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We consider the problem of separability of quantum channels via the Choi matrix representation given by
the Choi-Jamiotkowski isomorphism. We explore three classes of separability across different cuts between
systems and ancillae, and we provide a solution based on the mapping of the coordinates of the Choi state (in
a fixed basis) to a truncated moment sequence (tms) y. This results in an algorithm which gives a separability
certificate using semidefinite programming. The computational complexity and the performance of it depend on
the number of variables n in the tms and on the size of the moment matrix M,(y) of order . We exploit the
algorithm to numerically investigate separability of families of two-qubit and single-qutrit channels; in the latter
case we can provide an answer for examples explored earlier through the criterion based on the negativity N, a
criterion which remains inconclusive for Choi matrices with N = 0.
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I. INTRODUCTION

Entanglement properties of quantum states have been at the
center of many investigations in recent years. Meanwhile, first
small-scale quantum processors have become available, and
the problem of verifying that such devices work in a properly
“quantum” way has become center stage. In that context,
it is of high relevance to understand the way entanglement
evolves under physical operations acting on quantum states
[1-6]. Many contributions to tomography and benchmarking
of quantum devices or, more generally, quantum channels
can be found in the literature, e.g., recent approaches in
the framework of resource and device-independent theories
[7,8], schemes which aim at reducing the resources required
for entanglement verification [9], methods based on quantum
process tomography [10,11], approaches that detect insepara-
bility based on witness operators [12] or separability based on
theorems exploiting local operations and classical communi-
cation [13,14]. An uncontroversial requirement for a proper
quantum operation is that the device is able to create entan-
glement, a resource on which quantum technology largely
relies. In particular it is well known that a quantum computer
that generates only limited amounts of entanglement can be
simulated efficiently classically [15]. On the other hand the
properties of devices which break entanglement turned out to
be useful for proving relevant conjectures [16] for obtaining
results for the problem of additivity of capacity [17,18] and for
their connection with different types of quantum correlations
[19]. The problem of deciding whether a quantum state is
entangled or not has been solved in the sense of its reduction
to matrix extensions and semidefinite programming [20], an
approach that was later understood more generally within
the theory of truncated moment sequences [21]. However,
no corresponding algorithm that gives a definite outcome
for quantum channels was known, i.e., an algorithm that
takes as input an arbitrary quantum channel and outputs a
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definite answer whether the quantum channel can generate
entanglement for some initial separable state. Although one
might argue that with modern technology it is quite easy to
entangle, e.g., two qubits and verify their entanglement, the
entanglement is typically lost on relatively short timescales.
The way entanglement is created and possibly destroyed again
by the full channel, including storage and decoherence pro-
cesses over longer times, depends on the input state. When
trying to verify entanglement creation one would, thus, have to
search for suitable input states. In such a situation it would be
much more convenient to asses the possibility of entanglement
creation directly on the level of the quantum channel. In the
present paper we present such an algorithm for the channel
separability problem. It generalizes to quantum channels the
hierarchy of Refs. [20,21]. The resulting algorithm provides
definiteness in the answer to the question whether a quantum
channel is entangling or separable, even in cases where more
straightforward separability criteria based on positive but not
completely positive maps fail as we will demonstrate with
explicit examples in Sec. IV C.

The mathematical object associated with a physical oper-
ation is a quantum channel, which acts on the joint state of
a system A and its environment to produce an output state.
The environment can be seen as an ancilla system A’ with
which the system A is possibly entangled. The system .4
itself may be bipartite and made of two subsystems A and B
which may or may not be entangled with one another or with
their respective ancillae A" and B’. Since a channel acts on
both the system and its ancilla, the output state may be entan-
gled in different ways, which leads to different definitions of
separability of quantum channels [22-26]. These definitions
depend on whether the total state of the system and ancilla
is separable for instance across the cut A — A’ or across the
cut A — B. The algorithm that we present in Sec. IIID allows
one to investigate all different notions of separability with
only small modifications needed in the input to go from one
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definition to the other, thus, giving a unifying framework for
the separability problem in the case of quantum channels.

The Choi-Jamiotkowsi isomorphism relates completely
positive trace-preserving maps with density matrices or equiv-
alently completely positive maps with positive operators.
Characterizing separability for channels can be investigated
in the light of results obtained for quantum states. Many
theoretical results have been obtained for states in terms of
separability criteria [27]. One of the most well-known neces-
sary conditions for separability is the positive partial transpose
(PPT) criterion, which states that if a state p is separable then
o7 > 0 with pPT the partial transpose with respect to one of
the subsystems [28,29].

As was shown recently [30], the separability problem for
states can be recast as a “truncated moment” problem, a prob-
lem well studied in recent years in the mathematical literature.
The truncated moment problem consists of finding conditions
under which a given sequence of numbers corresponds to
moments of a probability distribution. The moment problem
corresponds to the case where an infinite sequence is given,
whereas in the truncated moment problem only the lowest
moments are fixed and the aim is to find a measure matching
these moments. Of relevance for the separability problem as
we will see is the K-truncated moment problem where the
measure is additionally required to have the set K as support.
In Ref. [30] we showed that asking whether a quantum state
is separable along an arbitrary partition of Hilbert space can
be cast in the form of a K-truncated moment problem, and we
applied this approach to symmetric multiqubit states.

In the present paper our goal is to apply this formalism
to the more general situation of the separability of quan-
tum channels. Even though the problem of separability of
channels can be related to the one of states through the
Choi-Jamiotkowsi isomorphism, it is still relevant to explicitly
formulate the mapping with the moment problem since it
allows us to provide theorems that give necessary and suffi-
cient conditions for a channel to be separable or entanglement
breaking; moreover, the resulting necessary and sufficient
criterion is also practically usable thanks to a quite simple
algorithm that implements the theorems numerically. The pa-
per is organized as follows. In Sec. II we recall some useful
definitions about quantum channels and the various notions of
separability. In Sec. III we explain in detail how the truncated
moment problem maps to these separability problems, and we
provide a theoretical solution in the form of a set of theorems
(Sec. III C) and a numerical solution in terms of an algorithm
(Sec. IIT D). In Sec. IV we consider various examples of appli-
cation of this algorithm, which allow detection of separability
in quantum channels. Finally we conclude in Sec. V.

II. DEFINITIONS

We start by recalling some elementary definitions.

A. Quantum channels

Let p be a quantum state acting on a tensor product H =
HV ® ...® HY of Hilbert spaces H® of finite dimension.
Any physical transformation can be described by a completely
positive map, that is, a map ® such that ® ® 1 is positive on
all states acting on an extended Hilbert space H ® H’ (where

H' is the Hilbert space of an ancillary system of arbitrary size).
A quantum channel ® is, therefore, defined as a completely
positive trace-preserving linear map, which maps p to a state
p' = ®(p) acting on some Hilbert space (that for simplicity
we consider here equal to H so that ®: L(H) — L(H), where
L(H) is the set of linear operators on H).

Let N be the dimension of the Hilbert space H. A density
matrix can be expanded as p = Zi,j pij i) (jl, with |i) as
the vectors of the canonical basis of H. To any linear map
® mapping p to p’ one can associate a superoperator M
of size N? such that p{j = Mo (with summation over
repeated indices), and a dynamical matrix D¢ defined [31] by
a reshuffling of entries of M, namely, (Do )ijx = M ji [27].
Alternatively one can define the Choi matrix,

C¢=Z<D(|i) (Jh iy (i, (D
i.j

[32], which coincides with D¢ when written in the canonical
basis. The Choi matrix Cy is Hermitian. The map @ is positive
if and only if the corresponding Choi matrix Cg is block
positive (that is, positive on product states in H ® H) [33].
According to Choi’s theorem [32], ® is completely positive
if and only if its Choi matrix is positive semidefinite. Fi-
nally, @ is trace preserving if and only if the N? conditions
> i{(Co)iju =8 are fulfilled. These conditions imply that
tr Cq; = N.

As a consequence, if ® is a quantum channel, then ]vaq)
can be seen as a density matrix acting on H ® H. Any com-
pletely positive trace-preserving map can be associated with
a density matrix in that way. The Choi-Jamiotkowsi isomor-
phism is a bijection between a quantum channel ® and its
Choi matrix Cy [27,33]. We will also make use of the fact that
a quantum channel can be written in Kraus form as

®(p) =Y EpE/, Y EE =1 )
1 1

The Kraus operators E; are not unique, but a canonical form
can be found by diagonalizing the Choi matrix and reshuffling
its eigenvectors into square matrices in which case a set of at
most N2 Kraus operators suffices [27].

B. Separability of channels

A bipartite quantum state p acting on a Hilbert space Hy ®
Hjp is separable if it admits a decomposition,

p=> wip® @ p®, (3)

with w; > 0 and ,oi(A), ,ol.(B ) acting on Hy, Hp respectively.
More generally, a positive semidefinite matrix M is said to
be separable if it can be written as

M=) P®0, )
k

with P, and Qy positive semidefinite matrices.

Various kinds of channel separability have been introduced
in the literature. Consider the Hilbert space H = Hy ® Hp
describing a system partitioned into two subsystems A and
B and let ®: L(Hs ® Hp) — L(H4y Q@ Hp) be a completely
positive map. As a criterion for complete positivity one must
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consider the extended Hilbert state H @ H' with H = H
where here and in the following the prime is used to denote
the ancilla system. The corresponding Choi matrix Cg can
be seen as a density matrix acting on Hilbert space H =
Hy ® Hp ® Hy ® Hp. Following Eq. (1) it can be expressed
as Co = ), D(lir) (js)) ® lir) (jsl.

1. Separable channels

@ is called separable (SEP) if it takes the form ®(p) =
> (A ®B)p(A; ® B, )" [22]. In other words, the Kraus oper-
ators for the channel @ in (2) can be factored as £, = A; ® B;.
Such channels map separable states to separable states. In
terms of these Kraus operators, the Choi matrix of a separable
map & is given by

Co=Y_ Y Ali)(jlA] ® Bi|r)(s|B] ® li){jl ® |r)(s]. (5)

i,j,rs 1

Swapping Hy and Hp we can interpret Cg as an operator in
H = Hy ® Hy ® Hp ® Hp and reexpress it as

Co=Y_ > AINGIA] @ [i)(jl ® D Bilr)(s|B] @ |r)(sl.
1 i,j s

(6)
It is clear that Zi,jAl i) (j|A; ® |i){j| is positive semidefinite
for all [’s because it is the Choi matrix of the completely
positive map p — A; ,oA}L; and the same holds for B. There-
fore, Cy can be written as a sum Z, Mfi) ®Mg) with Mffl)
and M g) positive semidefinite: It is, thus, a separable matrix
across the (A —A") — (B — B’) cut. It was shown in Ref. [6]
that the converse is true, namely, Cy is separable across the
(A—A") — (B — B’) cut if and only if ® is a separable map.
We will use this characterization of separable channels in
Sec. III C.
We will call @ fully separable (FS) if the corresponding Cg
is separable across all possible cuts.

2. Entanglement-breaking channels

® is called entanglement breaking (EB) [23] if (® ® 1)(p)
is a separable state across the H — H' cut whatever the initial
state p € L(H). It does not address the separability of the
bipartite system H into A and B but rather the separability
between the system and its environment (it can, therefore,
be defined for one-qubit channels). Various necessary and
sufficient conditions for entanglement breaking have been
obtained in Ref. [23]. One necessary and sufficient criterion
is that there exist a Kraus form where all Kraus operators
have rank 1. In terms of the Choi matrix, a necessary and
sufficient condition for EB is that Cy be separable across
the (A — B) — (A’ — B’) cut. Physically these channels cor-
respond to the case in which the output state is prepared
according to the measurement outcomes made by the sender
and sent via a classical channel to the receiver. We point out
the difference between separable and entanglement-breaking
channels in Fig. 1.

Channels which become entanglement breaking after a
sufficient number of compositions with themselves are called
eventually entanglement-breaking channels [25,26].
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FIG. 1. Difference between separable (left) and entanglement-
breaking (right) channels for a bipartite system AB with ancillae
A’'B’. The chains represent entanglement. A separable channel pre-
serves separability between (A —A’) and (B — B’), whereas an
entanglement-breaking channel destroys entanglement between A
and all the ancillae and B and all the ancillae, giving separability
between (A — B) and (A’ — B').

3. Entanglement annihilating channels

@ is called entanglement annihilating [34] if it destroys any
entanglement within the system H (but it does not necessarily
destroy entanglement between H and H’). A necessary and
sufficient condition for entanglement annihilating channels in
terms of the Choi matrix is that Cgy > 0 and that its partial
trace over A and B is proportional to the identity matrix (see
Corollary 1 of Ref. [24]). Such a condition on partial trace is
not implementable in truncated moment sequence (tms) form,
so we will not address this type of separability.

III. TRUNCATED MOMENT SEQUENCES

In the present section, we introduce the mathematical
framework of truncated moment sequences (Sec. III A) and
then apply it to quantum states (Sec. IIIB) and channels
(Sec. IIT C). In general, to some nonnegative measure (. on R
one can associate its moments, which are the average values
of the monomials x}' ---x%. The moment y, of order a =
(ar,...,ay) € 2% is defined as y, = [ x“dju(x), where x*
denotes the monomial x{' - - - x2. If we are given a finite set y
of real numbers, i.e., a truncated sequence, a natural question
is to ask whether these numbers are the moments of a certain
probability distribution. If the measure u is constrained to be
supported by a semialgebraic set K, the moment y,, is given as

Ya =/x“du(x). (7
K

The tms problem deals with the characterization of the trun-
cated sequences y = (y, ez, that are sequences of moments
of a measure w. Solutions to this problem have been put
forward in the mathematical literature. As we will see, the

052406-3



N. MILAZZO, D. BRAUN, AND O. GIRAUD

PHYSICAL REVIEW A 102, 052406 (2020)

separability problem can be expressed exactly in the form of
Eq. (7). The reader interested in the mathematical results for
the solution of the moment problem should continue with the
next section; otherwise, jumping to Secs. III B and III C will
directly give its connection with the physical problem of sepa-
rability of quantum states and quantum channels, respectively.

A. The tms problem

In order to be as self-contained and pedagogical as pos-
sible for a physics-oriented audience, we start by reviewing
and explaining some results from the mathematical literature
[35-41]. We follow the nice presentation from Ref. [42]. We
then recall the theorems obtained in Ref. [30] for quantum
states and formulate them in the case of quantum channels.

A tms y = (yo)ja|<24 Of degree 2d is a finite set of real
numbers indexed by n-tuples o = («y, ..., ®,) of integers
o; > 0 such that |a| =), < 2d (here we only consider
tms of even degree: indeed, although the definition would
extend trivially to odd-degree tms, even-degree tms are the
only ones involved in the theorems below, so this slightly
simplifies notations). We denote by S»,; the set of n-tuples
o = (ay, ..., 0,) with o] < 2d so that y is a vector in RS,
The number of such rn tuples is

2d

k+n—1 n—+2d
Z( n—1>:<2d ) ®)

k=0

A moment sequence corresponds to a situation where all y,
are known to arbitrary order, which we denote by y € RS>,

The truncated moment problem (tms problem) is the prob-
lem of finding whether there exists a representing measure for
a given sequence Yy, that is, a positive measure du such that
Vo = f x*du(x) for all @ with || < 2d. Here the notation x*
stands for [, x{".

The K-tms problem addresses the case where the measure
d is additionally required to be supported by a semialgebraic
set K, that is, a set defined by polynomial inequalities. We
will use the notation K = {x € R"|g1(x) > 0, ..., gn(x) = 0}
with g;(x) multivariate polynomials. The sequence y has a
representing measure for the K-tms problem if for all «’s with
la| < 2d, Eq. (7) holds.

Necessary and sufficient conditions for the solution of the
tms problem can be obtained in terms of moment matrices.
Given a tms (Y4 )j«|<24- its moment matrix of order ¢ is the
matrix M, (y) indexed by «, B with |«/|, || < ¢ and defined as
M,;(y)op = Ya+p- The entries of the matrix involve indices of
y up to order 2¢ and since the highest index of y is 2d (by
definition of the tms) such a matrix is defined only if r < d.
The size of M,(y) is given by the number of moments up
to order ¢, that is, ("}). In the case of an infinite moment
sequence, the matrix M (y) is infinite.

Necessary and sufficient conditions for the solution of the
K-tms problem additionally involve the localizing matrices
associated with polynomials g; specifying K, which are de-
fined as follows. Any polynomial g of n variables xi, ..., x,
can be decomposed over monomials as g = Z|a|gdeg(g) 8ax”,
where deg(g) is the degree of the multivariate polynomial g. It
can, thus, be seen as a vector in RS« For a tms Vo) jal<2d
and a polynomial g, we define a shifted sequence gy by

setting (gxy)y = Zy 8yYa+y- The localizing matrix of order
t associated with g is defined as the moment matrix of order
t of the shifted sequence, that is, M,(g*y). Explicitly, its
components read M;(g*y)op = Zy 8yYa+p+y- The highest
index of y involved here is 2¢ + deg(g) so that the matrix is
defined only for 2¢ 4 deg(g) < 2d, thatis, r < d — deg(g)/2.
The m polynomials defining K give rise to m-localizing matri-
ces M;(g; »y). In order that all of them be defined, the order ¢
has to be such that r < d — dy with

do = max {1, [deg(g;)/21}, )
1<j<m
that is, the degree of y has to be greater than or equal to 2(t +
dy).

The three theorems below give necessary and sufficient
conditions for a tms (or a full moment sequence) to have a
representing measure, supported on K or not. In all cases, the
representing measure is r atomic, meaning that it is a sum of
8 functions with positive weights, du(x) = Zj w;é(x — x;).
The central criterion is the existence of extensions. An exten-
sion of a tms y of degree 2d is a tms of degree 2d’ withd’ > d
whose restriction to indices of order 2d or less coincides with
y. We denote it again by y. One can define the moment matrix
of order ¢ of such an extension for all ¢ < d’, and we then say
that for t' > ¢, M, (y) is an extension of M,(y). An extension
M, (y) is said to be a flat extension of M, (y) if it satisfies the
condition that its rank is equal to the rank of M, (y), that is,

tk My (y) = tk M, (y). (10)

In particular, if (10) holds then M, (y) >0 < M,(y) >0
(see Appendix B). Theorem 1 below deals with the moment
problem, Theorem 2 with the tms problem, and Theorem 3
with the K-tms problem.

Theorem 1. ( Ref. [35]; see Theorem 1.2 of Ref. [42]) Let
y € RS, If M(y) > 0 and tk M(y) = r is finite, then y has a
unique representing measure, which is r atomic.

Theorem 2. (Ref. [35]; see Theorem 1.3 and Corollary 1.4
of Ref. [42]) Let y € RS, If M,(y) > 0 and M,(y) is a flat
extension of M,_;(y), then y can be extended to y € R+ in
such a way that M, (y) is a flat extension of M, (y).

From induction and using Theorem 1, one concludes that
the tms in RS> can be, in fact, extended to y € R%~ and
has a unique representing measure, which is r atomic with
r =tk M,(y). Moreover one can show (see Ref. [42] for de-
tail) that the r atoms x; which support the measure can be
obtained from the kernel of M,(y), that is, the set of poly-
nomials p =" p,x* such that Zﬂ M, (y)uppp = 0. More
specifically, the set of x; is the variety V[ker M;(y)] = {x €
C"; f(x) =0V f € kerM,(y)}, that is, the set of common
roots of polynomials in the kernel of M,(y). In words, what
the above results say is that in order to find a representing
measure for y € RS one has to start from the moment matrix
M;_4(y) (which is the smallest moment matrix containing all
the data) and look for extensions of higher and higher order,
until for some order ¢ one has rk M, (y) = rk M,_;(y). If such
an extension exists then the representing measure exists and is
supported by the common roots of polynomials of ker M, (y).

Theorem 3. (Ref. [35]; see Theorem 1.6 of Ref. [42]) Let
y € R% and r = rk M, (y). Then y has a r atomic representing
measure supported on K if and only if M,(y) > 0 and there
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exists a flat extension M, 4,(y) with M;(g; »y) = 0 for 1 <
Jj < mand d defined in (9).

This theorem can be decrypted as follows. Starting from
the moment matrix of order d and looking for higher-
order extensions of order f, if there exists an extension
M, 4,(y) with rk M, 4,(y) = rk M;(y) = r then all its subma-
trices M, +1(y), M;12(y), ... are also flat extensions of M, (y).
From Theorems 1 and 2 one readily concludes that there exists
a unique r-atomic representing measure; the atoms are given
by the variety associated with the kernel of the first extension
where the flatness condition is achieved. However these atoms
may not be located on K. The conditions M;(g; xy) > 0 on
the localizing matrices precisely enforce that additional con-
dition (see Appendix A for an insight into the proof). As
mentioned above, these matrices are only defined if the degree
of y is greater than 2(¢ + dy), which is why, in order to fulfill
these conditions, one has to find extensions in y € RS2e+dp)
Therefore, although an extension to M;,;(y) is enough to
guarantee the existence of a r-atomic representing measure,
an extension to M; 4, (y) is required so that it is supported by
K. As a consequence, achieving the flatness condition requires
to go quickly to matrices of high order, which has an impact
in terms of computational complexity.

B. Tms for quantum states

Let us now apply these theorems to quantum states, follow-
ing Ref. [30]. Consider a quantum state p acting on the tensor
product H = HV ® ... ® HP of Hilbert spaces H® with
dim L(H?) = «; + 1. Let S (0 < w; < &;) be a set of Her-
mitian matrices forming an orthogonal basis for £(H"), and
Sy, = SO ® -+ ® Si an orthogonal basis of L(H ). We
expand p as

(1)

0 = Xy S,

(with implicit summation over repeated indices), where
Xty jioepty = (S, 11y-,) are the (real) coordinates of the
state. Here each index u; runs from O to «;, and we will
use latin letters a; for indices running from 1 to «;. It will
prove convenient to take S(()’) as the identity matrix of size
the dimension of H¥. Actually, as detailed in Ref. [30], the
matrices S, ,,..,, need not be an orthogonal basis: It suffices
that they be a tight frame (a mathematical structure bearing
some analogy with orthogonal bases), which proves useful,
for example, in the case of symmetric states where some
redundancy of the matrices in the expansion (11) is handy.

One can associate with p a tms y = (yo)jagp Of de-
gree p in the following way. A density matrix acting on
Hilbert space H”) can be expanded as ), _,x{S{). We
associate to H") a set of «; variables x{, 1 <a; < «;. Let
x = (x1, X2, . .., x,) be the vector of all these variables. In the
general case (xy,xp,...,X,) = (xil),xél), R x,((’p’)) and n =
>, ki, and each x; corresponds to a certain x{, whereas if we
consider symmetric states (i.e., mixtures of pure states invari-
ant under permutation of the H®) only one set of variables,
say xg), should be considered, and then # is the common value
Ky =Ky ="-"-"-.

An arbitrary monomial of these variables x; can be written
as x* = ]_[Z=1 x,‘f‘, where «; counts the number of variables

X in the monomial. We then define a tms by y, = Xy, 15,5
where « is the index such that x* = []%_, xl(L’) Since X has p
indices we have |a| < p so that y, is a tms of degree p. In
fact, in order to define a moment matrix, an even-degree tms
is required. Thus, we set p =2d if piseven or p=2d — 1
if p is odd. Thus, D A is mapped to a tms (yy )e<24 (and
in the case where p is odd the moments of order exactly 2d
remain unspecified).

As an example, let us consider the case of a state of
two spins 1. We expand it as p = X,,,,,S,,,» Where in-
dices p; run from O to 8 (since a spin-1 density matrix is
a 3 x 3 Hermitian matrix and can be described by nine real
numbers). We then introduce the vector of variables x =
(x1,x2, ..., Xx16), Where xq, ..., xg are associated with the first
spin and xo, ..., x;¢ with the second. Entries X, ,, define
a tms y, of degree 2 where each « is a vector of integers
of length 16 with all entries equal to 0 if u; =, =0, a
single nonzero entry o, = 1 if ;41 # 0 and u, = 0, a single
entry o, 48 = 1 if uo # 0 and u; = 0, and two entries equal
to 1 if both u; and w, are nonzero. Each of these «’s is
associated with a monomial, for instance, X3.3 corresponds to
«a=(0,0,1,0,0,0,0,0,0,0,0,0,0,0,0, 1) or to x3xj6.

As shown in Ref. [30], the problem of finding whether p is
separable across the multipartition H ® - - - ® H” is equiv-
alent to a K-tms problem. Indeed, projecting the separability
condition on the basis S, ,,..,.,,» coordinates of a separable
state can be written as

— 1) ,.(2)
XNIMZ"‘HP - /letlxliz o

with x(()i) =1, ;x=0W,x® ... xXPeR (n=
Yoiki), ¥ = (xD)1cucy, € R4, and dp(x) = Zj w;8(x —
Zj) a measure supported on a semialgebraic set K C R"
defined by the positivity of the density matrices on each
local Hilbert space (that is, the measure is an atomic measure
with atoms z; € K). This tms problem is equivalent to asking
whether there exists a positive measure du with support K
for a tms whose moments are the y, given as explained above
by the coordinates X, ,...,,, of the state p. In this language,
Eq. (12) precisely takes the form (7). As a consequence,
separability of p can be addressed in the following way:
Given a state p, we can map its coordinates X, ,,. ., tO
a tms (Yq)oa<24 and look for extensions (yq)q<2:, starting
from t = d. State p is separable if and only if there exists a
flat extension (Yo )a<2(¢+dy) Of (Va)a<ar With M;(y) > 0 and
M;(gjxy) =2 0forj=1,...,m.

xdp(), (12)

C. Tms for quantum channels

We will now reformulate the theorem above to give
a necessary and sufficient criterion for the separability of
quantum channels. Let ®: L(Hy ® Hg) — L(H4s ® Hp) be a
completely positive map and Cy its corresponding Choi ma-
trix actingon H = Hy ® Hg ® Hy ® Hp; an orthogonal basis
of H is then given by matrices S,y =S5 @ S ®
Sfé//) ® SLBB//), where S;(:) are Hermitian matrices forming an
orthogonal basis of the set of bounded linear operators on
H,. Let us translate the above tms theorems as necessary and
sufficient conditions on the Choi matrix to be separable.
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The compact K is defined according to the decomposition
we are interested in. In the EB case, one wants to decompose
the Choi matrix as Zk P, ® Ok, where P, and Q. are posi-
tive operators acting on Hy ® Hg and Hy ® Hp, respectively.
Expanding the P, over a basis of operators S (these S7%
could be taken as the S ® S'2) and Oy over a basis S4B and
expressing the condition that they must be positive, we obtain
a definition of the compact K as the set of real expansion
coefficients ¢y, d;, such that

doastf>o, (13)
A

> dusiP > 0. (14)
-

These positivity conditions can be rewritten as inequalities on
the coefficients of the corresponding characteristic polynomi-
als using the Descartes sign rule (see Sec. IIID below). In
the SEP case, the Choi matrix now has to be decomposed as
>« P ® Or with P, and Q. acting on Hy ® Hy and Hy ® Hp,
respectively. The same reasoning applies for the positivity
conditions as in the EB case.

Given a channel ®, we expand the corresponding Choi
matrix as

(1) for EB, Co =Y, ,, Xow St @ S45 (with 27 a basis
of operators for the system and S4" for the ancilla)

(2) for SEP,Co =Y, ,, XSt @ SEF (with 54" a basis
of operators for the Hilbert space Hy ® Hy, and S5’ for the
Hilbert space Hy ® Hp).

We can then map either the coordinates X;; or the co-
ordinates X,; to a tms (Yo )a<2 (indeed, since we look for
separability across a bipartition, the degree of the tms is 2).
The necessary and sufficient conditions for channels are then
given as follows:

Theorem 4.

(1) The channel & is EB if and only if, considering
extensions (yg)p<a Of (¥g)p<2, there exists a flat exten-
sion (yﬁ)ﬁQZ(f-Hfo) of (yﬁ)ﬁgh (possibly with t = 1) with
M;(y) 20 and M,(gjxy) 20 for j=1,...,m where the
g;’s are polynomials of variables ¢, and d, defined by
the conditions Y, ;842 >0, 3", dS4F >0, and dy =
maxigj<m{l, [deg(g;)/21}.

(i) The channel @ is SEP if and only if, considering
extensions (yg)g<a Of (yg)p<2, there exists a flat exten-
sion (yg)g<ou+dy) Of (¥g)p<a (possibly with ¢ = 1), with
M;(y) >0 and M,(gj*y) 20 for j=1,...,m where the
gj’s are polynomials of variables ¢, and dy defined by
the conditions Y, ¢S24 >0, Y, dSE® >0, and dy =
max;<j<n(1, [deg(g;)/21).

In the case of fully separable channels, the Choi matrix
must be separable across any cut. We expand the matrix
Co a5 Co = Xy, ppuy iy S © SP @ SP) @ SE). The coeffi-
cients X, iy, 1, are now mapped to a tms of order 4, and the
set K is given by positivity conditions on each Hilbert space.
The channel @ is fully separable if and only if, looking for
extensions of that tms, we find a flat extension (with positivity
conditions on the moment and localizing matrices).

D. The algorithm

Theorem 4 can be translated into an algorithm that char-
acterizes separable or entangling channels with respect to
a chosen partition. The algorithm is based on semidefinite
programming (SDP). The inputs to the algorithm are the
following. The first input is the Choi matrix of the specific
channel that one wants to test; it acts on the system-ancilla
Hilbert space H = Hy ® Hg ® Hy ® Hp, and its coordinates
(in a basis depending on the partition chosen) provide a tms
Yo The second input is the set of polynomials g; defining
the compact K via polynomial inequalities [as in Egs. (13)
and (14)], which allows one to define the localizing matrices.
Keeping the second input fixed, we can change the Choi
matrix by swapping Hilbert spaces so as to explore different
separability problems (SEP, EB, or FS) as defined in Sec. I B.
The SDP algorithm minimizes a linear function of the mo-
ments y, under the constraints that the moment matrix and
the localizing matrices are positive semidefinite.

Let W be a matrix as in (13) and (14). It depends on the set
of variables associated with each Hilbert space, for instance,
the variables ¢; in Eq. (13). To derive an explicit expression
for the g;, we express the coefficients of the characteristic
polynomial p(z) = Y }_o(—1)"*arz* of W through the recur-
sive Faddeev-LeVerrier algorithm, i.e., for 1 < m < n,

1 m
ap—m = _I’)_’l Z(_l)kan—l11+ktr(wk)a (15)

k=1

with a,, = 1 and ag = det(W). From Descartes sign rule, pos-
itivity of W is equivalent to having a; > 0 for all k’s. Let
us consider, for example, the case of two-qubit channels for
which i, j go from O to 1 in Eq. (6) and Cg is a 16 x 16
matrix and look for its separability as a tensor product of two
4 x 4 matrices. The characteristic polynomial for each factor
is then of degree 4 [n = 4 in Eq. (15)], and the inequalities
for positivity are given by Newton’s identities (also known as
Girard-Newton formulas). Besidesas = landaz =tr W =1
(since W is a density matrix), we get the conditions,

a = (1 —uaW?) >0,

ar = tQuW? —3uW?>+1) >0,

ag = 5;(—6 W +8uW? +3(rW?)> —6turW?+1) >0,
(16)

which yield polynomial inequalities on the c;.

The tms y,, associated with Cy is obtained from its coordi-
nates in a certain basis. In the case of states (see Sec. III B),
specifying the coordinates of the density matrix was equiva-
lent to fixing some moments of the measure du(x) as being
the expectation values of some physical observables, given by
r(pS®---® S,([;)). In the case of channels instead, the ob-
servables are relative to the enlarged space system ancilla, so
in order to perform physical measurements on the system only
one needs to express the values tr(C¢Sfﬁ) ®SL? ®Sl(ji/,) ®
ng/)) in terms of the entries of the superoperator M specifying
the channel as plfj = M;jupx- This gives a direct relation
with the input-output representation, i.e., the quantum channel
@ is seen as a dynamical process: If p is the initial (input)
state before the process, then ®(p) is the final (output) state
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after the process occurs. We can go from one representation
to the other considering that M and Cg are related by the
reshuffling operation in the computational basis; for a generic
basis this will, in general, result in a linear combination of
physical measurements on the system. The number of physical
measurements needed to fix one entry of the moment matrix
relative to Cg can be used, for instance, as a cost function to
decide between efficiency of entanglement detection and ex-
perimental convenience. The system-ancilla approach is what
is used in the so-called ancilla-assisted process tomography
(see, e.g., Ref. [43]), whereas the input-output one is the
standard quantum process tomography (see, e.g., Ref. [44]).

The SDP algorithm then consists of minimizing a function
> o Raya With R, an arbitrary polynomial under the constraint
that M, (y) and the localizing matrices M, (g; x y) are positive
semidefinite and look for an extension such that the flatness
condition is fulfilled. The algorithm is implemented using
GLOPTIPOLY [45] and the MOSEK optimization toolbox [46].
Note that if the rank condition is not met the SDP can still
yield a solution to the minimization problem [47], but it does
not tell us anything a priori on the representing measure
problem. To describe all the ingredients in the algorithm, to
study its complexity and its efficiency, we will apply it in
the next section to different examples: the spin-1 channels
mentioned already above, and specific two-qubit channels,
which are relevant in many experimental settings.

IV. EXAMPLES

In the general case, the number of moments involved, and,
thus, the size of the moment matrices, scales very fast with
the extension order ¢ so that numerically the SDP soon be-
comes intractable. More specifically, whereas full separability
of two-qubit channels is a problem that is still tractable nu-
merically, already the SEP and EB cases turn out to be too
complex if we consider arbitrary qubit channels. Indeed, in
that case the variables involved are (x,)1<u<i5 for the system
and (X;L)]gugls for the ancilla. The number of decision vari-
ables in the SDP is the number of free entries of the extension
of the moment matrix we are looking for; in the order-t exten-
sion M;(y), it is the number of monomials from 30 variables
up to degree 21, given by (*’;*) [see Eq. (8)]. Moreover, the
polynomials defining the compact K for a two-qubit Hilbert
space (of dimension 4) are the ones given in Eq. (17), that is,
their degree is 4, and, thus, dy = 2. Since the smallest moment
matrix containing all given moments is M;(y), the smallest
extension we have to consider in Theorem 4 is M3(y). The

size of this matrix is (333) = 5456, and the number of decision

variables is (366) > 10°. Therefore, the size of the SDP grows
very quickly, and, thus, the number of semidefinite constraints
requires too much time and memory.

Nevertheless, the algorithm can still be applied to families
of channels for which the number of variables involved is
smaller than in the general case. In the following we present
different examples of such families. We highlight their com-
plexities and computational cost, and explain in more detail
the role of the different factors mentioned above. We finally
outline some numerical results on their entangling or separa-
ble properties.

A. Fully symmetric Choi matrix

We start with a simple example which allows us to
highlight the connection between the TMS algorithm for
channels and for states. We consider quantum channels &
such that the Choi matrix Co has components only on the
symmetric subspace. In other words, we impose that the four-
qubit state associated with the two-qubit channel @ via the
Choi-Jamiotkowski isomorphism be fully symmetric under
permutation of the qubits (in the sense that it is a mixture
of fully symmetric pure states). In that case, the Choi ma-
trix only has components on the subspace spanned by Dicke
states |D§m)), which are the symmetrized tensor products of 2 j
qubits with j = 2 (four qubits) and —j < m < j. This means
that

(1 —-P)Co(1—P)=(1—P)CoP =PCo(1—-P)=0,
A7)

where P=Y2_ | |Df{”)) (Df{")l is the projection operator
onto the symmetric subspace. The constraints in Eq. (17) fix
conditions on the superoperator M of which Cy is a reshuf-
fling. For j = 2, only (2 + 1)? real independent parameters
remain.

Such a restriction has a clear physical interpretation in
the case of one-qubit channels. Indeed, the Choi matrix of a
nonunital one-qubit channel can be put in the form

I+ A3 +13 0 H+i A+ Ag
1 0 1—-234+18 A — Ao Hh+in
2l 4-in M—h  1—X3—13 0 ’
A+ A tH — it 0 14+X1—1
(18)

in the canonical basis [27]. Imposing that the matrix is asso-
ciated with a symmetric state is equivalent to imposing that it
has no component over the singlet state; this leads to the con-
ditions t; = t, = t3 = 0 (i.e., the channel is unital) and A; —
A2 + A3 = 1, which correspond to a face of the tetrahedron of
admissible values of the A; corresponding to unital channels,
given by the Fujiwara-Algoet conditions 1 &= A3 > |A; &£ A;|
[48]. Such points on a face of the tetrahedron correspond to
channels whose Kraus rank is 3, which are characterized by
the fact that they are the only indivisible channels (that is,
they cannot be written as the composition of two nonunitary
channels) [49,50].

In the two-qubit channel case there is no such clear geo-
metrical picture of the fully symmetric Choi matrix. However,
since the Choi state is a fully symmetric state of N = 4 qubits,
if it is separable with respect to an arbitrary partition, then it
is fully separable, and it can be written as a convex sum of
N projectors on pure symmetric states (see, e.g., Ref. [51]).
This means that in this case we only need to consider the
fully separable case, which coincides with exploring the case
of spin-2 states (since those states can be seen as symmetric
states of four qubits). The tms algorithm for states was ex-
ploited in Ref. [21] to investigate multipartite entanglement of
such states. The problem can be formulated as in Eq. (7) with a
tms of degree 4 [thus, the smallest moment matrix to consider
in Theorem 4 is M;,(y)] and a vector of variables (x;, x3, x3)
(as explained in Sec. III B since the state is fully symmetric
we only need the three variables associated with a single
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qubit). The semialgebraic set K is the Bloch sphere so that
do = 1. Thus, the first flatness condition in Theorem 4 reads
rk M3(y) = rk M, (y) with M,(y) and M3(y) of sizes 10 x 10
and 20 x 20, respectively. The algorithm usually stops at the
first extension, and it takes at about 1 s to give a certificate
of separability or entanglement of the channel (the time here
reported refers to running the algorithm on a standard com-
puter with a 64-bit Windows operating system, 4-GB RAM
and Intel Core i7 CPU 2.00-2.60 GHz). We refer to the results
obtained for states in Refs. [21,30] for more detail on the
implementation in that case.

B. Two-qubit planar channels

We now consider the case where the two-qubit channel
is a linear combination of tensor products of single-qubit
planar channels. Such one-qubit channels ¢;; send the (three-
dimensional) Bloch ball into a (two-dimensional) ellipse.
Note that, according to the so-called “no-pancake theorem”
a planar channel cannot map the Bloch ball to a disk touch-
ing the sphere unless it reduces to a point or a line (see
Refs.[49,52] ).

Any one-qubit channel can be described by a 4 x 4 matrix
of the form

M = , 19)

13 0 0 A3

where A = (A1, Ap, A3) with A; > 0 is the distortion vector
and ¢t = (t;, 1, t3) is the translation vector. Geometrically, the
channel maps the Bloch vector r to Mr + ¢, that is, the sphere
becomes an ellipsoid whose half-axes are given by the X; and
centered at £.

Planar channels are those where one of the A; is zero.
Geometrically, this means that they map the Bloch ball to a
disk. In Ref. [53] this type of channel was investigated, but
with focus on their entanglement-annihilating properties. In
what follows, we consider planar channels ¢y with A, = 0.
We investigate whether linear combinations, such as

@ =ag @\ +bp @7, (20)

with a, b € R result in separable channels. We consider the
case in which both qb(%) and qb(f) are unital, one unital, the
other nonunital, and both nonunital. Note that states (20) are
not symmetric states, in general, as they are symmetrizations
of mixed states but not mixtures of symmetric pure states. The
condition of complete positivity in the case of a unital planar
channel (t = 0) is given by |A;| < 1 — |A3] with [X{[, |A3]| the
half-axes of the ellipse. In the case of nonunital channels the
conditions for complete positivity can be found in Theorem
IV.1 of Ref. [49]. Here for simplicity we consider the case
where A, =0 and ¢t = (0, 0, #3). In such a case these condi-
tions simplify to

l+A+4320, 14+x—2320
1—A1—2320, 1—-A;+232>0,
<1 =27+ 43— 223 (1)

The Choi matrix Cg is then properly normalized (b = %6 —a)

in order to obtain a valid quantum state with trace 1, giv-
ing the Choi state on which we apply our algorithm. The
basis over which Cy is expanded is chosen as the tensor
product o, ® 0, ® 0, ® 0, with 0 < p; <2 and {o,,} =
{1, oy, 0;}, 0y, 0, being the usual Pauli matrices (this is also
reasonable from the experimental point of view since Pauli
physical measurements are often used for multiqubit chan-
nels). The Choi states associated with states (20) turn out to
be equal to their partial transpose with respect to any qubit.
Invariance under partial transposition with respect to the first
qubit in 2 x N systems was shown in Ref. [54] to entail
separability. Therefore, the four-qubit Choi state is separable
across any bipartition into sets of one and three qubits.

Separability for the bipartitions into two sets of two qubits,
required from the definition of EB and SEP channels, corre-
sponds to the situation of Theorem 4 and can be explored with
our algorithm as follows. In contrast to the symmetric case ad-
dressed in Subsec. IV A, there are now different variables x; in
Eq. (12) for the system A and the ancilla A" (and equivalently
for B and B’)

Let us first consider the question of full separability. In
that case, since each system qubit and ancilla qubit, respec-
tively, is described by two variables (x))i<u<2, (X)) 1<u<2

and (xﬁ,)lgugz, ()Cff,)lgﬂgz, the vector of variables has length
8. The moments y, are given by entries of the Choi matrix,
the tms has degree 4, so that formula (8) applies with n = 8
and 2d = 4. The semialgebraic set is given by the choice of
basis matrices for the Choi matrix. Since we expanded it over
Pauli matrices, the constraint for each set of variable is the
one for qubits, i.e., the vector of variables is restricted to the
Bloch ball. The compact K is, therefore, the product of four
unit disks.

Since all polynomials defining K are of degree 2, we have
dy = 1, and, thus, the first rank condition reads rk M3(y) =
rk M(y) where the moment matrices have size ('), i.e.,
respectively 165 and 45. A first hint on the computational
complexity of the SDPs we need to solve is given by the
number of decision variables of the optimization, which in
our case corresponds to the number of monomials from eight
variables up to degree 6, the latter being the degree of the
extension of the tms needed to construct M3(y). Moreover,
SDP are usually solved with the interior point method; each
iteration in the primal-dual interior point algorithm requires
the solution of a linear system, which is the most expensive
operation with O(N3) complexity, solvable using Gaussian
elimination. Here N is the number of linear constraints in
the SDP, and efficiency drops with the growing number of
semidefinite terms involved in these linear constraints, which
in the case here considered are ~103. This, in general, has a
big impact on the time and memory requested for a single
run of the algorithm [46]. Nevertheless, we could run our
algorithm in that case, which allowed us to test for separability
of channels of the form (20). The algorithm still performs very
well (on a machine with same characteristics as described
above in Sec. IV A); for all the examples tested a certificate
of separability was found either at the first relaxation order
rk M3 = rk M, (with a time of ~10s for a single run) or at the
second relaxation order rk My = rk M3 (with a running time
of ~6 min).
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We tested ~10° cases, which were chosen
uniformly at random in the range of parameters
(A(l), Ag), )ng)’ Agz), tél), t3(2), and a) allowed by the
complete-positivity conditions of the quantum channels
considered [see Eq. (22) and above it]. All the Choi states
tested result fully separable for all the three cases listed above
(where channels ¢y, can be unital or not); as a consequence,
all these states are both EB and SEP. Based on the available
numerical evidence we conjecture that all states of the form
(20) are fully separable.

C. Qutrit channels

We now study the case of qutrit channels. More specif-
ically, we apply our algorithm to a family of channels
presented in Ref. [55] where EB properties of qutrit gates
were studied through the negativity N(p) = 3(|[p™ ||, — 1)
with || o7#||; the trace norm of the partial transpose with re-
spect to the system qutrit. The negativity N(p) cannot detect
PPT-entangled states; in other words there exist entangled
states with N(p) = 0. For such states, our algorithm is able
to give a certificate of separability as we illustrate below.
Note that, even though in this case the system is not bipartite,
the definition of entanglement breaking still applies since it
involves the presence of an ancilla, as explored for one-qubit
channels in Ref. [52]; on the other hand, the definition of SEP
separability cannot be applied to this example.

As a basis for qutrit density operators, we use Gell-Mann

matrices {)‘i}?=1 together with A9 = \/g]l. In this basis, an

arbitrary qutrit density matrix can be written as

8
1
=z|1 iri |,
=3t ze)

with §; = 3tr(py).

The channel we consider is a damping qutrit channel, i.e.,
a channel that can be written as an affine transformation on
the generalized (qutrit) Bloch vector as ®p: ¢ — ¢ = Ag,
where A =diag(Aj, ..., Ag) is the damping matrix. The
A; cannot take any arbitrary value because ®p has to be
completely positive, thus, leading to the constraints |A;| <
1. More specifically, we consider the family of damping
channels given in Ref. [55] and parametrized by A;z35 =
X, Ai=3 =, A;—g = y*. The Choi state corresponding to ®p,
can be written by transforming the propagator to the canonical
basis, then reshuffling and normalizing (it corresponds to a
maximally mixed state for x =y =0 and to a maximally
entangled state of two qutrits for x = y = 1). The region of
parameters for which Cg, is positive semidefinite together
with the values of the corresponding negativity is shown in
Fig. 2.

Any two-qutrit state can be expanded over the basis formed
by tensor products of Gell-Mann matrices [56]. This setting is
analogous to the one described in Sec. III B for two spin-1
states. The vector of variables is x = (x1, X2, ..., X15), Where
X1, ..., xg are the coordinates «; associated with the system
qutrit, and xo, ..., x1¢ are associated with the ancilla qutrit.
Since there are two subsystems, and the tms has degree 2.
The characteristic polynomial for a qutrit density matrix has

(22)

1-°f‘ ‘ \\\\\\\\\\\\\ L,
] ] 1.0

0.5- 1
0.8
>~ o.0f | . 06
] 0.4
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FIG. 2. Region of x and y parameters for which Co, of the
damping qutrit channel is positive semidefinite; the color function
corresponds to the negativity values in the range of [0,1] with steps
for the contour lines of 0.02. The central plateau corresponds to the
region of zero negativity where the PPT criterion remains incon-
clusive. Gray points correspond to states found separable by our
algorithm, signifying entanglement breaking channels; red points
correspond to states where the algorithm needs to go to a higher ex-
tension order and remains inconclusive with our numerical resources.
The white point marks the maximally mixed state.

degree 3, therefore, the semialgebraic set is given by the con-
ditions tr p? < 1 and det p > 0 with p as the density operator
in Eq. (22). It follows that the corresponding polynomials of
the variable x; have maximal degree 3, and, thus, dy = 2. This
gives the rank shift in Theorem 4: At the first iteration of the
algorithm the flatness condition reads rk M3(y) = rk M (y).
These moment matrices have size 969 and 17, respectively.
The number of decision variables in the SDP corresponds
to the number of monomials from 16 variables up to degree
6 (~7 x 10%) and the number of semidefinite constraints is
given by ("7) + m("t}l) + m(”j’jgz), that is, the size of the
moment matrix of the first extension (¢ = 3) and the size of the
localizing matrices multiplied by the number m of inequalities
in the semialgebraic set for each set of variables.

The tms algorithm can be exploited to investigate, in
particular, the Choi states with zero negativity for which
the PPT criterion alone is inconclusive. The results for
some pairs of parameters with (x =0, y € [—1,1]) and
(x € [—%, %], y= —%) are explored and they are shown in
Fig. 2. The points highlighted in gray are the points tested
with the algorithm which give a certificate of separability,
including the white point which corresponds to a Choi state
equal to the maximally mixed state of two qutrits. In the
latter cases the SDP is feasible and the flatness condition
rk M3(y) = rk M, (y) is satisfied, meaning that the correspond-
ing ®p’s are EB; on the other hand, the algorithm remains
inconclusive for the red points at the first iteration, leading to
the necessity for higher-order extensions, which are beyond
our computational resources. We did not detect PPT entan-
gled states among the tests performed; the algorithm confirms
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entanglement for negativity greater than zero for all the states
tested. A single run of the algorithm in this case takes about
5h and between 150 and 300 GB of RAM.

V. CONCLUSIONS

In this paper we have discussed an algorithm that deter-
ministically detects whether a quantum channel is separable
or not, or whether it is entanglement breaking or not. Such an
algorithm finds its motivation in important questions relative
to modern quantum technology as the verification of devices
which should work in a properly quantum way, often leading
to the necessity of detecting whether a quantum channel is
able to generate entanglement or not also over a certain time
(as explained in the Introduction). We were able to explore
in a unifying framework three classes of separability across
different cuts between systems and ancillae (SEP, EB, or FS);
indeed, with only a small modification in the input we can
switch between these different classes. This algorithm is the
numerical counterpart of a theorem that provides a neces-
sary and sufficient separability criterion based on a mapping
between coordinates of the Choi matrix of the channel, ex-
pressed in a given basis and a truncated moment sequence.
Low-order moments are fixed by measurements performed
on the channel, and the separability problem is equivalent
to finding whether these moments are those of a measure
supported on a certain compact set.

In the case of fully symmetric Choi matrices for qubit
channels where the aim is to find a decomposition over the
Bloch sphere, the number of variables in the tms is n = 3 so
that the size of a moment matrix of order 7 is (”j’) ~13/6.
On the other hand, in the simplest case of detection of EB
or SEP in a generic two-qubit channel, there are n = 30 vari-
ables involved, and, thus, the size of the moment matrix is
(”j’) = 5456 for t = 3. Moreover, the number of independent
entries in M, (y) is given by (";2’) ~ 2 x 10° for t = 3. Nev-
ertheless, we can consider families of channels for which the
number of free parameters in each subsystem is smaller than
in the general case. Then, the number of variables involved in
the mapping to tms is reduced and the matrices in the SDP
become amenable to numerical investigation. As we showed
here, this is the case for planar channels (where one dimension
is suppressed) or qutrit channels (which live in the symmetric
space of two qubits). Our algorithm is then able to decide
whether the channel is EB or SEP. For instance, in the case of
qutrit channels we were able to provide a certificate of separa-
bility in cases where the negativity of the Choi matrix vanishes
and, thus, is unable to yield a conclusion. Since calculations
are costly, this approach could be used as a numerical tool to
explore possible conjectures or produce counterexamples.

APPENDIX A: SKETCH OF THE PROOF OF THEOREM 3

Suppose tk M, (y) = r with M,(y) > 0 and there exists a
flat extension M, 4,(y) with M;(g;*y) > 0 for 1 < j < m.
Then M, (y) is also a flat extension of M;(y), and we then
know from Theorem 2 that y admits a (unique) r-atomic rep-
resenting measure supported by x; € V[ker M,(y)]. All what
remains to show is that positivity of the localizing matrices

enforces that the x; belong to K, that is, g;(x;) = 0 for 1 <
j<mand 1 <k <r.

This can be performed as follows. First, observe that since
M;(y) is of rank r, one can find a nonsingular r x r principal
submatrix of M;(y). If B is the set of labels « of the rows of
that matrix, then the image of M, (y) is spanned by the x*, o €
B, and by definition these x“ are on the order less than or
equal to r. Since the whole vector space of polynomials can
be decomposed as a direct sum of the image and the kernel of
M;(y), an arbitrary polynomial p can be decomposed as p =
g+ pwithg=7)", 59.x* € ImM,(y) and p € ker M;(y).

Now let p; be interpolating polynomials of the x, which
are the atoms supporting the representing measure of y. That
is, pr(xp) = S for 1 < k, k' < r. One can decompose them
as above as p; = qx + px with p; € ker M,(y) and ¢q; of
degree less than 7. By definition, the x are roots of all poly-
nomials in ker M,(y), and, thus, one has p;(x;) = 0, which
implies g (xp) = S for 1 < k, k' < r.

Now, fory = [ x*du(x) and for arbitrary polynomials rep-
resented by vectors p, g € RS,

4" M,(y)p = quMapps
= q4aYa+BPp

= / qux* P ppd ju(x)

= /P(X)q(X)dM(X) (A1)

(with Einstein summation convention) and

q" "M% Y)P = qu8yYatp+yPp

= / qa8y Ppx“ PV dpu(x)

= / p(x)gq(x)g(x)d ju(x). (A2)

Thus, M,(g; *y) > 0 and du(x) = Y, w;8(x — x;)dx entail
vk, j,

0 < g Mi(g; *y)qx

_ f (g ()

=> o / dx qi (%)’ ()8 (x — x;)
i=1

= Z wigr(x;)* g, (x;)
i1

= g, (A3)

since g (x;) = 8y;. As all wy > 0 this implies that g;(x;) > 0
and, thus, x; € K, which completes the proof.

APPENDIX B: RANK PROPERTY OF EXTENSIONS

Let us show that the rank condition rk M, (y) = rk M, (y)
implies the fact that positivity of M, (y) and M, (y) are equiva-
lent.

Since M,(y) is a principal submatrix of M, (y) one
direction is obvious. To show the converse, suppose

052406-10
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M;(y) 2 0 and rk M;(y) = r =1k M, (y). Then, as in Ap-
pendix A, there exists a nonsingular r x r principal sub-
matrix of M,;(y) indexed by labels o € B with |o| <t.
This r x r submatrix is also a nonsingular principal sub-

matrix of M, (y). Since M, (y) has rank r, the correspond-
ing r monomials x* are, therefore, a basis of Im M, (y).
Since the submatrix is positive because M,(y) is, then so
is My (y).

[1] F. Verstraete and H. Verschelde, arXiv:quant-ph/0202124.

[2] M. Arsenijevi¢, J. Jeknié-Dugi¢, and M. Dugié, Braz. J. Phys.
48, 242 (2018).

[3] E-Z. Kong, H.-Z. Xia, M. Yang, Q. Yang, and Z.-L. Cao, Sci.
Rep. 6, 25958 (2016).

[4] V. Gheorghiu and G. Gour, Phys. Rev. A 86, 050302(R) (2012).

[5] W. Wen, Y.-K. Bai, and H. Fan, Eur. Phys. J. D 64, 557 (2011).

[6] J. I. Cirac, W. Diir, B. Kraus, and M. Lewenstein, Phys. Rev.
Lett. 86, 544 (2001).

[7] D. Rosset, F. Buscemi, and Y.-C. Liang, Phys. Rev. X 8, 021033
(2018).

[8] Y. Mao, Y.-Z. Zhen, H. Liu, M. Zou, Q.-J. Tang, S.-J. Zhang, J.
Wang, H. Liang, W. Zhang, H. Li et al., Phys. Rev. Lett. 124,
010502 (2020).

[9] H. Hiseler, T. Moroder, and N. Liitkenhaus, Phys. Rev. A 77,
032303 (2008).

[10] J. E. Poyatos, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 78, 390
(1997).

[11] M. Mohseni, A. T. Rezakhani, and D. A. Lidar, Phys. Rev. A
77, 032322 (2008).

[12] C. Macchiavello and M. Rossi, Phys. Rev. A 88, 042335 (2013).

[13] S. M. Cohen, J. Math. Phys. 55, 062202 (2014).

[14] S. M. Cohen, Phys. Rev. A 87, 052135 (2013).

[15] R.Jozsa and N. Linden, Proc. R. Soc. London, Ser. A 459, 2011
(2003).

[16] J. Bae and A. Acin, Phys. Rev. Lett. 97, 030402 (2006).

[17] M. E. Shirokov, Commun. Math. Phys. 262, 137 (2006).

[18] P. W. Shor, J. Math. Phys. 43, 4334 (2002).

[19] K. P. Seshadreesan and M. M. Wilde, Phys. Rev. A 92, 042321
(2015).

[20] A. C. Doherty, P. A. Parrilo, and F. M. Spedalieri, Phys. Rev. A
69, 022308 (2004).

[21] N. Milazzo, D. Braun, and O. Giraud, Phys. Rev. A 100, 012328
(2019).

[22] N. Johnson, Ph.D. thesis, University of Guelph, 2012.

[23] M. Horodecki, P. W. Shor, and M. B. Ruskai, Rev. Math. Phys.
15, 629 (2003).

[24] S. N. Filippov and M. Ziman, Phys. Rev. A 88, 032316 (2013).

[25] M. Rahaman, S. Jaques, and V. I. Paulsen, J. Math. Phys. 59,
062201 (2018).

[26] M. Christandl, A. Miiller-Hermes, and M. M. Wolf, in Annales
Henri Poincaré (Springer, Berlin, 2019), Vol. 20, pp. 2295—
2322.

[27] 1. Bengtsson and K. Zyczkowski, Geometry of Quantum States:
An Introduction to Quantum Entanglement (Cambridge Univer-
sity Press, Cambridge, U.K., 2006).

[28] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).

[29] M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A
223, 1 (1996).

[30] F. Bohnet-Waldraff, D. Braun, and O. Giraud, Phys. Rev. A 96,
032312 (2017).

[31] E. C. G. Sudarshan, P. M. Mathews, and J. Rau, Phys. Rev. 121,
920 (1961).

[32] M.-D. Choi, Linear Algebra Appl. 10, 285 (1975).

[33] A. Jamiotkowski, Rep. Math. Phys. 3, 275 (1972).

[34] L. Moravcikova and M. Ziman, J. Phys. A: Math. Theor. 43,
275306 (2010).

[35] R. Curto and L. Fialkow, Mem. Amer. Math. Soc 568 (1996).

[36] R. Curto and L. Fialkow, Trans. Amer. Math. Soc. 352, 2825
(2000).

[37] R. E. Curto and L. A. Fialkow, J. Operator Theory 54, 189
(2005).

[38] M. Laurent, in Emerging Applications of Algebraic Geometry
(Springer, Berlin, 2009), pp. 157-270.

[39] J. W. Helton and J. Nie, Found. Comput. Math. 12, 851 (2012).

[40] J. Nie, Found. Comput. Math. 14, 1243 (2014).

[41] J. Nie and X. Zhang, SIAM J. Optim. 26, 1236 (2016).

[42] M. Laurent, Proc. Am. Math. Soc 133, 2965 (2005).

[43] J. B. Altepeter, D. Branning, E. Jeffrey, T. C. Wei, P. G. Kwiat,
R. T. Thew, J. L. O’Brien, M. A. Nielsen, and A. G. White,
Phys. Rev. Lett. 90, 193601 (2003).

[44] C. Zu, W.-B. Wang, L. He, W.-G. Zhang, C.-Y. Dai, F. Wang,
and L.-M. Duan, Nature (London) 514, 72 (2014).

[45] D. Henrion, J.-B. Lasserre, and J. Lotberg, Optim. Methods
Softw. 24, 761 (2009).

[46] M. ApS, The MOSEK Optimization Toolbox for MATLAB Manual,
Version 8.1 (2018), http://docs.mosek.com/8.1/toolbox/index.
html.

[47] D. Henrion and J.-B. Lasserre, Positive Polynomials in Control
(Springer, Berlin, 2005), pp. 293-310.

[48] A. Fujiwara and P. Algoet, Phys. Rev. A 59, 3290 (1999).

[49] D. Braun, O. Giraud, I. Nechita, C. Pellegrini, and M. Znidaric,
J. Phys. A: Math. Theor. 47, 135302 (2014).

[50] M. M. Wolf and J. I. Cirac, Commun. Math. Phys. 279, 147
(2008).

[51] L. Chen, D. Chu, L. Qian, and Y. Shen, Phys. Rev. A 99, 032312
(2019).

[52] M. B. Ruskai, Rev. Math. Phys. 15, 643 (2003).

[53] S. N. Filippov, T. Rybdr, and M. Ziman, Phys. Rev. A 85,
012303 (2012).

[54] B. Kraus, J. I. Cirac, S. Karnas, and M. Lewenstein, Phys. Rev.
A 61, 062302 (2000).

[55] A. Che and K. Wédkiewicz, Opt. Commun. 283, 795 (2010).

[56] C.M. Caves and G. J. Milburn, Opt. Commun. 179, 439 (2000).

052406-11


http://arxiv.org/abs/arXiv:quant-ph/0202124
https://doi.org/10.1007/s13538-018-0570-z
https://doi.org/10.1038/srep25958
https://doi.org/10.1103/PhysRevA.86.050302
https://doi.org/10.1140/epjd/e2011-20191-3
https://doi.org/10.1103/PhysRevLett.86.544
https://doi.org/10.1103/PhysRevX.8.021033
https://doi.org/10.1103/PhysRevLett.124.010502
https://doi.org/10.1103/PhysRevA.77.032303
https://doi.org/10.1103/PhysRevLett.78.390
https://doi.org/10.1103/PhysRevA.77.032322
https://doi.org/10.1103/PhysRevA.88.042335
https://doi.org/10.1063/1.4883400
https://doi.org/10.1103/PhysRevA.87.052135
https://doi.org/10.1098/rspa.2002.1097
https://doi.org/10.1103/PhysRevLett.97.030402
https://doi.org/10.1007/s00220-005-1457-8
https://doi.org/10.1063/1.1498000
https://doi.org/10.1103/PhysRevA.92.042321
https://doi.org/10.1103/PhysRevA.69.022308
https://doi.org/10.1103/PhysRevA.100.012328
https://doi.org/10.1142/S0129055X03001709
https://doi.org/10.1103/PhysRevA.88.032316
https://doi.org/10.1063/1.5024385
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1016/S0375-9601(96)00706-2
https://doi.org/10.1103/PhysRevA.96.032312
https://doi.org/10.1103/PhysRev.121.920
https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1016/0034-4877(72)90011-0
https://doi.org/10.1088/1751-8113/43/27/275306
https://doi.org/10.1090/S0002-9947-00-02472-7
https://doi.org/10.1007/s10208-012-9132-x
https://doi.org/10.1007/s10208-014-9225-9
https://doi.org/10.1137/15M1018514
https://doi.org/10.1090/S0002-9939-05-08133-5
https://doi.org/10.1103/PhysRevLett.90.193601
https://doi.org/10.1038/nature13729
https://doi.org/10.1080/10556780802699201
http://docs.mosek.com/8.1/toolbox/index.html
https://doi.org/10.1103/PhysRevA.59.3290
https://doi.org/10.1088/1751-8113/47/13/135302
https://doi.org/10.1007/s00220-008-0411-y
https://doi.org/10.1103/PhysRevA.99.032312
https://doi.org/10.1142/S0129055X03001710
https://doi.org/10.1103/PhysRevA.85.012303
https://doi.org/10.1103/PhysRevA.61.062302
https://doi.org/10.1016/j.optcom.2009.10.046
https://doi.org/10.1016/S0030-4018(99)00693-8

