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We develop a general framework to assess capabilities and limitations of the Gaussian toolbox in continuous-
variable quantum information theory. Our framework allows us to characterize the structure and properties of
quantum resource theories specialized to Gaussian states and Gaussian operations, establishing rigorous methods
for their description and yielding a unified approach to their quantification. We show in particular that, under
a few intuitive and physically motivated assumptions on the set of free states, no Gaussian quantum resource
can be distilled with free Gaussian operations, even when an unlimited supply of the resource state is available.
This places fundamental constraints on state manipulations in all such Gaussian resource theories. We discuss in
particular the applications to quantum entanglement, where we extend previously known results by showing that
Gaussian entanglement cannot be distilled even with Gaussian operations preserving the positivity of the partial
transpose, as well as to other Gaussian resources such as steering and optical nonclassicality. A comprehensive

semidefinite programming representation of all these resources is explicitly provided.
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I. INTRODUCTION

Continuous-variable (CV) systems of quantum harmonic
oscillators play a prominent role in quantum science, due to
their ubiquitous presence, outstanding theoretical importance,
and practical relevance in many quantum technologies [1-3].
Among them, so-called Gaussian states are privileged as being
remarkably affordable to produce and control in the laboratory,
while retaining, together with Gaussian operations, a signif-
icant part of the power of quantum information processing
[3-6]. However, such a restricted set of resources is insuffi-
cient to realize fundamental tasks like fault-tolerant quantum
computation [7], entanglement distillation [8§—10], error cor-
rection [11], or optimal metrology [12], and needs to be supple-
mented by nonlinear elements, e.g., photon detectors [7,13,14],
to achieve universality. A thorough investigation of properties
and limitations of the Gaussian paradigm is thus crucial to
deepen our theoretical understanding of quantum optics and
information and to set suitable experimental benchmarks in
practical tasks.

The formalism of quantum resource theories [15-23] lends
itself well to the investigation of such features and restrictions.
Different quantum phenomena have been recently recognized
and characterized as resources, including entanglement [24],
asymmetry [25,26], athermality [27], purity [28], nonlocal-
ity [29,30], coherence [25,31-33], nonclassicality [34-37],
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Einstein-Podolsky-Rosen (EPR) steering [38], contextuality
[39], magic [40,41], non-Markovianity [42], and noiseless
classical or quantum communication in quantum Shannon
theory [43]. However, since each such resource may require
a completely different approach to describe it, the alluring
task of establishing a unified framework is very challeng-
ing. Although some general statements about quantum re-
source theories can be derived from suitable assumptions
[15,17,20-22,44], most research to date focused on finite-
dimensional scenarios, and despite an increasing interest in
developing a resource-theoretic approach to quantum optics
[45-50], there are no results that apply to a large class of
resources in infinite dimensions.

In this paper we extend the general formalism of resource
theories to CV systems, by introducing a framework for the
study of resources whose free states (Sec. II) and operations
(Sec. III) are Gaussian. This allows us to exploit the general
resource-theoretic formalism to ultimately assess how power-
ful Gaussian states and operations are in CV quantum infor-
mation theory. We show that all Gaussian resource theories
which satisfy a set of physically motivated conditions share
a common structure, allowing us to simplify the description
and quantification of many fundamental resources such as
entanglement, EPR steering, and nonclassicality (squeezing).
We establish universal constraints on state transformations
under free Gaussian operations in any such resource theory,
showing in Sec. IV that the operational task of resource
distillation is impossible if one is restricted to Gaussian states
and free Gaussian operations. In particular, we generalize
the no-go theorem of Ref. [10] by showing that Gaussian
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entanglement cannot be distilled by Gaussian operations
preserving the positivity of partial transpose—a larger class
than previously considered—and we prove equivalent no-
go results for other relevant Gaussian resources. Detailed
examples and applications are illustrated in Sec. V. We discuss
our main results below, deferring technical derivations to the
appendices.

II. FREE STATES

Let us briefly recall the basics of Gaussian states [3,6,51].
Mathematically, an n-mode CV system is identified by a
collection of canonical operators xy, pi, ..., X,, p,, Which we
can arrange in a vector r := (xy, ..., Xy, PI, ...,p,,)T. The
canonical commutation relations [x;, px] = id;; can then be
cast as [r, #T] = i, where Q := (_0]1 g) is the symplectic
form. Denoting by G, the set of n-mode Gaussian states, any
o = pglV, s] € G, is fully specified by its (real) displacement
vector s := Tr[r p] and its (real, symmetric) covariance matrix
V :i=Tr[{r —s,rT —sT} p] with {-, -} being the anticommu-
tator. Letting Mo, (R) denote the set of all real 2n x 2n
matrices, we will call

QCM, :={V e M, R) |V =V, V>iQ} (1)

the set of quantum covariance matrices, i.e., those V that satisfy
the Robertson-Schrodinger uncertainty principle [52]. Note
that any such V € QCM,, is strictly positive definite [51].

Resource theories are built upon two main notions [17]: (i)
the subset F of free states, i.e., those which do not possess
the given resource; and (ii) the subset O of free operations,
i.e., those quantum channels unable to generate the resource,
specified by the physical constraints of the theory. As free
states can be prepared by free operations at no cost, during
a protocol one may add ancillary systems to one’s original
system; following [17], we will refer to such systems as
spatially separated.

In any resource theory, there may be different ways to define
the set of free states (think, e.g., of entanglement theory, in
which one needs to specify a partition to identify separable
states). To address this, we assume that each of the spatially
separated subsystems j = 1, ..., is fully specified by a set
A j of variables, which can then be grouped in a single vector
A := (A, ..., A;). For instance, one such variable will be the
total number of modes n ; of each subsystem j. Fora CV system
made of / spatially separated subsystems identified by a vector
of variables A, we then denote by F(X) the subset of free states,
and by F := J, F (1) the set of all free states over arbitrary
collections of spatially separated subsystems.

Since we care about the Gaussian restriction of any resource
theory, we will focus on the set F := |, F¢ () of free Gaus-
sian states, where Fg(A) := F(A) NGy, with N = Zj nj,for
afixed A, and the corresponding set of free covariance matrices
is

Ve(d) :={V € Moy(R) | 3s € R?N ¢ pg[V, s] € FQA)}.
(2)

There are some standard assumptions about the set of
free states, formalized as Postulates I-V in [17], that have a
sound theoretical basis and apply to a wide range of theories.

We will therefore regard them as a safe starting point to
establish a set of fundamental requirements for Gaussian
resource theories. Before proceeding further, let us make a first
working assumption that will simplify the following analysis
considerably:

Postulate 0. The set of free states is invariant under dis-
placement operations.

To justify this assumption, note that displacement opera-
tions can be applied to any system by adding an ancillary
system in a highly excited coherent state, and combining
the two systems at a low-transmissivity beam splitter [53].
From an experimental standpoint, coherent states and beam
splitters are relatively cheap tools. Crucially, Postulate 0
implies that the set of free Gaussian states is now fully
described by the corresponding covariance matrices, SO we
can write Vr(A) ={V € May(R) | pg[V, 0] € F(A)} and
Fo) ={pclV,s]| V € VF(X), s € R?N}. The following
assumptions define the structure of the theory for composite
systems.

Postulate 1. The set of free states is closed under tensor
products of spatially separated subsystems.

Postulate II. The set of free states is closed under partial
traces over spatially separated subsystems.

Postulate I11. The set of free states is closed under permu-
tations of spatially separated subsystems.

These three properties carry over to the restricted set of free
Gaussian states Fg, since it is well known that Gaussian states
are also closed under the above operations. Postulate I can be
rewritten symbolically as F (L) ® F(A') € F(A & L"), where
forA =, ..., A)and X = (Ay,...,Ap)onesetsA A =
(Moo Ay Moo, &), At the level of covariance matrices,
this translates to Vr(A) ® Vr(A') C Vx(A ® L"). Similarly,
we can formulate Postulate IT as TI V(A @ M) TIT € Vz(A),
where IT is the projector onto the subsystems corresponding
toA'.

Apart from the above postulates, one of the the most basic
assumptions that we can make about the unrestricted set (i.e.,
before the intersection with Gy ) of free states is undoubtedly
convexity. This is justifiable as in most physically relevant
cases we do not expect an increase in quantum resources under
classical mixing [54]. At the level of all states, we have then:

Postulate IV. For all A, the set of free states F(A) is convex.

Our final postulate will pertain to the closedness of the set of
free states in the Banach space 7 (H ) of trace-class operators
acting on the Hilbert space Hy, endowed with the trace
norm || - |[;.

Postulate V. For all A, the set of free states F (L) € T (Hy)
is norm-closed.

Since infinite-dimensional spaces admit many legitimate
linear topologies with respect to which we can define closed-
ness, the above choice of the norm topology may seem rather
arbitrary. However, it turns out that in the present context
any other reasonable choice still yields the same result. In
fact, Mackey’s theorem [55, Thm. 8.9] ensures that all linear
topologies on 7 (Hy) that agree on the set of continuous
linear functionals possess the same closed convex sets. To
see why this is physically relevant, remember that the norm-
continuous linear functionals on 7 (Hy) can be written as
o+ Tr[pA], where A € B(Hy) is a generic bounded oper-
ator, i.e., an observable. Summarizing the above discussion:
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Postulates IV and V together imply that all sets of free states
F(A) and F5 (L) are closed with respect to any linear topology
whose corresponding continuous linear functionals are (all) the
observables. For further details on the issue of closedness of
the relevant sets, refer to Appendix A.

Let us now discuss some consequences of the above as-
sumptions in the Gaussian setting. In order to do so, it is
important to understand the topology of the set of Gaussian
states in some detail. In Appendix A, we show that Gaussian
states form a closed set with respect to the trace norm topology
(Lemma 1), and that the map (V,s) — pg[V, s] that sends
a pair formed by a quantum covariance matrix and a real
vector to the corresponding Gaussian state is continuous with
respect to the same topology (Lemma 2). A key difference
between a Gaussian resource theory satisfying Postulates [-V
and a corresponding finite-dimensional theory is that the set of
Gaussian states is nonconvex; hence (L) cannot be expected
to be convex either. We have instead a weaker property that
we dub Gaussian convexity: if a trace norm limit of convex
combinations of free Gaussian states is a Gaussian state, then it
must be free. Importantly, this implies the upward closedness
of the set of free covariance matrices Vz(A), formalized as
follows.

Proposition 1. When Postulates IV and V hold, the set V(1)
is topologically closed as well as upward closed, in the sense
that, if V. € Vr(A)and W > V, then W € Vz(X).

Another desirable property of the set of free covariance
matrices Vr(A) is for itself to be convex. Interestingly, this does
not follow directly from our postulates, but is indeed implied by
an additional natural assumption, i.e., that the given set of free
Gaussian states F (1) is closed under mode-by-mode mixing
with 50:50 beam splitters (Proposition 3).

III. FREE OPERATIONS AND QUANTIFICATION

In any resource theory, a free operation can be any channel
which always maps free states into free states. However, the
physical setting of the given resource can further restrict the
allowed free operations: for instance, in entanglement theory,
the distant laboratories paradigm leads to the set of local
operations and classical communication (LOCC). To keep our
results as general as possible, we will consider the maximal
set of resource-nongenerating operations, and only impose the
natural restriction that free operations should also be Gaussian,
i.e., such that they always map a Gaussian state to a Gaussian
state [10,56].

Definition 1. A quantum channel A : 7 (Hy) — T (Hum)
is called resource nongenerating if A[F(A)] € F(u) for
systems described by variables A, u. The set of all resource-
nongenerating operations is denoted by O(A — p), and the
restriction to Gaussian operations by Og (A — ). In particu-
lar, A[Fg(A)] € Fg(u) forall A € Og(A — n).

A fundamental question in any resource theory is, given
several resourceful states, to quantify the degree of their
resourcefulness and thus compare the usefulness of the states
in operational tasks [17,21,22,57]. For this, one needs a
measure u : T (Hy) — R, which satisfies two basic crite-
ria: faithfulness, i.e., being minimum on all (and only on)
free states, u(p) = infye7(p,y) (o) & p € F(X), as well as
monotonicity, i.e., u(A(p)) < u(p) for all free operations A.

Here we stress that we can consider the maximal set of free
operations O(A — p) without loss of generality, since any
measure monotonic under O(A — p) will also be a monotone
under any smaller subset of free operations. Analogously, in the
setting of Gaussian resources, we will be interested in quan-
tifiers ug : QCMy — R, defined at the level of covariance
matrices and monotonic under the free Gaussian operations,
so that ug (V') < ug(V) where V' is the covariance matrix
corresponding to the state A (pg[V, s])withA € Og(A — n).

A general instance of such a measure—a variant of which
has been considered in the characterization of entanglement
before [10]—can be defined for any V € QCM) as

kr(V):=min{t > 1|1V € Vr(A)}. 3)

The measure can be easily seen to be faithful in the sense
that kz(V) > 1 and «xz(V) =1 iff V € Vx(X), and the fact
that the set on the right-hand side of Eq. (3) is nonempty is
ensured by the upward closedness of Vr(1). The properties
and monotonicity of the above quantifier can be summarized
as follows.

Proposition 2. The function «#(-) is finite and well-defined
on all covariance matrices, faithful, continuous, and monotonic
under Og(A — ).

We defer the proof to Appendix B (see Proposition 4).
Note that, if membership of the set V(A1) can be decided by
semidefinite constraints at the level of covariance matrices,
the evaluation of kx(V) reduces to a semidefinite program.
We discuss such cases in Sec. V and in Appendix C.

IV. NO-GO THEOREM FOR GAUSSIAN
RESOURCE DISTILLATION

At the heart of every resource theory lies the problem of
characterizing state transformations which are allowed by the
given set of free operations. In particular, the operational task of
resource distillation deals with using free operations to convert
multiple copies of a given quantum state into a smaller number
of target states, usually representing maximally resourceful
states. This task was first considered in the resource theory
of entanglement with LOCC [58,59], and has been later
extended to more general settings [60—64] and other quantum
resources [65-67]. Entanglement distillation has also been
considered for Gaussian states [8—10], where the task can be
expressed as using LOCC to transform multiple copies of a
bipartite state p$y into a state which approaches a maximally
entangled state as n — oco. An archetypal example of the
analysis of the limitations of the Gaussian paradigm in this
context has been carried out in [10], where it was shown that
Gaussian LOCC protocols are not sufficient to distill Gaussian
entanglement.

Since the existence of a “golden unit” or a unique maxi-
mally resourceful state is not guaranteed in arbitrary quantum
resource theories, we can consider the more general task of
approximately converting multiple copies of a quantum state
into another state which is more resourceful; that is, given
a Gaussian state with covariance matrix V, we ask about the
existence of free operations that implement the transformations
Ve . W,, for some sequence of covariance matrices W, that
approach a fixed target W such that« z(W) > kz(V). A central
result of this work is a general no-go result entailing that, in any
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TABLE I. Examples of Gaussian resources whose quantification can be represented in the considered framework. The table relates the
resources with the notation of Egs. (4), (5). For the sake of clarity of presentation, some additional constraints which one has to impose on the
matrix Q have been considered separately in the rightmost column, although they can be explicitly brought into the form of (4) by including

them in the function g.

Resource f(Q) g(Q) C D Further constraints on Q
Bipartite entanglement [70] 04® 03 04® 03 iQiDiy Q.= 0% 0= 0%
Bipartite entanglement (simplified) [71] Q04 ®0p QOa 04 Di2p Q4 Q4= 0%
Negative partial transpose [70] iQy 0 (—ifp)

Steerability (A — B) [72] 040 Di2p

Nonclassicality [52] 1

resource theory in our framework, the distillation of the given
resource with free Gaussian operations is de facto impossible.
This result is in stark contrast with the main finding of [17],
which instead implies the complete reversibility of the consid-
ered resource theory. Such a dramatic difference in the conclu-
sions is even more surprising when one considers that the start-
ing postulates are quite similar in the two cases, and illustrates
clearly the intrinsic limitations of the Gaussian framework.

Theorem 1 (Gaussbusters). Consider an arbitrary Gaussian
resource theory satisfying Postulates 0—V and two covariance
matrices V,W € QCMy. If k(W) > kxr(V), then it is
impossible to find a sequence (W,),en C OCM y such that
lim,_, o W, =W and the transformations V® — W, are
possible with Gaussian resource-nongenerating operations for
all n.

The proof of the above theorem relies on a special property
of the measure «r that we could call, borrowing terminol-
ogy from classical probability theory, the tensorization prop-
erty [68]: for all resource theories in consideration, x  does not
change when multiple copies of aquantum state are considered;
more generally, we have k z(V @& W) = max{kx(V), k z (W)}
for any two covariance matrices V, W (Lemma 7). This,
together with the monotonicity of xr, immediately implies
that distillation is impossible since we cannot increase k r with
free Gaussian operations. In the following, we present explicit
applications of our framework to a broad set of continuous-
variable resources, namely squeezing (equivalently, nonclas-
sicality), quantum entanglement manipulated via local opera-
tions and classical communication or via operations preserving
the positivity of the partial transpose, and steering.

V. EXAMPLES AND APPLICATIONS

Quite remarkably, it turns out that in many—if not
all—physically relevant resource theories, Vx () is not only a
convex set, but can even be described by means of semidefinite
programming (SDP) constraints. Although we leave open the
question of whether a general principle can be found from
which the existence of such a description follows naturally,
we will now characterize the quantification of all resources for
which such SDP structure is known to exist. In particular, our
results apply to any resource theory satisfying Postulates 0-V
whose set of free states can be described by constraints of the
kind

VrA)={V e QCMy |V > f(Q)+C, g(Q) > D}, 4

where Q is a Hermitian matrix variable of some fixed size, f
and g are linear functions, and C and D are constant Hermitian

matrices. The main advantage of the representation in Eq. (4)
is that the associated quantifier xr in Eq. (3) can then be
evaluated via an efficiently computable semidefinite program:

kr(V) = mlrgrglze &
subjectto £V > f(Q)+C
§(Q)=2D
§21 (&)
Alternatively, one can choose to introduce the quantity

vr(V) = I?an{;“ |V 2¢(f(Q)+C), g(Q) =2 D}, (6)

in which case k7(V) = max {1, 1/vz(V)}. The advantage of
this formulation is that the dual of the optimization problem v
can be expressed by means of the so-called resource witnesses
based on second moments [69], that is, as an optimization over
the expectation values Tr(W V') at the level of the covariance
matrix. Assuming that strong duality for the problem (5)
holds (which can be straightforwardly verified for all of the
considered resource theories), we then have the SDP

vr(V) = minimize Tr(WV)
W, Y

subject to Tr(WC) + Tr(Y D) =1
Ffwy =gl
WY >0, (7)

where f t gT are the adjoint maps, that is, the unique linear
maps satisfying Tr[ f (A)B] = Tr[AfT(B)] for any Hermitian
A, B.

Many common Gaussian resources can indeed be expressed
and quantified in this way; we will now provide some represen-
tative examples of such resources, which we have also collected
in Table I.

A. Squeezing (nonclassicality)

We start by looking at the simplest Gaussian resource
theory of all, namely that of squeezing or nonclassical-
ity [46,52,73,74]. The free states of this theory, also called
classical states from now on, are simply convex mixtures of
coherent states. Within this framework, the goal is usually that
of preparing squeezed states, which may be useful for some
practical (e.g., metrological) tasks [75]. It is not difficult to
see that the continuous-variable resource theory of squeezing
obeys all the postulates we presented. The free operations
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include in particular passive transformations, obtained by
concatenating [76]: (i) the addition of ancillae in classical
Gaussian states; (ii) passive unitaries, defined as those sym-
plectic unitaries that preserve the total photon number; and
(iii) destructive Gaussian measurements. These operations are
relatively cheap to realize experimentally, as passive unitaries
can always be implemented by combining beam splitters and
phase shifters [77].

Restricting to the Gaussian setting, free states in this
theory admit a remarkably simple description in terms of their
covariance matrices, for pg[V, s]is a classical state if and only
if V > 1 [52]. This gives us the simple form

ke(V) = mlrglgr}lze &
subjectto £V > 1, ®)

which can be easily seen to be exactly computable as ko (V) =
max {1, 1/Amin(V)}, where Ay, denotes the minimal eigen-
value. Our main result in Theorem 1 then establishes a no-go
result about the convertibility of nonclassical Gaussian states
under all operations preserving the set of classical states, and
in particular passive operations.

B. Entanglement

The resource theory of quantum entanglement is another ex-
ample of a theory for which all of the postulates hold [3,17]. Fo-
cusing on bipartite entanglement between parties A and B for
simplicity, the set of free states is formed by the separable states
S(A|B). The most operationally relevant set of free operations
includes all transformations that are implementable as local
operations assisted by classical communication (LOCC), and
is astrict subset of all the resource-nongenerating (separability-
preserving) operations.

In our Gaussian setting, the set Vs can be described by
semidefinite constraints of the form

Vs(AIB)={V € QCMy,, | V = ya ® v5. v € QCMy, },
)

which can be easily expressed in the form of Eq. (4) (see
Table I). The associated measure xs can then be computed
as a semidefinite program [69], and corresponds to the inverse
of a quantifier studied in [10].

Notice that Theorem 1 includes as a particular case the result
of [10], showing the impossibility of entanglement distillation
with Gaussian LOCC: in fact, itreadily generalizes the result by
showing that distillation with Gaussian separability-preserving
operations is also impossible.

We can strengthen the result even further by relating the
resource theory of entanglement to the one of negative partial
transpose, in which the free states P(A|B) are those with
positive partial transpose across the cut A|B. This set can also
be obtained from Eq. (4) as

Vp(AIB)={V € QCMy,, | V > iQ, ® (—iQp)}. (10)

Here, the quantifier xp admits an analytical characterization
as kp(Vap) = max{l, 1/vyin(Vap)} with vyin (V4 p) being the
smallest symplectic eigenvalue of the partially transposed
covariance matrix [71]. We then notice that, for any sequence
of states p(n) which approaches the maximally entangled

state in the limit n — oo, we have lim,,_, o, ks(p(n)) = 0o =
lim,,, o kp(p(n)), and therefore the distillation of entangle-
ment would necessarily involve increasing kp. By Theorem 1,
we get that Gaussian entanglement distillation is impossible
even with Gaussian operations preserving the positivity of
the partial transpose. Among those operations—which can
be strictly more powerful than LOCC alone—there are for
instance those transformations implementable by means of
Gaussian LOCC assisted by an unlimited supply of bound
entangled Gaussian states [70].

We further remark that the characterization of the set of
separable Gaussian states and their corresponding covariance
matrices can be simplified to [71]

Vs(AIB)={V € QCMy,, | V=y4 ®iQp, ya € QCMy, },
(11)

which in particular means that the computation of the quan-
tifier ks can be performed by optimizing only over one of
the subsystems—this has particular implications for the case
where one of the subsystems has a larger dimension than the
other, simplifying the computation of the relevant quantities.
For completeness, we give the full forms of the measures ks
and vg simplified in this way in Appendix C.

C. Steering

Another fundamental resource theory is based on the phe-
nomenon of EPR steering [78,79], in which party A can exploit
quantum correlations to influence the state of another party
B by only performing measurements on A’s subsystem. In
resource-theoretic approaches to steering [38,72,80], the free
states are referred to as A — B unsteerable, and free operations
are commonly chosen to be one-way LOCC, reflecting the
asymmetric nature of steering. Steering admits a simplified
characterization when restricted to Gaussian measurements,
allowing for a dedicated resource theory of Gaussian steering
to be established [72,81-84]. It turns out that the set of free
states T4_, p that are unsteerable by Gaussian measurements
on A can be described as [72]

ViAW) ={V eQCMy,, |V >0, ®iQp}. (12)

It is then easy to verify that our postulates are satisfied, and
the no-go result of Theorem 1 holds also for the Gaussian
resource theory of steering; that is, the distillation of steering
from Gaussian states is impossible by Gaussian steering-
nongenerating operations, with the latter including all relevant
classes of free operations such as one-way Gaussian LOCC.
We remark that in this case the quantifier k7 can be computed
as

k7(Vap) = minimize A
A1

=z

subject to A Vap/ V4 > iQ2p, (13)

with Vsp/V4 denoting the Schur complement, which
admits an analytical characterization as «7(Vap) =
max{l, 1/vnin(Vap/Va)}. In the particular case when
system B consists of only one mode, Inkx7 is equal to a
previously introduced quantifier of Gaussian steering [81].
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VI. CONCLUSIONS

We have introduced a framework for the characterization
of general CV Gaussian quantum resource theories satisfying
a set of intuitive constraints on their set of free states. The
approach allowed us to describe many important resources
such as entanglement, steering, and nonclassicality together in
a common formalism, obtaining results in the characterization
of the resources as well as shedding light onto their properties.
In particular, we showed that the task of resource distillation is
impossible with free Gaussian operations in the given resource
theories, by proving specifically that, by such operations, one
cannot convert (even infinitely many copies of) a Gaussian state
into another Gaussian state with a higher resource content as
quantified by the resource monotone defined in this paper. This
establishes fundamental limitations of the Gaussian paradigm
for state transformations.

An interesting open question is whether some sort of
converse of Theorem 1 holds. Namely, given any Gaussian
resource theory and two covariance matrices V, W such that
kr(V) 2 kr(W), is it always possible to convert a large
number of copies of V into a single copy of W with Gaussian-
resource-nongenerating operations? Even more ambitiously,
can the transformation V — W happen with asymptotic
nonzero rate, if one allows for vanishing errors? These ques-
tions will be explored in further work.

In summary, our results are a step forward in the characteri-
zation of general quantum resources, bridging the gap between
the different approaches to finite- and infinite-dimensional
settings, and elucidating the power of Gaussian states and
operations in quantum information processing. Our work
opens an avenue for further investigation of many aspects of
CV resources, including a complete characterization of state
transformations as well as operational tasks and protocols such
as resource distillation and dilution beyond Gaussianity.

ACKNOWLEDGMENTS

We are grateful to Giacomo De Palma, Vittorio Giovannetti,
and Krishna Kumar Sabapathy for useful discussions on this
and related topics. We acknowledge financial support from the
European Research Council (ERC) under the Starting Grant
GQCOP (Grant No. 637352). A.W. was supported by the ERC
Advanced Grant IRQUAT, and the Spanish MINECO, Project
No. FIS2016-86681-P.

L.L. and B.R. contributed equally to this work.

APPENDIX A: TOPOLOGY OF GAUSSIAN STATES

1. Notation and definitions

For completeness, we recall the relevant definitions and
concepts. Consider a continuous-variable system of » modes,
for which we adopt the so-called real notation. In what follows,
we reserve the letter r for the column vector formed by the n
pairs of canonically conjugated field operators, sorted as

(AL)

ro=(xi, .. o)

s Xy Pl -

Here, the transposition sign refers only to the phase space
degrees of freedom, and does not act on the Hilbert space. With
the help of this notation, the canonical commutation relations

[x;, px] = i8; can be rewritten in a compact vector form as

Tv ey 0 11)
[r,}’]—lQ.—l(_]l 0)

The displacement operator associated with § € R?" is given
by D(&) := /¢ % and satisfies the identity

D(E)D(&) = e % D(E + &),

referred to as the Weyl form of the canonical commutation

relations. Observe that D(£)f = D(—¢) for all real vectors &.
The displacement operators can be used to generate the

notable set of coherent states. For u € R?", one defines

|lu) := D(u)|0),

(A2)

(A3)

(A4)

where |0) is the vacuum state. Applying the Campbell-Baker-
Hausdorff formula to the exponential that defines the displace-
ment operator, it is not too difficult to show that

(Olu) = (0] D(w)|0) = e~ 5", (A5)

Coherent states are just particular examples of Gaussian
states, defined as thermal states of quadratic Hamiltonians. We
denote the set of Gaussian states of an n-mode system by G,,.
Remember that Gaussian states can be uniquely identified by
their first and second moments, respectively given by

s :=Tr[pr], (A6)

Vik :=Tr[p{(r —s)j, (r — s}l (A7)

Here, the anticommutator {H, K} := HK + K H is needed
in order to make the above expression real. While any vector
s € R?" canrepresent the first moments of an n-mode Gaussian
state, it is well known that the entries of a real symmetric
matrix V are the second moments of some Gaussian state if and
only if

V >2iQ, (A8)

the above relation encoding the constraints coming from
Heisenberg’s uncertainty principle in this context. Real sym-
metric matrices satisfying Eq. (A8) are called quantum covari-
ance matrices in what follows. It can be shown that every such
matrix is necessarily strictly positive; i.e., Eq. (A8) implies that
V >0.

For every trace class operator 7, it is convenient to define
its characteristic function

xr(§) :=Tr[TD()].

The operator can be reconstructed from its characteristic
functions by means of the following relation [85, Cor. 5.3.5]:

d2n %-

~J @ay

where the integral converges in the weak topology; see for

instance [85, Cor. 5.3.5]. For more on what this means, see
below.

It can be shown that the characteristic function of a Gaussian
state pg[V, s] takes the form [51, Eq. (4.48)]

(A9)

xr(§) D(=§), (A10)

Xpotv.s1 (€)= Tr{pgV, s]1 D(£)} = e~ 38" ¥ VAEHST%  (A]])
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Up to a change of variables, Eq. (A10) can then be rewritten
as follows:

dZn%-
Q2n)y

where the integral converges weakly; see again [85, Cor. 5.3.5].
Among other things, from Egs. (A10) and (A11) it can be ap-
preciated that Gaussian states are exactly those quantum states
whose characteristic function is a (multivariate) Gaussian.

A useful formula that we will employ in what follows gives
the action of a random displacement on a Gaussian state: for
all K > 0, one has

—€"K g
e
/d2'1€

n/det K

pGlV, sl = e EVETED(Qg), (A12)

D) pGlV,s1DE) = p6lV + K, 5],

(A13)

again in the sense of weak convergence. This can be seen as
an immediate consequence of Eq. (A12).

2. Closedness and continuity results

Let H,, be the Hilbert space associated with a finite number n
of harmonic oscillators, and let 7 (#,,) be the set of trace class
operators over H,. Observe that 7 (#, ) becomes a Banach
space once it is equipped with the trace norm | - ||;, and its
Banach dual is well known to be identifiable with the set
of bounded operators, denoted by B(#,). Let us stress here
that this is by no means a mathematical concept only. On
the contrary, in quantum mechanics B(#,) has a physical
interpretation as the set of all observables on the system.

In general, given a Banach space E it is always possible to
consider its (Banach) dual, i.e., the space E* of all continuous
linear functionals ¢ : E — C. Remember that a linear func-
tional is continuous if and only if it is bounded, i.e., if and only
if sup,cp <1 l@(x)| is finite. The Banach dual can be used
to induce another topology which is of interest, i.e., the weak
topology, defined as the coarsest topology that makes all the
functionals in E* continuous. As a matter of fact, the topologies
on E such that the corresponding continuous dual is E* are
exactly those that are coarser than the norm topology (induced
by the norm on E) and finer than the weak topology. This is a
special case of the Mackey-Arens theorem [55, Thm. 8.14].
For a discussion of these concepts, see [86, Sec. 2.5] or
[87, Sec. 3.11].

If E is infinite-dimensional it can be shown that the weak
topology is always different (in fact, as the name suggests,
strictly coarser) than the norm topology. Hence, when it comes
to taking closures (something we shall be concerned with) one
has to specify which topology is used, as in general the weak
closure will be larger than the norm closure. However, this is
not always the case. Indeed, there is an important class of sets
for which weak and norm closure always coincide, i.e., that of
convex sets (see [86, Thm. 2.5.16] or [87, Sec. 3.12]). By the
above discussion, it should be clear by now that all topologies
on a Banach space E such that the corresponding continuous
dual coincides with the Banach dual E* have in fact the same
closed convex sets.

The Banach space we care about here is 7 (H,,); hence the
norm topology is induced by the trace norm || - ||1, and the weak

topology is nothing but the the coarsest topology that makes
all linear functionals Tr[A(-)] : T (H,) — C continuous, for
all A € B(H,). Inside T (H,) lies the set of Gaussian states,
denoted by G,, where n is the number of modes. It is not
completely trivial to show that G, is norm-closed, and so we
first show this result below.

Lemma 1. The set of Gaussian states G, C T (H,) is closed
with respect to the topology induced by the trace norm.

Proof. We have to show that given a sequence pg‘ ) of Gaus-

sian states with the property that limy ||,og ) plli for some
trace class operator p, we have that p itself is a Gaussian state.
In what follows, we denote by V (k) and s(k) the covariance
matrix and displacement vector of p(Gk ), respectively, so that
pg) = palV k), s(k)].

The first step in the proof consists of showing that V (k)
and s (k) are bounded sequences, i.e., that there exists M € R
such that |V (k)|co, |S(k)|» < M for all k (where || - || is the
operator norm, and | - |, the Euclidean norm for vectors). In
order to see why, write

(ulpglV (k), s(k)]fu)

A ervws-istTe

=| s¢* (u| D(S28)|u)
(2 )"
d2n -

W [ £5 s VRS (0 D) D(@28) D(w)0)
Qmy
2n

(é) d S 67%57"V(k)é*iS(k)TEefiuré <0|D(Q$)|O)
Qm )
2n

@ [ 478 reTvaoe—iskTe —iuTe - 16T
Q)
2n

_ [ 478 ot Ts

Q)"
Zne—[-v(kH-M]T[V(k)-i—]lr1 [s(k)+ul

JatVE) + 1]

The justification of the above steps is as follows: (1) we used the
definition of coherent states, Eq. (A4); (2) we applied Eq. (A3)
twice; (3) we made use of Eq. (AS); (4) we performed the
Gaussian integral. Now, we take the limit Kk — oo on both
sides of the equality

1 o=Ls () +ul" [V ()+1]17" [s (k)+u]

Jdet[V (k) +1]

On the left-hand side we get (u|plu) because of the
properties of the convergence in norm. Let us now look at the
right-hand side. Observe thatdet [V (k) + 1] > [|[V(K)|loo + 1,
and that the exponential term is at most 1. If the sequence V (k)
were unbounded, then there would exist a subsequence k,, on
which ||V (k;,)|lco — 00, which implies by the above equality
that (u|p|u) = 0. Since this would happen for all u € R?*,
we would deduce that (|p|y) = O for all vectors |Y) € H,,
because coherent states are dense, and p is a bounded (even
trace class) operator. It is elementary to verify that this would
imply that p = 0O identically, a contradiction. Hence, we are

(ulpglV (k), s(k)l|u) =

. (Al4)

022335-7



LAMI, REGULA, WANG, NICHOLS, WINTER, AND ADESSO

PHYSICAL REVIEW A 98, 022335 (2018)

led to conclude that V (k) must be bounded, i.e., V(k) < M1
for some M € R.

This implies immediately that [V (k)+ 117! >
(M + 1)7'1; hence if the sequence s(k) were unbounded,
for every fixed u we could find a subsequence k,, on which
|s(ky) + 1|, — oo, which implies that

¢~ Bl Hul IV o+ 1T s+l =g lsth)4ull .

m—00
Since the determinant appearing in Eq. (A14) is always at least
1, we would deduce that the whole right-hand side of Eq. (A14)
tends to O on that subsequence, hence that (u|p|u) = 0 for all
u € R?", again a contradiction.

This shows that V (k) and s(k) form bounded sequences.
Since they live in finite-dimensional spaces, they will admit
two simultaneously convergent subsequences

Vikn) — V,
m— o0

stky) — s.
m— 00

Clearly, one still has lim,,—, || o[V (ki), s(k)] — pll1 = 0.
Now, we use this to take the limit m — o0 on both sides of the
equality

Tr{pG LV (kin), (k)] D)} = ™76 &V kmQE+istn) 8
(A15)

which is just a rewriting of Eq. (A11) (here, £ € R?" is fixed).
On the left-hand side we have

Jim Tr{pg[V (kn), s (k)] D(E)} = Tr[pD(E)] = x,(§)

because the convergence of the sequence of states is in trace
norm, and D(&) is a bounded (even unitary) operator. On the
right-hand side, by our hypotheses

lim e H6T RV (kn)Qb+isthkn)TR8 _ ,—4ETQTVRE+ISTQE
m—0o0

The equality above then implies that

o (6) = e €78 Vi

from which we see that the limit state p has a Gaussian
characteristic function; hence it is Gaussian. |
There is another continuity result that we shall need in what
follows. In a way, this can be considered as a strengthening
of [56, Lemma 1].
Lemma 2. Consider a continuous variable system with n
degrees of freedom. The map

OCM, ®R* — T(Hy)

(V,s) = pglV,s], (Al6)

which sends a pair (V,s), where V is a QCM and s a real
vector, is continuous with respect to the trace norm. Here, the
topology on

OCM,, ® R¥ C My, (R) @ R¥ ~ R+

is understood to be the standard one.

Proof. We have to show that whenever lim;_.o, V(k) =V
and limy_, o, s(k) = s one has also limy_, o || o[V (k), s(k)] —
oclV, s]lli = 0. At first glance we seem to have a problem
here, as the trace distance of two Gaussian states is not a

handy object when dealt with from the phase space per-
spective. However, we can exploit the Fuchs—van de Graaf’s
inequality ||p —o|l; < 24/1 — F(p, 0)? to upper-bound the
trace distance by means of a fidelity-based quantity. The
fidelity between two Gaussian states happens to have an
explicit expression in terms of their first and second moments
[88, Egs. (9)—(14)]. One can verify by direct inspection that this
is continuous with respect to the involved covariance matrices
and displacement vectors, and of course it reduces to 1 when
the first and second moments of the first state coincide with
those of the second state. Hence,

Am {log[V (k). s(k)] — palV, sl

< Jim 2/1 = FGoalV (&), 5001, polV. 512

= 2\/ 1= { Jim F(polV (k). sk)). polV. 5D}’

= 2/1— {F(palV. 51. palV. sDP?

=2,/1—()

=0,

as claimed. |

APPENDIX B: GAUSSIAN RESOURCES
1. Free states

Lemma 3. Let t be alinear topology on 7 (H ) (the space of
trace-class operators) such that the corresponding continuous
dual is (z, T(Hy)) = B(Hy) (the space of bounded opera-
tors). If Postulates IV and V hold, then all sets of free states
F (L) are closed with respect to 7.

Proof. Since the weak topology on 7 (H ) is by definition
the coarsest topology that makes all functionals Tr[A(-)] :
T (Hy) — C continuous [where A € B(Hy) is generic], any
topology t that satisfies the hypothesis will be finer than the
weak topology. Thus, it suffices to show that all sets /() are
weakly closed. This follows since F(A) are norm-closed and
convex by assumption, and weak closure and norm closure
always coincide for convex sets by Mazur’s theorem (see,
e.g., [86, Thm. 2.5.16] or [87, Sec. 3.12]). |

Lemma 4. When Postulate V holds, the set of Gaussian free
states Fg(A) is norm-closed.

Proof. By definition Fg(L) = F(A) N Gy. The set F(X) is
norm-closed by Postulate V, and the set Gy of all Gaussian
states is also norm-closed by Lemma 1. Since the intersection
of closed sets is closed, we conclude. [ |

Proposition 1. If Postulate V holds, then the set V(L) is
topologically closed. If also Postulate IV holds, then V(1)
becomes “upward closed,” in the sense that V € V(L) and
W = V implies W € V().

Proof. We first show that V(A) is topologically closed.
By Lemma 2, we know that the map I' : QCMy — T (Hy)
whose action is defined by I'(V) := pg[V, 0] is continuous
with respect to the trace norm. With this notation, the set V(1)
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can be rewritten as
V() =T (Fen)).

Since F(X) is norm-closed by Lemma 4, and the preimages
of closed sets via continuous maps are closed, we conclude
that V(1) is closed as well.

We now move on to the second claim. Since we already
showed that V(1) is topologically closed, it is enough to show
that it is strictly upward closed, i.e., that for all V € V() and
W > V onehasalso W € V(). This is an easy consequence of
Eq. (A13). If we substitute there K = W — V, on the left-hand
side we getastateincl [co F(X)], the closed convex hull of the
set of free Gaussian states. From the right-hand side we learn
that this state is actually a Gaussian state; hence by Gaussian
convexity of the set Fs(X) it must be also free. Finally, its
covariance matrix is V + K = W, which leads us to conclude
that W € V(). |

Proposition 3. Assume that Postulates I, II, and V hold.
Moreover, let the set of Gaussian free states be invariant under
local mixing with 50:50 beam splitters; i.e., assume that for
any pair of states p, o € F(A) of a system with total number
of modes N one has

T
N N
QU4 o) Q@Ue/4);;| e Foh.

J=1 Jj=1

(BI)

where U(7r/4); ; is the unitary that implements the action of a
50:50 beam splitter on the jth mode of p and the same mode
of o. Then the corresponding set of free covariance matrices
V(L) is convex.

Proof. Since V(1) is topologically closed by Proposition 1,
it is convex if and only if it is midpoint convex, meaning
that %(V + W) € V(L) whenever V, W € V(X). Hence, let us
show that V(A1) is midpoint convex. Picking V, W as above,
construct the state pg[V, 0] ® pg[W, 0], which is free by
Postulate I, and whose covariance matrixis V @ W = (V W).
By hypothesis, mode-by-mode mixing with a 50:50 beam
splitter yields another free state, whose covariance matrix will
be

1/V4+W V-W
2\/V—-W V4+W)/)

Tracing away one of the two spatially separated subsystems
leaves the other in a state with covariance matrix %(V + W).
Such a state must be free by Postulate II; hence we conclude
that 3(V 4+ W) € V(1), as claimed. ]

2. Quantification and distillation

We remind the reader that in general a Gaussian completely
positive map A from A to B acts on covariance matrices as
follows [9,10]:

Here, I' 45 is the quantum covariance matrix associated with
the Choi state of the map, and X is the matrix that reverses the
signs of all the momenta of the system on which it is acting,

(B3)

()

according to the block decomposition of Eq. (A2). The Schur

complement of a 2x2 block matrix M = (}; )Q() with respect

to one of its square invertible blocks is given by

M/P:=Q—-YP'X. (B4)

It is elementary to verify that the above quantity behaves well
under scalar multiplication, in the sense that (AM)/(AP) =
A(M/P) for all scalars A # 0. Furthermore, it is known
that the Schur complement admits the following variational
representation:

M/P =max{R: M > 0& R}, (BS)

the ordering of the set on the right-hand side being the
positive semidefinite (also known as Lowner) ordering. From
Eq. (BS) it follows in particular that M /P is monotonically
nondecreasing in M > 0. For more details on the properties
of Schur complements we refer the reader to the excellent
monograph [89]. A straightforward consequence of the above
discussion is the following result.

Lemma 5. If T 4 p represents a Gaussian free operation A €
Og(As — Ap), then

Tap +ZVa2)/(Ta+2VaXE) € V(Ag) YV V4 € V(A4a).
(B6)
Equivalently,

VVAEV()»A) 3 Wp EV().B)I Cap 2 (—2VaX) D Wp.

(B7)

Proof. The first claim is a direct reformulation of the
definition of resource-nongenerating operations, obtained via
the explicit action of a Gaussian completely positive map as
given by Eq. (B2). As for the second, let us observe that the
inequality I'yp > (—X V4 X) & Wp implies, by Eq. (BS), that
(Cap+ZVa2)/(Tg+ V4 E) > Wp. Since the right-hand
side is the covariance matrix of a free state by hypothesis, and
Proposition 1 holds, we deduce that the left-hand side is a free
covariance matrix as well. The converse inequality is proved
similarly, by realizing that Eq. (B5) implies that

Tap +ZVAZ > 04 @ Tag+ ZVaZ)/(Ta + SV4 D)
=:04 & Wpg,

which leads immediately to I'ap > (—XV4X) @ Wp, as
claimed. |

We now come to the discussion of the properties of the x r
function defined in Eq. (3). We first state some elementary
facts.

Lemma 6. The set Tr(V):={t>1|tV € V(A)} is
nonempty and topologically closed for all V. € QCMy as long
as V(A) is nonempty.

Proof. We first show that Tx(V) # @ for all V € QCMy.
Picking W € V(L) # 0, it is easy to see that

[WleollV e V = W, (B8)
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where || - ||, denotes the operator norm. Observe that quantum
covariance matrices are always strictly positive; hence V!
exists. We then write

IWloollV " oo V = W lloo IV ™ oo Amin(V)1
= [WilsollV oo V1T
= [|[W]el
> W.

By the upward closedness of Vr(X) (Proposition 1), one
deduces immediately that max {1, | W e[|V " 'lls} € T(V),
showing that the set is nonempty. To show that it is also
topologically closed, just observe that

Tr(V) = ([1,00) - V)N VQR). (B9)

The left-hand side of the above identity is the intersection
of two closed sets, thanks to Proposition 1; hence it is itself
closed. |

The following is a refinement of Proposition 2 from the
main text.

Proposition 4. The function « £(-) defined by Eq. (3) is:

(a) finite and well defined for all V. € QCMy;

(b) faithful, in the sense that k (V) = lifand only if V €
V()

(c) suchthatkz(sV) = s 'kr(V) forall s > I;

(d) monotonically nonincreasing under Og(A — p); and

(e) continuous.

Proof. Claim (a) follows directly from Lemma 6, while (b) is
obvious from the definition. As for (c), one can distinguish two
cases:if sV € V(L),thenontheonehands > kx(V'), while on
the other hand k 7(sV) = 1 = s 'k z(V); if sV ¢ V(L), then

kr(sV)=min{r > 1|15V € V(1))
=s 'min{t' > 5 |1’V € VQA)}
=s 'min{t' > 1|1V e VL))
= s 'ker (V).

We now turn to the proof of (d), i.e., the monotonicity of
kr under Gaussian free operations. Call & := kx(V). Then,
by virtue of Eq. (B2), all we have to show is that k x((I'ap +
YV42)/(Ta+ 2VaX)) < &, forall free Gaussian operations
represented by covariance matrices I'45 as in Lemma 5. This
amounts to proving that E(I'yp + 2V X)/(Ta + ZV4X) €
V(Ap). We write

E@ap +XVuX)/ (g + XV %)

2 (ETup +EZVAT)/(ET4 +ESVAT)

@
2 (Pap +EXVAY)/(Ta+EXVLYE)

Vo).

The justification of the above steps is as follows: (1) comes
from homogeneity; (2) uses the monotonicity of the Schur com-
plement, together with the observation thatsince £ = kx(V) >
1 one has £I"4p > I'4; (3) is an elementary consequence of
Eq. (B6) applied to the free covariance matrix £ V.

A useful observation that follows from the just established
property (d) is that «»(-) is also monotonically nonincreasing

with respect to the positive semidefinite ordering. In fact,
adding some positive semidefinite matrix to the input never
creates a resource state out of a free state; i.e., it is always a
free operation.

What is left to show is claim (e). We will break the proof
into two steps: first, we will show that limsup,_, ok (V +
A) < kp(V) for all V >0 (upper semicontinuity); sec-
ond, we will complement this bound by means of the
inequality liminfa_oxr(V + A) 2 kx(V) (lower semicon-
tinuity). Clearly, the two statements together imply that
limpa_okr(V + A) = kx(V), which is claim (e). Now, the
upper semicontinuity rests on the upward closedness of V().
For a sufficiently small perturbation A, write

V+AZV — Al
>V = 1Al VeV
= (1= 1 Allooll V™ loo) Vs
we deduce that
A
V+ : >
L= [AllscllV= oo
Using properties (c) and (d), this in turn implies that
(1= Alloll V™ ooz (V + A)
V+A
<ot
I = AlleollV™ oo
< kr(V),

from which it follows that

kr(V)
1= [[AllsollV oo

kr(V +A) <
In particular,

limsupr(V 4+ A) < lim kr(V) 1
A0 A=0 1 = [[A]lool Voo

=Kkr(V),

which proves upper semicontinuity. The lower semicontinuity
comes instead from the topological closedness of the set V (1),
as established by Proposition 1. To see why, consider a V >
0 and a sequence of sufficiently small perturbation matrices
(Ap)nen such that lim,, o A, = 0. Since k #(V + A,) (V +
A,) € V(A) for all n, taking a subsequence (1 )reN such that
limy_, oo k7(V + A, ) = liminf, . kz(V + A,), we obtain
by closedness that

V) 3 lim [kr(V + A ) (V + Ayl
—00
= [ lim I(]:(V + Ank)]v
k— o0
= [limian;(V + An)] v,
n—o00

which implies in turn that k (V) < liminf,_, o k7(V + A,),
proving lower semicontinuity and hence claim (e). ]
Remark 1. In fact, we have shown that

kp(V) <max {1, [V o min Wi}, — (B10)
Wevh)
forall V e QCMy.
Remark 2. An inspection of the above proof of the mono-
tonicity result [Proposition 2(d)] reveals that the only property
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of the Choi covariance matrix I"4p we have made use of is
its positive semidefiniteness. This observation shows that «
is monotonic under any operation of the form specified by
Eq. (B2) with T4 > 0.

The fundamental property of the xr measure we employ
here concerns its behavior when multiple copies of the same
state are considered.

Lemma 7. For all A, u, consider the « r functions identified
via Eq. (3) by the sets of free covariance matrices V(X), V(n),
and V(A @ p). Then for all V. € QCMy and W € QCM,,
where N =}, njand M =} ;mj, it holds that

kr(V @& W) = max{kr(V), kxr(W)}.

Proof. Call  := max{kr(V), kx(W)}. From Proposition 1
and from the inequalities n > kx(V), kx(W) we deduce im-
mediately that nV € V(X), nW € V(n). By Postulate I, we
deduce that

nVew)=mnV)e W) eVA)e V) S VA & p),

which implies by definition that «r(V@e W) < n=
max{kr(V)r,kr(W)}. As for the opposite inequality,
call ¢ ;= kr(V & W). Then ¢(V & W) € V(A & p), and by
Postulate II we can generate a free state of the first system by
tracing away the second. At the level of covariance matrices
this amounts to performing a local projection, for which
we adopt the same notation as in the characterization of
Postulate II in the main text. We then obtain

¢V=NEWVew)l enVarep) " CVQA).

This shows that kx(V) < ¢ = kx(V & W). Repeating the
reasoning with W instead of V we get also kr(W) <
kr(V @ W), and putting the two inequalities together we
have max{xr(V), kx(W)} < kx(V & W), which completes
the proof. ]

Theorem 1. Consider an arbitrary Gaussian resource theory
satisfying Postulates 0—V and two covariance matrices V, W €
OCM y. If krp(W) > kx(V), then it is impossible to find a
sequence (W), C QCM y such that lim,,_, ., W,, = W and
the transformations V®* — W, are possible with Gaussian-
resource-nongenerating operations for all n.

Proof. If said transformation were possible, by combining
Proposition 2 and Lemma 7 one would obtain

kr(V) =kr(VE") = krp(W,).

Since «r is continuous, one has lim,_, o, kz(W,) = W and
hence also k (V) > kx(W), which is a contradiction. |

Remark 3. The remark after Proposition 2 has an important
consequence here. Namely, we now see that the above no-go
result still holds if one allows as free operations all resource-
nongenerating maps of the form given by Eq. (B2) with
I'4p = 0. Remember that a map acting on the second moments
as in Eq. (B2) is a valid physical transformation (completely
positive map) if and only if I'4p is a quantum covariance
matrix, i.e., if and only if 'y > {24 5. Since this is a strictly
stronger constraint than simply requiring that 'y > 0, this
observation extends the validity of Theorem 1 even further. For
instance, its domain of applicability now includes the maps
considered in [56, Eqgs. (24)—(26)], since the corresponding
Choi covariance matrices can be shown to be positive semidef-
inite provided [56, Eq. (27)] is obeyed. However, as some of

these maps will be unphysical, the extension discussed here
may be regarded mainly as a mathematical curiosity.

APPENDIX C: SEMIDEFINITE PROGRAMMING
REPRESENTATION OF GAUSSIAN RESOURCES

1. Quantum entanglement

Recall that the characterization of the set of separable states
PG Vag, s] € Sap can be simplified to [71]

PGl Vag, sl € Sap & Vap 2 ya @ iQp, (CD

which gives the following semidefinite representation of the
quantifier «s:

ks(Vap) = minimize A
Ava

subject to A Vap = ya ®iQ2p

NS

Vi
i

; (C2)

A

NS
V

A
2

>
—_

where one can equivalently consider the subsystem B instead.
The Lagrange dual of vgs can be obtained as

vs(Vap) = minimize (W, V)
W, X

subject to (Wa, iQp) + (X,iQ24) =1
Re(Wy1) = Re(X)
W, X >0, (C3)

where W = (x:i g'i) and we use the Hilbert-Schmidt inner
product (X, Y) = Tr(XY). With respect to the dual problem
in Ref. [69] which requires an optimization over the spaces of
Hermitian matrices Hy,, @ Hb,, using the simplified condition
for separability in Eq. (C1) reduces the optimization space to
HZn S>) H2n At

To see that we were justified in claiming that the opti-
mal value of vugs is equal to the optimal value of the dual,
we will show that strong duality holds. Take W* @ X* =
Lopyon, + 2’—,1&2 @ Q4, and notice that W* @ X* > 0 since it
is Hermitian and all of its eigenvalues are given by 2’51 > 0,
and Tr (W},iQp) 4+ Tr (XiQ24) = 1. This means that W* and
X* form a strictly feasible solution to the dual problem, and so

Slater’s condition is satisfied and strong duality holds [90].

2. Steering
The primal problem corresponding to the quantifier of A —
B steerability «7 is then given by

kT(Vap) = miriigllize A

>

subjectto A Vap 2> 04 D iQ2p. (c4)

An important property of the Schur complement is that,

given a Hermitian matrix M = (; )Q() such that P > 0, we

have M > 0 < M/P > 0 [89]. Now, since V4 > 0, we can
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equivalently write

k7(Vap) = minimize A
>l

subjectto A Vap/ V4 > iQ2p. (C5)
The corresponding inverse dual is given as

vr(Vap) = minimize (W, Vap)

subject to (W, iQp) =1
W >0

= min%/‘r/nize (W, Vap/Va)

subject to (W, iQp) =1
W > 0. (Co)

Taking W* = 1,, + 5, we have that W* > 0 since it is
Hermitian and its eigenvalues are given by % > 0, and
Tr (W*i2) = 1. This means that W* is a strictly feasible
solution to the latter dual problem, so Slater’s condition is
satisfied and strong duality holds.

In fact, Eq. (C5) suggests an interesting alternative char-
acterization of this quantifier in terms of a symplectic eigen-
value problem. To see this, consider first the following result
(see also [91]).

Proposition 5. The smallest symplectic eigenvalue v, (V)
of any V > 0 can be expressed as

Vmin(V) =max{A >0 |V > i\Q}
=min { (W, V) | (W,iQ) = 1}. (C7

Proof. Recall that a matrix S is called symplectic if
SQST = Q. By Williamson’s theorem [92,93], there exists
a symplectic matrix S such that SVST = D @ D with D =
diag(vi(V), ..., v,(V)) > 0 being a diagonal matrix of the
symplectic eigenvalues of V. We then have

max{A | V > irQ) L max{x | SVST > iasQsT)
=max{A | DD D > irQ}

2 max{x | D — 2D > 0}

D max{x [ v; (V)2 — 2% > 0 Vj)
= l)min(v)a (CS)

where (1) follows since any symplectic matrix is nonsingular,
(2) follows from the Schur complement condition for positive
semidefiniteness, and (3) follows since both D and D! are

diagonal with v; (V') > 0 V. The second line of Eq. (C7) then

follows by strong Lagrange duality. |
This leads to the following simple representation:
VT (Vag) = Vinin(Vap/ Va). (C9)

The quantifier can thus be related to a commonly used
measure, the Gaussian A — B steerability [81] N7 (Vap) :=
— > Inmin{1, v (V4g/ V4)}. In particular, in the case of a bi-
partite system where ng = 1, V4p5/V, has only one symplec-
tic eigenvalue and therefore we have N1 (Vap) = Inkr(Vap).

[1] S. L. Braunstein and P. van Loock, Rev. Mod. Phys. 77, 513
(2005).

[2] N. J. Cerf, G. Leuchs, and E. S. Polzik, Quantum Information
with Continuous Variables of Atoms and Light (Imperial College
Press, London, UK, 2007).

[3] G. Adesso, S. Ragy, and A. R. Lee, Open Syst. Inf. Dyn. 21,
1440001 (2014).

[4] G. Adesso and F. Illuminati, J. Phys. A 40, 7821 (2007).

[5] X.-B. Wang, T. Hiroshima, A. Tomita, and M. Hayashi,
Phys. Rep. 448, 1 (2007).

[6] C. Weedbrook, S. Pirandola, R. Garcia-Patrén, N. J. Cerf, T. C.
Ralph, J. H. Shapiro, and S. Lloyd, Rev. Mod. Phys. 84, 621
(2012).

[7] E. Knill, R. Laflamme, and G. J. Milburn, Nature (London) 409,
46 (2001).

[8] J. Eisert, S. Scheel, and M. B. Plenio, Phys. Rev. Lett. 89, 137903
(2002).

[9] J. Fiurasek, Phys. Rev. Lett. 89, 137904 (2002).

[10] G. Giedke and J. I. Cirac, Phys. Rev. A 66, 032316
(2002).

[11] J. Niset, J. Fiurasek, and N. J. Cerf, Phys. Rev. Lett. 102, 120501
(2009).

[12] G. Adesso, F. Dell’Anno, S. De Siena, F. Illuminati, and
L. A. M. Souza, Phys. Rev. A 79, 040305 (2009).

[13] L.-M. Duan, G. Giedke, J. I. Cirac, and P. Zoller, Phys. Rev. Lett.
84, 2722 (2000).

[14] H. Takahashi, J. S. Neergaard-Nielsen, M. Takeuchi, M.
Takeoka, K. Hayasaka, A. Furusawa, and M. Sasaki,
Nat. Photon. 4, 178 (2010).

[15] M. Horodecki and J. Oppenheim, Int. J. Mod. Phys. B 27,
1345019 (2012).

[16] J. Sperling and W. Vogel, Phys. Scr. 90, 074024 (2015).

[17] E. G. S. L. Branddo and G. Gour, Phys. Rev. Lett. 115, 070503
(2015).

[18] L. del Rio, L. Kraemer, and R. Renner, arXiv:1511.08818.

[19] B. Coecke, T. Fritz, and R. W. Spekkens, Inform. Comput. 250,
59 (2016).

[20] G. Gour, Phys. Rev. A 95, 062314 (2017).

[21] B. Regula, J. Phys. A 51, 045303 (2018).

[22] A. Anshu, M.-H. Hsieh, and R. Jain, arXiv:1708.00381.

[23] L. Lami, S. Das, and M. M. Wilde, J. Phys. A 51, 125301 (2018).

[24] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Rev. Mod. Phys. 81, 865 (2009).

[25] G. Gour and R. W. Spekkens, New J. Phys. 10, 033023 (2008).

022335-12


https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1142/S1230161214400010
https://doi.org/10.1142/S1230161214400010
https://doi.org/10.1142/S1230161214400010
https://doi.org/10.1142/S1230161214400010
https://doi.org/10.1088/1751-8113/40/28/S01
https://doi.org/10.1088/1751-8113/40/28/S01
https://doi.org/10.1088/1751-8113/40/28/S01
https://doi.org/10.1088/1751-8113/40/28/S01
https://doi.org/10.1016/j.physrep.2007.04.005
https://doi.org/10.1016/j.physrep.2007.04.005
https://doi.org/10.1016/j.physrep.2007.04.005
https://doi.org/10.1016/j.physrep.2007.04.005
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1038/35051009
https://doi.org/10.1038/35051009
https://doi.org/10.1038/35051009
https://doi.org/10.1038/35051009
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1142/S0217979213450197
https://doi.org/10.1142/S0217979213450197
https://doi.org/10.1142/S0217979213450197
https://doi.org/10.1142/S0217979213450197
https://doi.org/10.1088/0031-8949/90/7/074024
https://doi.org/10.1088/0031-8949/90/7/074024
https://doi.org/10.1088/0031-8949/90/7/074024
https://doi.org/10.1088/0031-8949/90/7/074024
https://doi.org/10.1103/PhysRevLett.115.070503
https://doi.org/10.1103/PhysRevLett.115.070503
https://doi.org/10.1103/PhysRevLett.115.070503
https://doi.org/10.1103/PhysRevLett.115.070503
http://arxiv.org/abs/arXiv:1511.08818
https://doi.org/10.1016/j.ic.2016.02.008
https://doi.org/10.1016/j.ic.2016.02.008
https://doi.org/10.1016/j.ic.2016.02.008
https://doi.org/10.1016/j.ic.2016.02.008
https://doi.org/10.1103/PhysRevA.95.062314
https://doi.org/10.1103/PhysRevA.95.062314
https://doi.org/10.1103/PhysRevA.95.062314
https://doi.org/10.1103/PhysRevA.95.062314
https://doi.org/10.1088/1751-8121/aa9100
https://doi.org/10.1088/1751-8121/aa9100
https://doi.org/10.1088/1751-8121/aa9100
https://doi.org/10.1088/1751-8121/aa9100
http://arxiv.org/abs/arXiv:1708.00381
https://doi.org/10.1088/1751-8121/aaad26
https://doi.org/10.1088/1751-8121/aaad26
https://doi.org/10.1088/1751-8121/aaad26
https://doi.org/10.1088/1751-8121/aaad26
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1088/1367-2630/10/3/033023
https://doi.org/10.1088/1367-2630/10/3/033023
https://doi.org/10.1088/1367-2630/10/3/033023
https://doi.org/10.1088/1367-2630/10/3/033023

GAUSSIAN QUANTUM RESOURCE THEORIES

PHYSICAL REVIEW A 98, 022335 (2018)

[26] M. Lostaglio, K. Korzekwa, D. Jennings, and T. Rudolph,
Phys. Rev. X 5, 021001 (2015).

[27] F. G. S. L. Branddo, M. Horodecki, J. Oppenheim, J. M. Renes,
and R. W. Spekkens, Phys. Rev. Lett. 111, 250404 (2013).

[28] M. Horodecki, P. Horodecki, and J. Oppenheim, Phys. Rev. A
67, 062104 (2003).

[29] R. Gallego, L. E. Wiirflinger, A. Acin, and M. Navascués,
Phys. Rev. Lett. 109, 070401 (2012).

[30] J. L. de Vicente, J. Phys. A 47, 424017 (2014).

[31] J. Aberg, arXiv:quant-ph/0612146 .

[32] T. Baumgratz, M. Cramer, and M. B. Plenio, Phys. Rev. Lett.
113, 140401 (2014).

[33] A. Streltsov, G. Adesso, and M. B. Plenio, Rev. Mod. Phys. 89,
041003 (2017).

[34] W. Vogel and J. Sperling, Phys. Rev. A 89, 052302 (2014).

[35] N. Killoran, F. E. S. Steinhoff, and M. B. Plenio, Phys. Rev. Lett.
116, 080402 (2016).

[36] T. Theurer, N. Killoran, D. Egloff, and M. B. Plenio, Phys. Rev.
Lett. 119, 230401 (2017).

[37] S. Das, C. Mukhopadhyay, S. S. Roy, S. Bhattacharya, A. S. De,
and U. Sen, arXiv:1705.04343 .

[38] R. Gallego and L. Aolita, Phys. Rev. X 5, 041008 (2015).

[39] A. Grudka, K. Horodecki, M. Horodecki, P. Horodecki, R.
Horodecki, P. Joshi, W. Ktobus, and A. Woéjcik, Phys. Rev. Lett.
112, 120401 (2014).

[40] V. Veitch, S. A. H. Mousavian, D. Gottesman, and J. Emerson,
New J. Phys. 16, 013009 (2014).

[41] M. Ahmadi, H. B. Dang, G. Gour, and B. C. Sanders,
Phys. Rev. A 97, 062332 (2018).

[42] E. Wakakuwa, arXiv:1709.07248 .

[43] 1. Devetak, A. W. Harrow, and A. J. Winter, IEEE Trans. Inf.
Theory 54, 4587 (2008).

[44] Z.-W. Liu, X. Hu, and S. Lloyd, Phys. Rev. Lett. 118, 060502
(2017).

[45] J. Eisert and M. B. Plenio, Int. J. Quantum Inf. 01, 479 (2003).

[46] M. Idel, D. Lercher, and M. M. Wolf, J. Phys. A 49, 445304
(2016).

[47] Y.-R. Zhang, L.-H. Shao, Y. Li, and H. Fan, Phys. Rev. A 93,
012334 (2016).

[48] E. G. Brown, N. Friis, and M. Huber, New J. Phys. 18, 113028
(2016).

[49] K. C. Tan, T. Volkoff, H. Kwon, and H. Jeong, Phys. Rev. Lett.
119, 190405 (2017).

[50] N. Friis and M. Huber, Quantum 2, 61 (2018).

[51] A. Serafini, Quantum Continuous Variables: A Primer of The-
oretical Methods (CRC Press, Taylor & Francis Group, Boca
Raton, FL, 2017).

[52] R. Simon, N. Mukunda, and B. Dutta, Phys. Rev. A 49, 1567
(1994).

[53] M. G. Paris, Phys. Lett. A 217, 78 (1996).

[54] Note, however, that one may define also nonconvex resources—
notably, we obtain one such resource theory by letting the set of
all Gaussian states to be free—but we will not study them here.

[55] C. Aliprantis and R. Tourky, Cones and Duality, Gradu-
ate Studies in Mathematics (American Mathematical Society,
Providence, RI, 2007).

[56] G.De Palma, A. Mari, V. Giovannetti, and A. S. Holevo, J. Math.
Phys. 56, 052202 (2015).

[57] M. B. Plenio and S. Virmani, Quantum Inf. Comput. 7, 1 (2007).

[58] C. H. Bennett, H. J. Bernstein, S. Popescu, and B. Schumacher,
Phys. Rev. A 53, 2046 (1996).

[59] C. H. Bennett, G. Brassard, S. Popescu, B. Schumacher, J. A.
Smolin, and W. K. Wootters, Phys. Rev. Lett. 76, 722 (1996).

[60] E. M. Rains, Phys. Rev. A 60, 173 (1999).

[61] E. M. Rains, IEEE Trans. Inf. Theory 47, 2921 (2001).

[62] F. G. S. L. Brandao and N. Datta, IEEE Trans. Inf. Theory 57,
1754 (2011).

[63] F. Buscemi and N. Datta, J. Math. Phys. 51, 102201 (2010).

[64] K. Fang, X. Wang, M. Tomamichel, and R. Duan,
arXiv:1706.06221.

[65] S. Bravyi and A. Kitaev, Phys. Rev. A 71, 022316 (2005).

[66] A. Winter and D. Yang, Phys. Rev. Lett. 116, 120404 (2016).

[67] B. Regula, K. Fang, X. Wang, and G. Adesso, Phys. Rev. Lett.
121, 010401 (2018).

[68] S.Beigiand A. Gohari, IEEE Trans. Inf. Theory 64,2193 (2018).

[69] P. Hyllus and J. Eisert, New J. Phys. 8, 51 (2006).

[70] R. F. Werner and M. M. Wolf, Phys. Rev. Lett. 86, 3658 (2001).

[71] L. Lami, A. Serafini, and G. Adesso, New J. Phys. 20, 023030
(2018).

[72] H. M. Wiseman, S. J. Jones, and A. C. Doherty, Phys. Rev. Lett.
98, 140402 (2007).

[73] C. T. Lee, Phys. Rev. A 44, R2775 (1991).

[74] A. Serafini, M. G. A. Paris, F. [lluminati, and S. D. Siena, J. Opt.
B: Quantum Semiclass. Opt. 7, R19 (2005).

[75] R. Schnabel, Phys. Rep. 684, 1 (2017).

[76] B. Yadin, V. Narasimhachar, F. C. Binder, J. Thompson, M. Gu,
and M. S. Kim, arXiv:1804.10190 .

[77] M. Reck, A. Zeilinger, H. J. Bernstein, and P. Bertani, Phys. Rev.
Lett. 73, 58 (1994).

[78] E. Schrodinger, Math. Proc. Camb. Philos. Soc. 31, 555 (1935).

[79] M. D. Reid, Phys. Rev. A 40, 913 (1989).

[80] M. Piani and J. Watrous, Phys. Rev. Lett. 114, 060404 (2015).

[81] I. Kogias, A. R. Lee, S. Ragy, and G. Adesso, Phys. Rev. Lett.
114, 060403 (2015).

[82] S.-W. Ji, M. S. Kim, and H. Nha, J. Phys. A 48, 135301
(2015).

[83] L. Lami, C. Hirche, G. Adesso, and A. Winter, Phys. Rev. Lett.
117, 220502 (2016).

[84] Y. Xiang, 1. Kogias, G. Adesso, and Q. He, Phys. Rev. A 95,
010101 (2017).

[85] A. S. Holevo, Probabilistic and Statistical Aspects of Quantum
Theory (Springer, Pisa, Italy, 2011).

[86] R. E. Megginson, An Introduction to Banach Space Theory
(Springer, New York, 1998).

[87]1 W. Rudin, Functional Analysis, 2nd ed. (McGraw-Hill,
New York, 1991).

[88] L. Banchi, S. L. Braunstein, and S. Pirandola, Phys. Rev. Lett.
115, 260501 (2015).

[89] The Schur Complement and Its Applications, edited by F. Zhang
(Springer, New York, 2005).

[90] S.Boydand L. Vandenberghe, Convex Optimization (Cambridge
University Press, New York, 2004).

[91] R. Bhatia and T. Jain, J. Math. Phys. 56, 112201 (2015).

[92] J. Williamson, Am. J. Math. 58, 141 (1936).

[93] R. Simon, S. Chaturvedi, and V. Srinivasan, J. Math. Phys. 40,
3632 (1999).

022335-13


https://doi.org/10.1103/PhysRevX.5.021001
https://doi.org/10.1103/PhysRevX.5.021001
https://doi.org/10.1103/PhysRevX.5.021001
https://doi.org/10.1103/PhysRevX.5.021001
https://doi.org/10.1103/PhysRevLett.111.250404
https://doi.org/10.1103/PhysRevLett.111.250404
https://doi.org/10.1103/PhysRevLett.111.250404
https://doi.org/10.1103/PhysRevLett.111.250404
https://doi.org/10.1103/PhysRevA.67.062104
https://doi.org/10.1103/PhysRevA.67.062104
https://doi.org/10.1103/PhysRevA.67.062104
https://doi.org/10.1103/PhysRevA.67.062104
https://doi.org/10.1103/PhysRevLett.109.070401
https://doi.org/10.1103/PhysRevLett.109.070401
https://doi.org/10.1103/PhysRevLett.109.070401
https://doi.org/10.1103/PhysRevLett.109.070401
https://doi.org/10.1088/1751-8113/47/42/424017
https://doi.org/10.1088/1751-8113/47/42/424017
https://doi.org/10.1088/1751-8113/47/42/424017
https://doi.org/10.1088/1751-8113/47/42/424017
http://arxiv.org/abs/arXiv:quant-ph/0612146
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/RevModPhys.89.041003
https://doi.org/10.1103/PhysRevA.89.052302
https://doi.org/10.1103/PhysRevA.89.052302
https://doi.org/10.1103/PhysRevA.89.052302
https://doi.org/10.1103/PhysRevA.89.052302
https://doi.org/10.1103/PhysRevLett.116.080402
https://doi.org/10.1103/PhysRevLett.116.080402
https://doi.org/10.1103/PhysRevLett.116.080402
https://doi.org/10.1103/PhysRevLett.116.080402
https://doi.org/10.1103/PhysRevLett.119.230401
https://doi.org/10.1103/PhysRevLett.119.230401
https://doi.org/10.1103/PhysRevLett.119.230401
https://doi.org/10.1103/PhysRevLett.119.230401
http://arxiv.org/abs/arXiv:1705.04343
https://doi.org/10.1103/PhysRevX.5.041008
https://doi.org/10.1103/PhysRevX.5.041008
https://doi.org/10.1103/PhysRevX.5.041008
https://doi.org/10.1103/PhysRevX.5.041008
https://doi.org/10.1103/PhysRevLett.112.120401
https://doi.org/10.1103/PhysRevLett.112.120401
https://doi.org/10.1103/PhysRevLett.112.120401
https://doi.org/10.1103/PhysRevLett.112.120401
https://doi.org/10.1088/1367-2630/16/1/013009
https://doi.org/10.1088/1367-2630/16/1/013009
https://doi.org/10.1088/1367-2630/16/1/013009
https://doi.org/10.1088/1367-2630/16/1/013009
https://doi.org/10.1103/PhysRevA.97.062332
https://doi.org/10.1103/PhysRevA.97.062332
https://doi.org/10.1103/PhysRevA.97.062332
https://doi.org/10.1103/PhysRevA.97.062332
http://arxiv.org/abs/arXiv:1709.07248
https://doi.org/10.1109/TIT.2008.928980
https://doi.org/10.1109/TIT.2008.928980
https://doi.org/10.1109/TIT.2008.928980
https://doi.org/10.1109/TIT.2008.928980
https://doi.org/10.1103/PhysRevLett.118.060502
https://doi.org/10.1103/PhysRevLett.118.060502
https://doi.org/10.1103/PhysRevLett.118.060502
https://doi.org/10.1103/PhysRevLett.118.060502
https://doi.org/10.1142/S0219749903000371
https://doi.org/10.1142/S0219749903000371
https://doi.org/10.1142/S0219749903000371
https://doi.org/10.1142/S0219749903000371
https://doi.org/10.1088/1751-8113/49/44/445304
https://doi.org/10.1088/1751-8113/49/44/445304
https://doi.org/10.1088/1751-8113/49/44/445304
https://doi.org/10.1088/1751-8113/49/44/445304
https://doi.org/10.1103/PhysRevA.93.012334
https://doi.org/10.1103/PhysRevA.93.012334
https://doi.org/10.1103/PhysRevA.93.012334
https://doi.org/10.1103/PhysRevA.93.012334
https://doi.org/10.1088/1367-2630/18/11/113028
https://doi.org/10.1088/1367-2630/18/11/113028
https://doi.org/10.1088/1367-2630/18/11/113028
https://doi.org/10.1088/1367-2630/18/11/113028
https://doi.org/10.1103/PhysRevLett.119.190405
https://doi.org/10.1103/PhysRevLett.119.190405
https://doi.org/10.1103/PhysRevLett.119.190405
https://doi.org/10.1103/PhysRevLett.119.190405
https://doi.org/10.22331/q-2018-04-23-61
https://doi.org/10.22331/q-2018-04-23-61
https://doi.org/10.22331/q-2018-04-23-61
https://doi.org/10.22331/q-2018-04-23-61
https://doi.org/10.1103/PhysRevA.49.1567
https://doi.org/10.1103/PhysRevA.49.1567
https://doi.org/10.1103/PhysRevA.49.1567
https://doi.org/10.1103/PhysRevA.49.1567
https://doi.org/10.1016/0375-9601(96)00339-8
https://doi.org/10.1016/0375-9601(96)00339-8
https://doi.org/10.1016/0375-9601(96)00339-8
https://doi.org/10.1016/0375-9601(96)00339-8
https://doi.org/10.1063/1.4921265
https://doi.org/10.1063/1.4921265
https://doi.org/10.1063/1.4921265
https://doi.org/10.1063/1.4921265
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevA.53.2046
https://doi.org/10.1103/PhysRevLett.76.722
https://doi.org/10.1103/PhysRevLett.76.722
https://doi.org/10.1103/PhysRevLett.76.722
https://doi.org/10.1103/PhysRevLett.76.722
https://doi.org/10.1103/PhysRevA.60.173
https://doi.org/10.1103/PhysRevA.60.173
https://doi.org/10.1103/PhysRevA.60.173
https://doi.org/10.1103/PhysRevA.60.173
https://doi.org/10.1109/18.959270
https://doi.org/10.1109/18.959270
https://doi.org/10.1109/18.959270
https://doi.org/10.1109/18.959270
https://doi.org/10.1109/TIT.2011.2104531
https://doi.org/10.1109/TIT.2011.2104531
https://doi.org/10.1109/TIT.2011.2104531
https://doi.org/10.1109/TIT.2011.2104531
https://doi.org/10.1063/1.3483717
https://doi.org/10.1063/1.3483717
https://doi.org/10.1063/1.3483717
https://doi.org/10.1063/1.3483717
http://arxiv.org/abs/arXiv:1706.06221
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevA.71.022316
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.121.010401
https://doi.org/10.1103/PhysRevLett.121.010401
https://doi.org/10.1103/PhysRevLett.121.010401
https://doi.org/10.1103/PhysRevLett.121.010401
https://doi.org/10.1109/TIT.2018.2806965
https://doi.org/10.1109/TIT.2018.2806965
https://doi.org/10.1109/TIT.2018.2806965
https://doi.org/10.1109/TIT.2018.2806965
https://doi.org/10.1088/1367-2630/8/4/051
https://doi.org/10.1088/1367-2630/8/4/051
https://doi.org/10.1088/1367-2630/8/4/051
https://doi.org/10.1088/1367-2630/8/4/051
https://doi.org/10.1103/PhysRevLett.86.3658
https://doi.org/10.1103/PhysRevLett.86.3658
https://doi.org/10.1103/PhysRevLett.86.3658
https://doi.org/10.1103/PhysRevLett.86.3658
https://doi.org/10.1088/1367-2630/aaa654
https://doi.org/10.1088/1367-2630/aaa654
https://doi.org/10.1088/1367-2630/aaa654
https://doi.org/10.1088/1367-2630/aaa654
https://doi.org/10.1103/PhysRevLett.98.140402
https://doi.org/10.1103/PhysRevLett.98.140402
https://doi.org/10.1103/PhysRevLett.98.140402
https://doi.org/10.1103/PhysRevLett.98.140402
https://doi.org/10.1103/PhysRevA.44.R2775
https://doi.org/10.1103/PhysRevA.44.R2775
https://doi.org/10.1103/PhysRevA.44.R2775
https://doi.org/10.1103/PhysRevA.44.R2775
https://doi.org/10.1088/1464-4266/7/4/R01
https://doi.org/10.1088/1464-4266/7/4/R01
https://doi.org/10.1088/1464-4266/7/4/R01
https://doi.org/10.1088/1464-4266/7/4/R01
https://doi.org/10.1016/j.physrep.2017.04.001
https://doi.org/10.1016/j.physrep.2017.04.001
https://doi.org/10.1016/j.physrep.2017.04.001
https://doi.org/10.1016/j.physrep.2017.04.001
http://arxiv.org/abs/arXiv:1804.10190
https://doi.org/10.1103/PhysRevLett.73.58
https://doi.org/10.1103/PhysRevLett.73.58
https://doi.org/10.1103/PhysRevLett.73.58
https://doi.org/10.1103/PhysRevLett.73.58
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1017/S0305004100013554
https://doi.org/10.1103/PhysRevA.40.913
https://doi.org/10.1103/PhysRevA.40.913
https://doi.org/10.1103/PhysRevA.40.913
https://doi.org/10.1103/PhysRevA.40.913
https://doi.org/10.1103/PhysRevLett.114.060404
https://doi.org/10.1103/PhysRevLett.114.060404
https://doi.org/10.1103/PhysRevLett.114.060404
https://doi.org/10.1103/PhysRevLett.114.060404
https://doi.org/10.1103/PhysRevLett.114.060403
https://doi.org/10.1103/PhysRevLett.114.060403
https://doi.org/10.1103/PhysRevLett.114.060403
https://doi.org/10.1103/PhysRevLett.114.060403
https://doi.org/10.1088/1751-8113/48/13/135301
https://doi.org/10.1088/1751-8113/48/13/135301
https://doi.org/10.1088/1751-8113/48/13/135301
https://doi.org/10.1088/1751-8113/48/13/135301
https://doi.org/10.1103/PhysRevLett.117.220502
https://doi.org/10.1103/PhysRevLett.117.220502
https://doi.org/10.1103/PhysRevLett.117.220502
https://doi.org/10.1103/PhysRevLett.117.220502
https://doi.org/10.1103/PhysRevA.95.010101
https://doi.org/10.1103/PhysRevA.95.010101
https://doi.org/10.1103/PhysRevA.95.010101
https://doi.org/10.1103/PhysRevA.95.010101
https://doi.org/10.1103/PhysRevLett.115.260501
https://doi.org/10.1103/PhysRevLett.115.260501
https://doi.org/10.1103/PhysRevLett.115.260501
https://doi.org/10.1103/PhysRevLett.115.260501
https://doi.org/10.1063/1.4935852
https://doi.org/10.1063/1.4935852
https://doi.org/10.1063/1.4935852
https://doi.org/10.1063/1.4935852
https://doi.org/10.2307/2371062
https://doi.org/10.2307/2371062
https://doi.org/10.2307/2371062
https://doi.org/10.2307/2371062
https://doi.org/10.1063/1.532913
https://doi.org/10.1063/1.532913
https://doi.org/10.1063/1.532913
https://doi.org/10.1063/1.532913



