understood because steering requires entangled
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states of a high degree of entanglement and purity, and
there are practical sources of such states, parametric down-
converters, which can be easily applied to linear optics
experiments. Therefore, most theoretical and experimen-
tal work on applications of steering deal with photons and
linear optics networks.

As we have already noticed in the area of macroscopic
objects, EPR steering as yet had very little theoretical and
experimental investigations, with only few experiments so
far carried out on expanding BEC condensates [71-73],
and theoretical interest almost restricted to hybrid optome-
chanical (mesoscopic) systems [38—41,96-99], which has
recently extended to cavity magnonics [140—143]. What
role does steering play in quantum communication? How
could one steer transmission of an entangled state through
a quantum network comprised of atoms? These questions
are in general not entirely answered yet. Thus, in this
area there are still many problems and challenges, which
remain to be solved. In particular, further investigations
and improvements could be done in practical Gaussian
systems and in particular in systems involving massive
objects. We thus focus our attention on a few key sys-
tems and phenomena, which are potentially promising
for future development and applications. Of special inter-
est are challenges and possible future directions in the
following areas:

Gaussian systems. this is the area that has been the most
explored and an extensive literature on various aspects of
EPR steering now exists. However, there are still some
aspects into which the study of Gaussian systems could
be directed. One of such aspects is the extension of the
Reid and Adesso steering parameters into their spectral
distributions in analogy to the squeezing criteria extended
to the spectrum of squeezing [144,145]. The inequalities
(9) and (14) refer to steering criteria for the total fields or
steering in the full sense. For Gaussian systems, which are
usually represented by broadband fields, it is possible for
some specific frequencies to exhibit steering even though
Sij > 1/2(¢/~" < 0) for the total fields. In addition, when
the total field exhibits steering, i.e., S;; < 1/2 (¢ =" > 0),
some modes at selected frequencies may not exhibit steer-
ing or may exhibit better steering than the total field. It
seems more appropriate to investigate the steering criteria
in terms of the frequency components.

Another aspect is the extension of the investigation of
the Gaussian systems to include higher-order moments of
the tested observables, which have as yet played a neg-
ligible role in the analysis of entanglement and steering,
especially in quantifying entanglement and steering still
remains to be shown. Studies of a Gaussian system are
usually performed in terms of second-order correlation
on functions, which, as it is well known, contain all the
information required for the complete description of the
Gaussian characters of the system. The presence of squeez-
ing devices, which are sources of two-photon entangled

Gaussian fields, makes properties of Gaussian systems eas-
ily examined experimentally. However, it has been argued
by Walborn et al. [68] that the entropic steering crite-
ria, which are not limited to the second-order moments of
the observables, detect steering in a larger class of states
than the criteria relying on variances. In that work, they
examined the EPR correlation between the complemen-
tary variables—the position and wave vectors—of photon
pairs created via the parametric down-conversion process
in a nonlinear crystal. Note that these measurements are
different to the measurements of the quadrature phase
operators tested for Gaussian steering. In a similar spirit,
some attempts have also been made to determine steer-
ing conditions based on pseudospin measurements [107],
local orthogonal observables [132], and squared ampli-
tudes [146]. This indicates that a more general approach is
required to investigate the contribution of higher-order cor-
relations. In other words, to extract information on entan-
glement and steering by means of higher-order photon
correlation measurements.

The description of squeezing in terms of the second-
order variances of quadrature component is referred to
as second-order squeezing. However, the variances do
not exhaust all possible forms of squeezing. The squeez-
ing concept can be generalized to higher moments of the
field. There are possible forms of higher-order squeezing,
the higher-order and amplitude-squared squeezing, intro-
duced a long time ago with some analysis of their relations
to higher-order correlations [147—149]. The higher-order
squeezing can be detected in a multiport homodyne exper-
iment. It would seem worthy to investigate this type
of squeezing from the prospectives of multimode entan-
glement and steering involving higher-order correlation
functions. Of course, the ideas proposed above must be
carefully and quantitatively analyzed on examples of
Gaussian systems. It should be noted that four-mode
squeezing, which involves higher-order correlations has
been experimentally realized [150]. In an alternative way,
multiphoton entangled states could be generated in a
cascaded parametric down-conversion [151] or by using
multiport beam splitters [152].

Non-Gaussian systems: despite the fact that substantial
progress has been made in controllable generation of mul-
timode non-Gaussian states via photon subtraction [153—
155], and three-photon spontaneous parametric down-
conversion [156], the field of research on non-Gaussian
steering is currently only theoretical [25,146,157,158], and
experiments have yet to be attempted. It is still desired to
develop a general method to classify and quantify steering
in such systems. Such issues as how to accomplish a char-
acterization of non-Gaussian states as well as their non-
Gaussian properties with general and sufficient ways has
not yet been completely understood. Moreover, the clas-
sification and applications for different types of quantum
correlations in such scenarios are still largely unexplored.
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It has been recently proved that EPR steering proves
a necessary requirement to remotely prepare a Wigner-
negative state [153,154]. Wigner negativity is known to
be a necessary resource for reaching a quantum computa-
tion advantage [159]. Based on the nonlocal effect existing
in the steerable system, one can induce Wigner negativ-
ity in multisteering modes by performing some appropriate
operations on the steered mode [154,160]. Very recently,
this connection was applied in a magnon-photon system to
remotely generate a magnon Schrodinger cat state [141].
For the obtained non-Gaussian systems, EPR steering can
be detected by measuring higher-order moments [157],
which also reveals the steerability in a larger range of
parameters than the criteria involving only second-order
moments of the observables. Thus, it is still quite an open
area for further investigations.

Atomic ensembles: as we have already seen, EPR steer-
ing so far has had very little investigation between massive
systems, in fact it is limited to BEC systems [71—73]. The
study of EPR steering as a test of quantum correlations in
microscopic systems should be extended to macroscopic
systems such as separated atomic ensembles, where entan-
glement have been realized in experiments [136,137]. This
topic is of interest for two reasons. Firstly, it could demon-
strate steering between distant massive objects. Secondly,
it could provide a practical scheme for creation of one-way
multipartite steerable states.

In addition, ideas from atomic physics and cavity QED
were combined by considering separated atomic ensem-
bles located in a ring cavity, where entanglement was
realized by controlled interaction between the ensembles
mediated by the field of the cavity [161,162]. This idea
could be further extended to treat EPR steering. It could be
particularly useful for steering because it could be regarded
as an example of a two-dimensional closed system, which
resembles a closed loop of qubits in a two-dimensional lat-
tice. In a ring cavity field is composed of two degenerate
in frequency and overlapped counterpropagating modes,
and each arm could be fitted with an atomic ensemble. A
question arises: since the modes are not distinguishable,
how could this influence the possibility to create one-way
steerable multipartite state between the ensembles? If there
could exist a multipartite state, in which direction would it
be steerable, clockwise, or anticlockwise? We would face
here a dilemma of a kind of “steering frustration.” Thus,
understanding monogamy of steering in closed systems is
also of great relevance for practical applications. This is
an area where further investigation is obviously very desir-
able since the exclusion of one of the directions imposed by
steering could demonstrate how monogamy relations could
put constrains on the direction of steering.

Decoherence: current problems with experimental real-
ization of EPR steering in a macroscopic system is the
effect of decoherence due to the coupling of a system
with its environment. Studies have been done on the effect

of decoherence on separate systems each coupled to own
environment [ 163,164]. Interaction with common reservoir
(or intermediate mode) has the advantage that the correla-
tions present in the environment can be transferred into the
system leading to a creation of symmetric and antisym-
metric states between parts of the system [41,140]. The
antisymmetric states have this property that their decoher-
ence rates are significantly reduced compared to the rates
of individual systems. This fact could serve as a method
to reduce decoherence in a macroscopic system to create
steerable sates. This is at the moment somewhat missing
and would seem worthy of investigations.

One-way steering in atomic lattices: recent practical
realizations of atomic lattices [75] seem to be quite promis-
ing for simulation of one-way steering in atomic chains
or atomic lattices. Realization of the directional property
of EPR steering would lead to controlled transmission of
information.

There has not been much interest to determine what role
steering could play in transmission of information through
a linear chain or two- (2D) and three-dimensional (3D) lat-
tices of atoms. Steering is a concept that is asymmetric
between two systems. Does it mean that the asymmetric
nature of steering requires an asymmetry between the sys-
tems? We have seen that in linear optics devices, where
field modes play the role of qubits, one-way steering was
achieved by imposing extra noise on one of the modes, i.e.,
asymmetric steering between modes was achieved when
modes were damped with different rates. Thus, an asym-
metry imposed on the systems resulted in the presence of
steering. However, dealing with atoms as qubits, one could
face a serious problem. If one-way steering between atoms
would require that their damping rates must be different,
does it mean that it could be achieved only between non-
identical atoms? The most progressed technology so far in
creation of atomic chains and atomic lattices is based on
identical atoms. Thus it looks that supposably completely
new ways of creating one-way steering between identical
atoms will have to be devised.

Alternatively to create an asymmetry between atoms,
one could employ cascaded open systems treatment of an
entanglement source illuminating the atoms [165,166]. In
this approach two systems are coupled to each other in
such a way that one reacts to the photons emitted by the
other, while there is no interaction in the reverse direc-
tion. Applying this approach to a linear chain of atoms
there should not be much difficulty to achieve the direc-
tional transmission of an initial state. In 2D and 3D lattices
even with the one-way interaction between atoms an ini-
tial state would be redistributed among different atoms.
Thus, in lattices additional limitations should be imposed.
When investigating steering one of such limitations would
be imposed by the monogamy relations.

Hybrid systems: the idea of hybridization has come
into focus and an extensive literature already exists on
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entanglement and steering in such systems. As one typi-
cal hybrid system, cavity optomechanics usually consists
of a nanomechanical oscillator interacting with both a cav-
ity mode and an atomic ensemble or a BEC. It offers new
possibilities to explore the boundary between classical and
quantum physics [167], and has potential applications for
quantum sensing. The successful demonstration of cooling
optomechanical systems near their ground states provides
the possibility for studying quantum effects in mesoscopic
massive systems [168—170]. A lot of efforts have been
made to investigate the properties of quantum correlations
in such systems, e.g., multipartite steering [96,97] and gen-
uine steering [98]. The observation of deterministic entan-
glement to mechanical systems was only recently realized
[171-173]. A further improvement to generate a stronger
entanglement to achieve a steerable state is challenging as
the state of mechanical oscillator is not accessible directly
and requires precise control with a vanishingly small error.

Even though the cavity optomechanics is composed of
different physical elements, optical modes and massive
mirrors, the whole system remains in the CV Gaussian
regime following the standard linearization method [174].
Recently, the hybrid of DV and CV technologies in one
task has broad application prospects [175]. For instance,
towards the realization of hybrid quantum networks allow-
ing for the information exchange between CV and DV
nodes, researchers achieved the demonstration of EPR
steering between continuous- and discrete-variable optical
qubits [63]. It is interesting to ask that a state-of-the-
art quantum experiment would be able to observe steer-
ing in a hybrid CV-DV network apart from fully optical
implementations.

High-dimensional and multipartite systems: one of the
greatest challenges is to prepare EPR steering in multipar-
tite systems, especially with high dimensions, which has
been clarified to possess the advantages of increasing com-
munication capacity and noise resilience over quantum
channels. It is difficult to distinguish a genuine high-
dimensional entanglement, which cannot be simulated by
using multiple copies of low-dimensional systems [176].
Although the computable necessary and sufficient condi-
tion for the high-dimensional steering is rare so far, it can
be witnessed by the violation of some inequalities.

In addition, the notion of multipartite steering discussed
was mostly defined within the bipartition scenario, even
though each partition is allowed to comprise multimodes.
However, more general scenarios such as arbitrary K parti-
tion of N modes (K = 2,...,N) are needed for classifica-
tion. A computable witness for K-partite entanglement was
proposed [177] and experimentally verified via a quan-
tum frequency comb [178]. It could be extended to study
K-partite steering, which would lead to further develop-
ment of a powerful tool, lifting any configuration across
bipartition to a more general scenario with arbitrary par-
titions. Moreover, other types of monogamy constraints

for distributing steering over many modes, the computable
quantifier for genuine high-dimensional and multipartite
steering are important for implementing quantum tasks.

Recycling entanglement via quantum steering: the pos-
sibility of recycling entanglement resources via sequen-
tial weak measurements is a new promising direction.
Recent theoretical investigations [179—181] and experi-
ments [182,183] have shown naturally, quantum steering
offers an alternative way to recycle entanglement and
hence to accomplish the corresponding information pro-
cessing tasks between sequential independent observers.
In this sequential measurement scenario where each
observer measures their part, records the outcome, and then
passes the postmeasurement state to the next independent
observer, the problem is how many observers can steer
or be steered by one single observer or multiple indepen-
dent ones at the other side? It has been partially answered
affirmatively in the recent works [184—190]. Thus, it is an
important issue to establish a complete framework to study
the sequential sharing of steerability and hence to ana-
lyze the possibilities and limitations of sequential protocols
based on quantum steering.

In summary, recent expanding interest in EPR steering
highlights the fundamental significance and general inter-
est of this topic, which has opened exciting possibilities for
quantum communication and computing and the study of
nonclassical properties of quantum states. Many of these
have already been observed. Interest in the understand-
ing the general concept of steering, and in applications of
steered states to fundamental problems as well as measure-
ment techniques, seems certain to continue for some time.
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