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Abstract

We investigate questions related to the set SEP4 consisting of the linear maps p acting on
C?®C? that can be written as a convex combination of rank one matrices of the form zz* ® yy*.
Such maps are known in quantum information theory as the separable bipartite states, while
nonseparable states are called entangled. In particular we introduce bounds for the separable
rank rankee,(p), defined as the smallest number of rank one states zz* ® yy* entering the
decomposition of a separable state p. Our approach relies on the moment method and yields a
hierarchy of semidefinite-based lower bounds, that converges to a parameter 7sp(p), a natural
convexification of the combinatorial parameter rankge,(p). A distinguishing feature is exploiting
the positivity constraint p—zz* ® yy* > 0 to impose positivity of a polynomial matrix localizing
map, the dual notion of the notion of sum-of-squares polynomial matrices. Our approach extends
naturally to the multipartite setting and to the real separable rank, and it permits strengthening
some known bounds for the completely positive rank. In addition, we indicate how the moment
approach also applies to define hierarchies of semidefinite relaxations for the set SEP,; and
permits to give new proofs, using only tools from moment theory, for convergence results on the
DPS hierarchy from (A.C. Doherty, P.A. Parrilo and F.M. Spedalieri. Distinguishing separable
and entangled states. Phys. Rev. Lett. 88(18):187904, 2002).

1 Introduction
The main object of study in this paper is the following matrix cone
SEPy := cone{zz* @ yy*: x € CL, y e C4, |zl = |jy]| =1} CHI @ HI ~ HE (1)

sometimes also denoted as SEP when the dimension d is not important. Throughout H? denotes the
cone of complex Hermitian d x d matrices and ’Hi is the subcone of Hermitian positive semidefinite
matrices. Matrices in ’Hi are also known as unnormalized states and matrices in H‘i with trace 1
are called normalized states. The cone SEP4 is of particular interest in the area of quantum
information theory: its elements are known as the (unnormalized, bipartite) separable states on
H? @ H? and a positive semidefinite matrix p € H? @ H? that does not belong to SEPy is said
to be entangled. Entangled states can be used to observe quantum, non-classical behaviors that
may be displayed by two physically separated quantum systems, as already pointed out in the
early work [I]. Entanglement is now recognized as an additional important resource that can
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be used in quantum information processing to carry out a great variety of tasks such as quantum
computation, quantum communication, quantum cryptography and teleportation (see, e.g., [44] 58]
and references therein). Therefore, deciding whether a state is separable or entangled is a question
of fundamental interest in quantum information theory. Gurvits [27] has shown that the (weak)
membership problem for the set SEP; N {p: Tr(p) = 1} is an NP-hard problem. In addition, the
problem was shown to be strongly NP-hard in [24]. Hence it is important to have tractable criteria
for separability or entanglement of quantum states. Throughout, we restrict for simplicity to the
case of bipartite states, acting on two copies of C%, but the treatment extends naturally to the case
of m-partite states that act on C% ® ... ® C% with m > 2 and d, ..., d,, possibly distinct. We
will return below to the question of testing separability, but first we introduce the relevant notion
of separable rank, which plays a central role in this paper.

The separable rank

In this work we consider the following problem: given a state p € SEP,, what is the smallest

integer 7 € N such that there exist vectors ai,...,ay,b1,...,b, € C* for which
T
p=Y_ awj® bebj. (2)
(=1

This smallest integer r is called the separable rank of p and denoted as rankgp(p). One sets
rankgeep(p) = 0o when p is entangled. The separable rank has been previously studied, e.g., in [55,
14, 8] (where it is called the optimal ensemble cardinality or the length of p) and it can be seen
as a ‘complexity measure’ of the state (with an infinite rank for entangled states). Easy bounds
on the separable rank are rank(p) < ranksep(p) < rank(p)?, where the left most inequality can be
strict (see [I4]) and the right most one follows using Caratheodory’s theorem [55]. We approach the
problem of determining the separable rank from the moment perspective. We use the observation
that, if rankeep(p) = 7 and p admits the decomposition , then the sum of the r atomic measures
at the vectors (ag,by) € C? x C? is a measure p whose expectation [ 1du is equal to r and whose
fourth-degree moments correspond to the entries of p. Moreover, as we will see later, this measure
may be assumed to be supported on the semi-algebraic set

Vo = {(z,y) € C!x C: |l2ll3e, Iyl < v/Pmax, x2* @ yy™ = p}, 3)

where pmax denotes the largest diagonal entry of p. Then we obtain a lower bound on the separable
rank of p, denoted Tsep(p), by minimizing the expectation [1du over all measures p that are
supported on V, and have fourth-degree moments corresponding to entries of p (see Eq. )
Hence, here we view the separable rank as a moment problem over the product of two balls.
This view will enable us to design a hierarchy of tractable semidefinite based parameters, denoted

+P(p). These parameters provide lower bounds on the separable rank and converge to Tsep(p) (see

Section [3.2)).

In view of the definition of SEP, in Eq. (1)), one may also view separability of a state p as a
moment problem on the bi-sphere S¥~! x S~ where S¥! = {z € C? : ||z|| = 1} denotes the
(complex) unit sphere. However, this approach does not (straightforwardly) lead to bounds on the
separable rank. Indeed, for a measure p on the bi-sphere whose fourth-degree moments correspond
to entries of p, we necessarily have [ 1du = Tr(p). To get bounds on the separable rank, it is thus



crucial to use another scaling for the points (ay, by) entering a separable decomposition of p as, for
instance, the scaling used in Eq. , but other scalings are possible as indicated in Section

Our approach extends to several other settings, in particular, to the case of multipartite sepa-
rable states (when p acts on the tensor product of more than two spaces) and to the case of real
states (instead of complex valued ones). It can also be adapted to the notion of mized separable
rank, where one tries to find factorizations of the form p = Y, Ay ® B, with A;, B, Hermitian
positive semidefinite matrices and r as small as possible. In [13] it was shown that, if p is a diagonal
matrix, then its mixed separable rank is equal to the nonnegative rank of the associated d x d ma-
trix consisting of the diagonal entries of p. Vavasis [56] has shown that computing the nonnegative
rank of a matrix is an NP-hard problem and, more recently, Shitov [49] showed JR-hardness of this
problem. Hence computing the mixed separable rank has the same hardness complexity status as
the nonnegative rank. Determining the complexity status of the separable rank remains open, but
there is no reason to expect that it should be any easier than the mixed separable rank.

When using moment methods one typically works with measures supported on semi-algebraic
sets, i.e., sets described by polynomial inequalities on the variables. In our approach this is also the
case. Indeed the set V, in Eq. is semi-algebraic since one can encode the condition zz* ®@yy* < p
by requiring all principal minors of p — zz* ® yy* to be nonnegative. This would however lead to a
description of the set V, with a number of polynomial constraints that is exponential in d. Instead,
we will directly exploit the constraint p — za* ® yy* = 0, which is of the form G(x) = 0 for some
polynomial matrix G(x) (i.e., with entries polynomials in x, Z). This constraint enables us to impose
positivity constraints on polynomial matrix localizing maps, a matrix analog of the usual scalar
localizing maps used in the moment method (see Section . Such polynomial matrix localizing
constraints can also be used to bound the completely positive rank of a completely positive matrix,
and we will show that this permits to strengthen some known bounds on the completely positive
rank from [26] (see Section {.3]).

Our hierarchy of bounds &°"(p) on the separable rank can also be used to detect entanglement.
Indeed, as mentioned above, by Caratheodory’s theorem, the separable rank of a state p € SEP,
can be upper bounded, e.g., by rank(p)? < d*. We can leverage this fact and the asymptotic
convergence of our hierarchy of lower bounds to detect entanglement: a state p € H¢ @ H? is
entangled if and only if & (p) > rank(p)? for some integer ¢t > 1, i.e., there is a level of our
hierarchy which is infeasible or provides a lower bound on rankse,(p) which is strictly larger than
Caratheodory’s bound. In addition, a certificate of entanglement is then provided by the dual
semidefinite program. Hence our hierarchy of semidefinite parameters & (p) can also be used to
provide a type of entanglement witnesses (see Section .

The Doherty-Parrilo-Spedalieri (DPS) hierarchy for SEP

As mentioned above a fundamental problem in quantum information theory is to have efficient
criteria for checking separability or entanglement of quantum states. A second main contribution
of our work concerns a hierarchy of outer approximations to the set SEP that we describe now.
Doherty, Parrilo, and Spedalieri [16] designed what is now known as the DPS hierarchy, a hierarchy
of outer approximations DPS1+ (t > 1) for the set SEP. It is based on the principle of state
extension: if p := Y, Nexex; @ yey, € SEPq with A\, > 0 then, for any integer ¢ > 1, p admits
an extension p1y = >, Aoz} @ (yey;)®t acting on C? @ (C4)®'. The state p can be recovered
from its extension py; by tracing out ¢t — 1 of the copies of the second space and the extension p1 ¢
satisfies several natural conditions such as symmetry (under permuting the ¢ copies of the second



register) and the so-called positive partial transpose (PPT) criterion from [31] (which states that
taking the transpose of some of the copies preserves positive semidefiniteness). The relaxation
DPS1,; consists of those p for which a state p;; exists satisfying these necessary conditions. Here
the state extension is one-sided (since one extends only in the y-direction); the two-sided analog
(in both z- and y-directions) has also been considered, leading to the hierarchy DPS;; C DPS1+
(see Section [5.4) for details). For fixed ¢, deciding membership in DPS;; (or DPS; ;) boils down to
testing feasibility of a semidefinite program of size polynomial in d. The DPS hierarchy is complete,
in the sense that we have equality: (), DPS1; = SEP [16].

One can also interpret the set SEP in the language of moments of distributions on the bi-sphere:
p is separable if there exists an atomic measure on the bi-sphere whose fourth-degree moments agree
with p (see, e.g., [17, 29, [38]). Another main contribution in this paper will be to make the links
between this moment approach and the DPS hierarchy more apparent. These links enable us to
give an alternative proof of completeness for the DPS hierarchy that is based on the theory of
positive-operator valued measures. In contrast, existing proofs rely on other tools such as quantum
de Finetti theorems or sums of squares. Indeed one can also design approximation hierarchies for
SEPy, starting from its definition in Eq. and applying the moment approach to the bi-sphere
S%1 x §%-1. Depending on the degrees that are allowed in the z, Z variables and the y, 7 variables,
this leads to several possible variants of relaxations for SEP4 that we explore in Section denoted
there as R (when the full degree is at most 2t), R;; (when the degree in z,7 is at most 2¢ and
the same for the degree in y,7) and Ri; (when the degree in x, 7 is at most 2 and the degree
in y,y is at most 2t). We provide a convergence proof for each of these hierarchies (i.e., show
their completeness) using tools from the moment method (i.e., existence of an atomic representing
measure under certain positivity conditions), which we apply to the setting of matrix polynomials
for the hierarchy R+ (see Section . In addition we show that the hierarchy R (resp., Rit)
coincides with the DPS hierarchy DPS1; (resp., DPS;;). Therefore we offer a new convergence
proof for the DPS hierarchy that is based on the moment method.

Related literature on approximation hierarchies for SEP

There is a vast literature about the set SEP of separable states and approximations thereof (such
as the DPS hierarchy), so we only mention here some of the results that are most relevant to this
paper. The PPT criterion, introduced in [46] B31], is a necessary condition for separability. While it
was shown to be sufficient to ensure separability of bipartite states acting on C? ® C3 [59], it is in
general not sufficient for separability of states acting on larger dimensional spaces (see, e.g., [32,59]).
In fact it has been shown that no semidefinite representation exists for SEP4 when d > 3 [20]. As
mentioned above, the authors in [I6] use symmetric state extensions and the PPT conditions to
define the hierarchy DPS;; (t > 1). They show it to be complete (i.e., Ni>1DPS1 = SEP) using
the quantum de Finetti theorem from [6] (note that this completeness proof in fact does not use
the PPT conditions).

Navascues, Owari and Plenio [40] show a quantitative result on the convergence of the sets
DPS1t to SEPy. Consider p € DPS1 1, whose membership is certified by the extended state pi;
acting on C? @ (C)®!, and let p; € H? be obtained by tracing out the part of p;; that acts on
(CH®: then p; ® I, is clearly separable. In [40] it is shown that

pi= (l—e)p—l—e(m@%) € SEPy wheree:O((¥)2); (4)



that is, by moving p in the direction of p; ® I3/d by € = O((%)z), one finds a separable state.

An entanglement witness for a state p is any certificate that certifies p € SEP4. One way to
obtain such an entanglement witness is to exhibit one of the constraints defining a relaxation of
SEP, (such as DPS; ;) that is violated by p, like for example, one of the PPT conditions. More
generally one can obtain an entanglement witness for p € SEP, by finding a hyperplane separating

p and SEP, i.e., a matrix W € H? @ H? such that
Tr(Wp) > hsep(W) := max{Tr(Wo): 0 € SEP4}, (5)

which shows again the importance of linear optimization over the set SEP; and of designing
tractable relaxations for SEP4. The function hgep (W) in Eq. is known as the support function
of SEP, in the direction W. Analogously define the support function of DPS ; as

hpps, (W) := max{Tr(Wp) : p € DPS1,}.

As an application of the quantitative result in Eq. the following is shown in [40]:

hsep(W) < hpps, (W) < (14 O((%f))hsgp(w)- (6)

Clearly, either Eq. or Eq. @ implies equality ﬂt21 DPS11 = SEPg, i.e., completeness of the
DPS hierarchy.

Fang and Fawzi [19] investigate the DPS hierarchy from the dual sum-of-squares perspective.
In particular, they show a representation result for matrix polynomials that are nonnegative on
the sphere, which they use to give an alternative proof for Eq. @ Namely, they show that, if F
is a polynomial matrix in d variables and degree 2k such that 0 < F(z) < I on S?~! then, for all
t > Cid, F(x) + C,’C(%)QI is a Hermitian sum-of-squares matrix polynomial of degree 2t on S%1,
where Cj, C}. are constants depending only k. In addition, detailed proofs are given in [19] for
the description of the dual cones of the cones DPS1;: while the dual cone of SEP, consists of
the matrices W for which the polynomial py = (W, zz* ® yy*) is nonnegative on the bi-sphere
S91 x S9! the dual cone of DPS;; consists of the W’s for which the polynomial ||y|?¢~Ypy, is
a sum of Hermitian squares.

For the problem of approximating the support function hsep(W), Harrow, Natarayan and Wu
[29] propose to strengthen the set DPS;; by adding equality constraints arising from the classical
optimality conditions. In this way they obtain a hierarchy of bounds for hgep (W), stronger than
hpps, (W), that converges in finitely many steps to hsep(W).

Li and Ni [38] use the moment approach on the bi-sphere for testing separability of a state p
(in the general multipartite setting). For this, given a generic sum-of-squares polynomial F', they
consider the problem of minimizing the expectation [ Fdu over the probability measures y on the
bi-sphere whose degree-4 moments correspond to the entries of p, and the corresponding moment
relaxations (whose constraints are essentially those in the program defining the set R; in Eq. )
Then a separability certificate can be obtained at a finite relaxation level when the optimal solution
satisfies the so-called flatness condition. Note that the separability problem only asks for the
existence of such a measure pu, thus, it is a feasibility problem. The optimization approach in [38],
based on optimizing a generic polynomial F, relies on the fact that this ‘encourages’ flatness of
an optimal solution (which then permits to get a separable decomposition and thus a certificate
of separability). Indeed Nie [41] shows that if both the objective and constraints of a polynomial



optimization problem are generic, then flatness occurs at some finite relaxation level. Dressler, Nie,
and Yang [17] strengthen the approach in [38]: they use a symmetry argument which permits to
replace the bi-sphere by its subset consisting of the points (z,y) € C? x C? that have z1,y; real
and nonnegative. This provides a formulation that uses less real variables (2(2d — 1) instead of
4d) and leads to stronger and more economical moment relaxations. Separability of real states is
considered in [43], where a similar reduction is applied, namely by restricting to the vectors (z,y)
in the (real) bi-sphere satisfying 2?21 x; > 0 and Zle y; > 0.

Related literature on factorization ranks

Various notions of “factorization ranks” have been studied extensively in the literature such as
(versions of) tensor ranks [34], nonnegative matrix factorization (NMF) rank [25], positive semidef-
inite matrix factorization rank [2I], completely positive matrix factorization rank [2]; we refer to
these references and further references therein for details. Given the importance of factorizations
for applications, designing algorithmic methods for finding a factorization of a given type (when
it exists) is a topic of ongoing research (see, e.g., [25, 51, 52] and references therein). The above
mentioned factorization ranks are often hard to compute (see [56, 48, [49] for nonnegative rank, [50]
for positive semidefinite rank, [30] for tensor rank), which motivates the search for good bounds
for a given factorization rank. Such bounds can be obtained using a variety of techniques. For
example, using dedicated combinatorial methods (see, e.g., [21] and references therein), optimiza-
tion methods (see, e.g., [22]), or using a moment-based approach as we do here. A moment-based
approach has previously been used to derive hierarchies of bounds for the rank of tensors [53],
for the symmetric nuclear norm of tensors [42], for the nonnegative rank, the completely positive
rank, the positive semidefinite rank, and the completely positive semidefinite rank of matrices [26].
In this paper, we consider the separable rank, a notion which has been present in the (quantum
information theory) literature, although no systematic study of bounds for it has been carried out
so far to the best of our knowledge.

Contents of the paper

The paper is organized as follows. In Section [2| we introduce the preliminaries on polynomial
optimization that we will need in the rest of the paper. In particular, in Section we introduce
some of the main notions in the general setting of sum-of-squares matrix polynomials and matrix-
valued linear maps. In Section [2.3] we recall the moment method and present the main underlying
results from real algebraic geometry and moment theory. Since some of these results are presented
in the literature in the real setting while we need the complex setting, we give arguments on how to
extend the results from real to complex in Appendix [A] Section [3|is devoted to the new hierarchy
of bounds for the separable rank. In Section 4| we indicate several extensions of our approach,
in particular for the real separable rank of real states and for getting improved bounds on the
completely positive rank. We also present numerical results on examples to illustrate the behavior
of the bounds in Section[f.2] Finally, in Section[5we revisit the Doherty-Parrilo-Spedalieri hierarchy
of relaxations for the set SEP of separable states. In particular, we provide a new, alternative proof
for their completeness, that uses the tools from the moment approach previously developed.



2 Preliminaries on polynomial optimization

In this section, we group some preliminaries about polynomial optimization that we need in the rest
of the paper; for a general reference we refer, e.g., to [35] 36] 37] and further references therein. We
will deal with polynomial optimization in real and complex variables, which is the setting needed
for the application to the set of separable states and the separable rank treated in this paper, and
we will also need to deal with polynomial matrices and matrix-valued linear maps.

2.1 Polynomials, linear functionals and moment matrices

We first fix some notation that we use throughout the paper. N denotes the set of nonnegative
integers. We set [n] = {1,2,...,n} for an integer n > 1, [k,n| = {k,k+ 1,...,n — 1,n} for integers
k<n,and |a| => ", o; for o € N".

For a complex matrix X we denote its transpose by X7 and its conjugate transpose by X*.
For a scalar a € C its conjugate is a* = @ and its modulus is |a| = va*a. The vector space C"
is equipped with the scalar product (z,y) = z*y = >, z]y; for z,y € C" and the Euclidean
norm of x € C" is ||z|| = Vz*r. Analogously, C"*" is equipped with the trace inner product
(X,)Y) = Te(X*Y) = 320y Xi;Yij and || X|| = (X, X) for X € C"*". A matrix X € C"™*" is
called Hermitian if X* = X and we let H™ denote the space of complex Hermitian n x n matrices,
A matrix X € H" is positive semidefinite (denoted X > 0) if v*Av > 0 for all v € C". We let H}
denote the cone of Hermitian positive semidefinite matrices.

For a set S in a vector space, we let cone(S) and conv(S) denote, respectively, its conic hull
and its convex hull.

Polynomials. We consider polynomials in n complex variables z1,...,z, and their conjugates
T1,...,Tn. For a, 8 € N we use the short-hand x*%X? to denote the monomial

n n
aseB _ a; =B
<’ = [[ [[ 5%
i=1 j=1

The degree of this monomial, denoted by deg(x*%’), is equal to |a| + 8] = Y1 a; + B;. We
collect the set of all monomials of degree at most ¢ € NU {oo} in the vector [x,X]; (using some
given ordering of the monomials) and also set [x,X] = [X,X]|o. We interpret [x,X|; as a set when
we write x*%? € [x,X];. Taking the complex linear span of all monomials in [x,X]; gives the space
of polynomials with complex coefficients and degree at most ¢:

C[x,X]; := Span{m | m € [x,X];} = { Z QM & Ay, € (C}.

me[x,X|¢

For t = oo we obtain the full polynomial ring in x,X over C, also denoted as C[x,X]. So any
polynomial p € C[x,X] is of the form p = }_, 4 PasXX", where only finitely many coefficients
Pa,s are nonzero; its degree is the maximum degree of the monomials occurring in p with a nonzero
coefficient, i.e., deg(p) = max;,, ;20 deg(x*%%). For convenience let (CIS]”XNH denote the set of
vectors a = (aaﬁg)(m g)eNnxN» that have only finitely many nonzero entries. Then any polynomial
p can be written as p = a*[x, x|, where we set a = (p, g) € CISWXNYL (the conjugate of the vector of
coefficients of p).



Conjugation on complex variables extends linearly to polynomials: for p = ) oy paﬁxaiﬂ we
define its conjugate polynomial p = ) a8 Pa, ﬁiaxﬁ . Then, p is called Hermitian if p = p. Hermitian
polynomials only take real values: p(z) € R for all x € C". We denote the space of Hermitian
polynomials by C[x,X]". For instance, the polynomial p = = +7 is Hermitian as well as p = ir — iz,
but ¢ = x — ¥ is not Hermitian (note q(i) = 2i ¢ R), where i = /—1 € C.

To capture positivity on the ring of polynomials, we work with the cone of Hermitian sums of
squares. Any polynomial of the form ¢g (for some ¢ € C[x,X]) is called a Hermitian square and
Y[x,X] (or simply ) denotes the conic hull of Hermitian squares. For any integer t € N we let
Y[x,X]ar = cone{pp | p € [x,X]:} = X[x,X| N C[x,X]2 (or simply ¥9;) denote the cone of Hermitian
sums of squares with degree at most 2t.

The dual space of polynomials. The algebraic dual of the ring of polynomials C[x,X] is the
vector space of all linear functionals on C[x, X]. To clarify, a linear functional L on C[x,X] is a linear
map from C[x,X] to C. For every t € NU {oo} we denote the dual space of C[x,X]; by C[x,X],
defined as

Clx,Xx]f ={L : C[x,%X]; — C: L is linear}.

We again abbreviate C[x, X%, by C[x,X]*. A linear functional L € C[x,X]; is called Hermitian if
L(p) = L(p) for all p € C[x,X]¢. A (Hermitian) linear functional L € C[x,X|3, is called positive if
it maps Hermitian squares to nonnegative real numbers, i.e., if L(pp) > 0 for all p € C[x,X];.

Example of linear functionals. For any a € C" we can define the evaluation functional at a,
denoted L, € C[x,X]*, by
Lo(p) = p(a) for every p € C[x,X].

It is easy to see that L, is Hermitian and positive.

Linear functionals applied to polynomial matrices. It will also be useful to apply linear
functionals to polynomial matrices, i.e., matrices whose entries are polynomials, by considering
an entrywise action. That is, for a polynomial matrix G = (G;5){"—; € C[x,X]™ ™ and a linear
functional L € C[x,X]* we define

L(G) = (L(Gij)> e cmxm,

i,j€[m]

Moment matrices. As an example, applying a linear functional to the (infinite) matrix [x, X][x, X]*
leads to the notion of moment matrix. Given L € C[x,X]3,, where t € NU {oco}, we define the mo-
ment matriz of L by

Mi(L) += L(pe, Kl 5) = (L), e, (7)

If ¢ is finite then the moment matrix is said to be truncated at order t. Note that L is Hermitian if
and only if its moment matrix M;(L) is Hermitian. Similarly, L is positive if and only if its moment
matrix M;(L) is positive semidefinite:

L(pp) =2 0 Vp € C[x,X] <= M(L) = 0. (8)



Indeed, for any p € C[x, X];, written as p = a*[x,X]; € C[x, %] witha € Cj "

and thus

, we have p = [x,X|ja

L(pp) = L(a"[x, X]s[x,X];a) = a"L([x,X]:[x, X];)a = a" M;(L)a. (9)

More generally, if p = a*[x,X]; and ¢ = b*[x,X]; with a,b € (CONTLXNH, then L(pg) = a*M,(L)b. If
t = oo we write M (L) instead of My (L).

Observe that the moment matrix of an evaluation functional L, at a € C¢ satisfies M(L,) =
[a,al¢[a,a]f and thus it has rank 1. Hence, if L is a linear combination of evaluation functionals,
then its moment matrix has finite rank.

Polynomial localizing maps gL. Given a polynomial g € C[x,X] and a linear functional L €
C[x,X]|* we can define a new linear functional gL € C[x,X|* by
gL :C[x,x] - C
p+— L(gp).
In this way, we can say that g acts on C[x,X]* by mapping L to gL. Constraints are often phrased

in terms of the positivity of gL. As stated before, positivity of gL can be characterized by positive
semidefiniteness of its moment matrix:

gL is positive <= L(g- [x,X][x,X]|") = M(gL) = 0. (10)

If both g and L are Hermitian then gL is Hermitian and hence M (gL) is Hermitian. If L is an
evaluation map at a point a € C" for which g(a) > 0, then gL is a positive map since we have
(gL)(pp) = g(a)|p(a)|? > 0. In the literature M (gL) is often called a localizing moment matriz.

2.2 SoS-polynomial matrices and matrix-valued linear maps

There is a natural extension of the previously defined concepts to the matrix-valued setting. This
extension will be useful, in particular, to define a matrix analog of localizing moment constraints
and to provide a moment approach to the hierarchy by Doherty, Parrilo and Spedalieri [16].

SoS-polynomial matrices. A polynomial matrix S € C[x,X|™*™ is called an SoS-polynomial
matriz if S = UU* for some polynomial matrix U € C[x,X|™** and some integer & € N, or,
equivalently, if S € cone{pp*: p = (p1,...,pm) € C[x,X|™}.

Matrix-valued linear functionals. Consider a matrix-valued linear functional

L:C[x,x| — Cm™*™
where £ = (Lj;);"%_; and each L;; € C[x,X]" is a scalar-valued linear functional. Then L is
Hermitian if L(p) = L(p)*, i.e., Lij(p) = Lji(p) for all ¢,j € [m], for all p € C[x,X]. In addition £

is said to be positive if it maps positive elements (i.e., Hermitian squares pp) to positive elements
(i.e., Hermitian positive semidefinite m x m matrices), i.e., if the following holds:

L(pp) = (Lij(pp))i=1 = 0 for all p € C[x,X]. (11)
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In analogy to Eq. it is natural to define the moment matriz M (L) as
M(L) == L([x,X][x,X]") = (Li; ([x,X][x, X]"))i=1 = (M (Li5))ij=1 (12)

which thus acts on C" ® C[x,X]. Clearly, M (L) is a Hermitian matrix if £ is Hermitian. Note that
M (L) can be viewed as an m x m block-matrix whose (i, j)th block is the moment matrix M (L;;).

When L acts on a truncated polynomial space C[x, X]9; its moment matrix M;(L), truncated at
order t, is defined in the obvious way by

Mi(£) := L%, X]e[x, X]y) = (Mi(Lij)) =1,

with My(£) = M(L) if t = oc.

One may also define the action of £ on a polynomial matrix S = (5;;)%_; € C[x,X]™*™ by

(L,8) =" Li(Siy). (13)

ij=1

If £ and S are both Hermitian then (£, S) € R. As before, given g € C[x,X] we may define a new
(localizing) matrix-valued linear map gL by:

gL : Clx,x] — C™*™
p = (9£)(0) = L(gp) = (Lij(9P)); je )

Positivity of £ and its moment matrix M (L). The analog of Eq. does not extend to the
matrix-valued case: If M (L) is positive semidefinite, then £ is positive, but the reverse implication
may not hold in general. In the next two lemmas, we present alternative characterizations for
positivity of a matrix-valued map £ and positivity of its moment matrix M (L) that make this
more apparent.

Lemma 1. £ is positive, i.e., Eq. holds, if and only if any of the following equivalent conditions
holds:

m
v L(pp)v = ( Z szjLij)(pTQ) = (v*Lv)(pp) > 0 for all v € C™ and p € C[x,X], (14)
i,j=1

M(v*Lv) =0 for allv e C™, (15)
(v@a)* M(L) (vea)>0 for allve C™ and a € Cy *N". (16)
Proof. The equivalence of Eq. and Eq. is clear. The equivalence of Eq. and Eq.
follows using Eq. applied to each (scalar-valued) map v*Lv. To see the equivalence of Eq.
and Eq. , write a polynomial p € C[x,X] as p = a*[x,X] with a = (an3) € CSVLXN”. Then, for

any v € C™, following Eq. @, we have:

v L(pp)v = v" (Lij(pP))ij=v = v (@" M (Lij)a)j_v = (v @ a)"M(L)v @ a,

using the definition of M (L) from Eq. (12). O
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Lemma 2. M(L) = 0 if and only if any of the following equivalent conditions holds:

w*M(L)w >0 for allw € C™ @ Cy" N, (17)

(£,BB") = > Lij(pip;) = 0 for all B = (p1,...,pm) € Clx,x|", (18)
ij=1

(L,8) >0 for all SoS-polynomial matrices S € Clx,x]™" ™. (19)

Proof. Eq. is clear. To see the equivalence with Eq. consider a vector w = (wj (a,8))i,(a,8)
in C™ ® Cy " and, for each i € [m], define the vector a; = (Wi (,8)) (a,8) € Cy" N the corre-

sponding polynomial p; = aj[x,X], and define the polynomial vector p = (p1,...,pm) € Clx,X|™
Then
m
wM(L)w = w*(M(Lij))fi—yw = > af (Lij([x, X[x, X]"){_1a; = Z Lij(pip;),
i,j=1 i,j=1

implying the equivalence of Eq. and Eq. . The equivalence with Eq. follows since
SoS-polynomial matrices are conic combinations of terms of the form pp*. O

Note that Eq. is the restriction of Eq. , where we restrict to vectors w in tensor product
form w = v®a. In addition, we recover Eq. if, in Eq. , we restrict to polynomials p1, ..., pm
of the form p; = v;p (for i € [m]) for some p € C[x,X| and v = (v1,...,vy) € C™. This shows again
that Eq. is more restrictive than Eq. . Summarizing, we have the following implication.

Lemma 3. If M (L) > 0 then L is positive.

Remark 4. Note that requiring positivity of the moment matriz M (L) not only provides a stronger
condition than requiring positivity of L, but it is also a condition that is computationally easier to
check. To make this concrete we consider the truncated case when L is restricted to the subspace
C[x,X]ot. Then, the condition Mi(L) > 0 asks whether a single matriz is positive semidefinite,
which can be efficiently done. On the other hand, asking whether L is positive on sums of squares
of degree at most 2t amounts to checking whether My(v*Lv) = 0 for all v € C™, i.e., positive
semidefiniteness of infinitely many matrices.

Note also that Eq. highlights the duality relationship which exists between m x m SoS-
polynomial matrices and matriz-valued linear maps L with M (L) = 0.

Link to complete positivity of £L. We now point out a link to the notion of complete positivity.
Given a linear map L : C[x,X] — C™*™ and an integer k € N one can define a new linear map

Ik ® £ . (C[X,i]ka N (Ckxk ® (Cme
(pi/j/)?’,j’:l = (ﬁ(p’L] ))z r3'=1

Then L is said to be completely positive if I, ® L is positive for all k& € N. (See, e.g., [45] for a
general reference about completely positive maps.)

Lemma 5. £ completely positive = I, ® L positive = M (L) = 0.
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Proof. The first implication is obvious. Assume Im ® L is positive, we show that M (L) = 0. In
view of Eq. (18) it suffices to show that Z” 1 Lij(pipj) > 0 for all p = (p1,...,pm) € Clx,X|™
As pp* is a SoS-polynomial matrix (and thus a positive element), it follows that (I, ® E)(_'_'*) =
(L(pipj))it =1 = 0. Consider the vector w = (wiy);ire[m) With entries w;y = 1if ¢ = i’ and
wiy =0 othervvlse Then, 7", Lij(pip;) = w*(L(pirPjr))i ji—yw = 0, as desired. O

Polynomial matrix localizing maps G ® L. Given a (scalar-valued) linear map L € C[x,X]*
there is a natural generalization of the above notion of localizing map gL, where, instead of consid-
ering a scalar polynomial g, we consider a polynomial matrix G = (Gij)%zl € Clx,x]™*™. Then,

we can define the matrix-valued linear map £ := (G;L)", "i—1, that we denote by G ® L, by

G®L:C[x,x]—Cm™™
P (G0 L)) = (Gl )", = (L(Gyp)"_, = L(Cp).
Following Eq. the moment matrix of G ® L is
M(G® L) = (G e D) F) = (GuL)(x=x ) = LG kFXxE).  (20)

Remark 6. When L = L, is the (scalar-valued) evaluation map at a vector a € C" the moment
matriz M (G ® Lg) has indeed a tensor product structure, since we have

M(G® Ly) = Lo(G ® [x,X][x,X]*) = G(a) @ [a,d][a,d]* = Lo(G) @ La([x,X][x,X]*).

In particular, if G(a) = 0 then we have M (G ® L) »= 0. Therefore, M(G ® L) = 0 when L is a
conic combination of evaluation maps at points at which G is positive semidefinite. This property
motivates using such a positivity constraint in defining our bounds for the separable rank and the
completely positive rank.

As observed above, M (G ® L) = 0 implies that G ® L is positive. Note that, by Eq. , G®L
is positive if and only if M((v*Gv)L) = 0 for all v € C™, while, by Eq. (18), M(G ® L) = 0 if and
only if L(p*Gp) > 0 for all p € C[x,X|™. In particular, for a truncated linear map L € C[x,X]3,,
the condition M;(G ® L) = 0 implies any of the following two equivalent conditions (the truncated
analogs of and ), which characterize positivity of G ® L on Xo:

L(v*Gv-pp) >0 for all v € C™ and p € C[x,X]s, (21)
M ((v*Gv)L) = 0 for all v € C™. (22)

While it is computationally easy to check whether M;(G ® L) = 0, it is not clear how to check the
above conditions efficiently. For this reason, we will select the stronger moment matrix positivity
condition when defining our new hierarchy of bounds for the separable rank. However, we note
that the weaker positivity condition of the localizing map will be sufficient to establish convergence
properties of the bounds.

2.3 The moment method

We now state several widely used definitions and results from polynomial optimization that we will
need to design our hierarchy of bounds on the separable rank and for the moment approach to the
DPS approximation hierarchy of the set SEP of separable states.
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Given a set of Hermitian polynomials S C C[x,X|" we define the positivity domain of S as

2(S) :={uecC"| g(u) >0 for every g € S}. (23)

mXxXm

Given a Hermitian polynomial matrix G € C[x,X] we define the polynomial set

Sq = {v*Gv :v e C, ||v| =1} C C[x,X]", (24)

so that the set
2(S¢) ={ueC" | G(u) = 0} (25)

corresponds to the positivity domain of G. For t € NU {oo} and S C C[x,X]" the set
M(S)a: := cone{gpp | p € C[x,X], g € SU{1}, deg(gpp) < 2t}

denotes the quadratic module generated by S, truncated at order 2t when t € N. If t = co we simply
write M(S). The quadratic module M(S) is said to be Archimedean if, for some scalar R > 0,

n
R- " zi7; € M(S). (26)
i=1
Hence a quadratic module is Archimedean if it contains an algebraic certificate of boundedness of the
associated positivity domain. The next lemma shows that, in the case when the algebraic certificate

in belongs to the quadratic module M(S)2, the linear functionals that are nonnegative on
M(S) are bounded. Its proof is standard (and easy) and thus omitted.

Lemma 7. Let S C C[x,X|" be such that R — Y ", 2;7; € M(S)2 for some R > 0. For anyt € N
assume Ly € C[x,X]3, is nonnegative on M(S)9;. Then we have

|Ly(w)] < RUVZL(1) for all w € [x,X]a.

Moreover, if

sup L(1) < oo, (27)
teN

then {Li}ien has a point-wise converging subsequence in C[x,X]*.

Linear functionals and measures. The following result is central to our approach for ap-
proximating matrix factorization ranks. It is a complex analog of results by Putinar [47] and
Tchakaloff [54]. For completeness, we will indicate in Appendix how to derive from these
results the following complex analog.

Theorem 8. Let S C C[x,X|" be a set of Hermitian polynomials such that the quadratic module
M(S) is Archimedean and consider a Hermitian linear map L : C[x,X] — C. Assume that L is
nonnegative on M(S). Then the following holds.

(i) (based on [{7]) L has a representing measure p that is supported by 2(S), i.e., we have
L(p) = f@(s) pdu for all p € Clx,X].
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(ii) (based on [5]]) For any integer k € N, there exists a linear functional L : C[x,X] — C which
coincides with L on C[x,X]x and has a finite atomic representing measure supported by Z(S),
i.e., we have

L(p) = L(p) for every p € Clx, =, (28)
K

L=> MLy, (29)
(=1

for some integer K > 1, scalars A1, Aa, ..., \g > 0 and vectors v1,ve, ...,vxg € 2(9).

We will often apply the above theorem to a linear functional L € C[x,X|* that additionally
satisfies the positivity condition: (G& L)(pp) = 0 for all p € C[x,X], for some Hermitian polynomial
matrix G € C[x,X]|"™*™. Then, in view of Lemma 1| (combined with Eq. and Eq. (22)), one
may still apply Theorem [8| after replacing the set S by the set S U Sg so that the resulting measure
w will be supported by 2(S U Sg) C {z : G(z) = 0}, thus within the positivity domain of G.

Matrix-valued linear functionals and matrix-valued measures. We now mention exten-
sions of the previous results in Theorem [§| from the scalar-valued case to the matrix-valued case,
that we will use for the moment approach to the DPS hierarchy.

For the next result we use (a specification of) a result of Cimpric and Zalar [I0, Theorem 5],
which shows an operator-valued version of Theorem [8] (i). Since the latter is stated in the real
case we indicate in Appendix how to derive from it its complex analog that we need for the
implication (ii) = (i) in Theorem [0 below. In a nutshell, this implication relies on a version of
Riesz’ representation theorem for positive operator valued linear maps (see, e.g., [28]) combined
with a density argument (for going from polynomials to continuous functions) and Putinar’s Posi-
tivstellensatz.

Theorem 9 (based on [I0]). Let S C C[x,X|" be a set of Hermitian polynomials such that the
quadratic module M(S) is Archimedean and let L : C[x,X] — H™ be a Hermitian matriz-valued
linear map. The following assertions are equivalent.

(i) L has a representing measure p that is supported by 2(S) and takes its values in the cone
H'? of m x m Hermitian positive semidefinite matrices.

(ii) L is nonnegative on M(S), i.e., L(gpp) = 0 for all g € SU{1} and p € C[x,X].
(11i1) M(gL) = 0 for all g € SU{1}.
(iv) gL is completely positive for all g € S U {1}.

Proof. First we show that (i) implies (iv). Let k € N, let P = (pyje)}i i_y € C[x,x]"** be
a polynomial matrix such that P(z) = 0 for all z € C?% and let ¢ € S U {1}; we show that

(I ® gL)(P) > 0. For this note that

k

gpi’j’dﬂ), 0.
i,j'=1

(1@ 9L)(P) = (90) ey =1 = (Elawry by = ( [
2(S)

Here, the last inequality follows (for example) from Theorem [L0] below, using the fact that g(z) > 0
on 2(9), P(z) = (piry(2))k =1 = 0 for all z, and p takes its values in H'. Indeed, say D is an
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upper bound on the degree of g(x)P(x). Then, by Theorem [L0[ applied to £ restricted to C[x,X|p,
there exist an integer K € N, matrices Ay > 0 and vectors vy € Z(S) (for ¢ € [K])) such that
(L(gpirjr))k =1 = S g(ve) Ay ® P(vg), which proves it is a positive semidefinite matrix. The

implication (iv) = (iii) follows from Lemma [5 and (iii) = (ii) follows from Lemma [3]
Finally, for the implication (ii) = (i) we refer to the arguments in Appendix O

What the above result shows is that, while in general the notions of complete positivity, positiv-
ity and having a positive semidefinite moment matrix are not equivalent, these properties become
equivalent when considering a linear map £ acting on an Archimedean quadratic module. We will
apply these results to the case of the quadratic module of the unit sphere (with S = {1 -, z;7;})
for the moment approach to the DPS hierarchy in Section [5.2

Finally, there is also an analog of Theorem [§ (ii) for the matrix-valued case.

Theorem 10 (Kimsey [33]). Let S C C[x,X" be a set of Hermitian polynomials and let L :
Clx,X] — H™ be a Hermitian matriz-valued linear map. Assume L has a representing measure
supported by 2(S) and taking values in the cone H''. Then, for any integer k € N, the restriction
of L to C[x,X| has another representing measure that is finitely atomic; that is, there exists K € N,
matrices Ai,...,Ax € H'?' and vectors vy, ...,vg € ZD(S) such that L(p) = Zle Ap(vg) for all
polynomials p € C[x,X].

3 A hierarchy of lower bounds on the separable rank

In this section, we show how to use the polynomial optimization techniques developed in the
previous section in order to obtain a hierarchy of lower bounds on the separable rank.

3.1 The parameter 7,

Consider a separable state p € SEP,. As defined earlier, its separable rank is the smallest integer

r € N for which there exist (nonzero) vectors ay, ..., ar,bi,...,b. € C% such that
T
p= Z agay & beby. (30)
/=1

We mention several properties that are satisfied by the vectors ay, by entering such a decomposition.
First of all, the vectors ay, by clearly satisfy the positivity condition

p—agay @beby =0 forall £ € [r]. (31)
Let
Pmax ‘= Z,félgg] Pig,ij

denote the maximum diagonal entry of p. Then, in view of , the vectors ay, by also satisfy
|(ag)i]?|(be)j1* < pijij for all 4,5 € [d], which implies the following boundedness conditions

lael3e - 1bell3 < pmax — and  Jlacll3 - [1be]|3 < Tx(p)  for all £ € [r]. (32)
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Note that we may rescale the vectors ag, b, so that additional properties can be assumed. For
instance we may rescale them so that ||as|lcc = ||b¢||c, in which case we may assume without loss
of generality that

laclZe: 1o 3 < v/pmax ~ for all £ € [r]. (33)
Another possibility is rescaling so that ||ag|l2 = ||b¢]|2, in which case we could instead assume that
lael3 = [lbell3 < /Tx(p)  for all £ € [r]. (34)

Yet another possibility would be to rescale so that ||bs||2 = 1/ Tr(p) for all £, in which case we would

have
laellz < /Tr(p), [[bella = v/Tr(p) for all £ € [r] (35)

or, equivalently (up to rescaling), we may assume that
lacll3 < Te(p), flbella =1 for all € € [r]. (36)

To fix ideas we will now apply the first rescaling , so that each (ay, by) belongs to the set
Vo= {(2,9) €CUx T | " @ yy” < p, 7l lylloo < Pk} (37)

We will consider the impact of doing other rescalings as in Eq. , Eq. or Eq. later
on in the paper in numerical examples. However, as will be noted in Remark the localizing
constraints corresponding to the scaling already imply the localizing constraints corresponding
to the inequalities in .

From Eq. we have

1 1 —
—p ==Y aa; ®bbj € conv{za® @ yy* : (z,y) € V,},
T r —

which motivates defining the following parameter
1
Teep(p) := inf {)\ A >0, 4 € conv{zz* @yy* : (z,y) € Vp}}. (38)

From the above discussion, this parameter gives a lower bound on the separable rank.

Lemma 11. For any p € SEPy, we have Typ(p) < rankgep(p). Moreover, if p & SEP, then
Tsep(p) = rankgep(p) = 00.

The parameter 7gp(p) does not seem any easier to compute than the separable rank. It, however,
enjoys an additional convexity property that the combinatorial parameter rankgep(p) does not have.
In the next section, we will present a hierarchy of lower bounds on rankgep(p), constructed using
tools from polynomial optimization. These bounds arise from convex (semidefinite) programs,
they in fact also lower bound the (weaker) parameter 7ep(p) and will be shown to asymptotically
converge to it.
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3.2 Polynomial optimization approach for 7., and rank

As above, let p € SEP, be given, together with a decomposition with r = rankeep(p), where
we assume that the points (as, b¢) belong to the set V, in . We explain how to define bounds
for rankgep(p) by using the moment method from Section

For this let us consider the linear functional

L=2 L) (39)
/=1

the sum of the evaluation functionals at the points entering the decomposition (30). Then L acts
on the polynomial space C[x,y,X,¥y], where it is now convenient to denote the 2d variables as
x = (z1,...,24) and y = (y1,...,yq), corresponding to the ‘bipartite’ structure in Eq. . By
construction, L corresponds to a finite atomic measure supported on the set V,. Moreover we have

L(l) = Z L(a[,bg)(l) = Z Il=r= ranksep(p)
/=1 /=1

and the fourth-degree moments are given by the entries of p:
L(xx" @ yy*) = p.
In addition, since each (ag,by) belongs to the set V,, it follows that
M(G,®L)=L(G,® [xy,X¥|[xyXy]") =0 and L >0on M(S,),
after defining the Hermitian polynomial matrix
Gp(x,y) == p—xx* ®yy* € Clx,y,x,y]{ * (40)

and the localizing set of Hermitian polynomials

Sp = {\/ Pmax — TiTiy\/Pmax — YiY; : 1 € [d]} - C[X7Y7i7y]g' (41)

To see that M (G, ® L) = 0 we use Remark @ Recall also the definition of the set S¢, of localizing
polynomials corresponding to the polynomial matrix G, in :

Sa, = {v'Gp:veC'®C% CClx,y,% ¥}
Then, by construction, the combined positivity domains of the sets S and Sg, recover V,:
D(Sa,US,) =V, = {(@,y) € ' x ! | 22" @ yy" = p, [[7lloes [9lloo < pifc}-

Remark 12. Note that the localizing constraints for the inequalities in @ are implied by the
localizing constraints for S, U Sg,. This follows from the following two identities:

Pmax — xifiyjyj = (\/ Pmax — xifi)ngj + V pmax(\/ Pmax — yjyj) € M(Sp)élv
Tr(p) — O i) O yily) = > _(pijis — iZiy;¥;) € M(Sa,)a-
( J

0]
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Moreover, let us recall for future reference that
M(G,®L)=0 = L>0on M(S,), (42)

which follows from Lemma [If and the characterization of positivity of G, ® L from Eq. (22)). The
above observations motivate introducing the following parameters. For ¢ € NU {oc} with ¢ > 2,
define the parameter

sep

v (p) = inf {L(l) | L:C[x,y,X,y]2t & C Hermitian s.t.

Lxx"®yy") = p,
L >0on M(Sp)Qt,

Mt—Q(Gp ® L) = L(GP ® [Xa y7§7 y]t—Q[Xa yaia y]:‘,ku) = 0}

(43)

For t = oo the parameter 57 (p) involves linear functionals acting on the full polynomial space
Clx,y,%,y]. In addition, we let £i°P(p) denote the parameter obtained by adding the constraint
rank(M (L)) < oo to the definition of £&5F(p). One can show that the function p — &P (p) is lower
semicontinuous, the proof is analogous to that of [26, Lemma 7] and thus omitted. In addition, as
we will see in Remark [30} if the program defining & (p) (t > 2) is feasible then p satisfies the PPT
criterion, i.e., p’8 > 0, where p’B is obtained by taking the partial transpose of p on the second
register (see (70))).

As is well-known, for finite ¢ € N, the bound &F(p) can be expressed as a semidefinite program
since nonnegativity of L on the truncated quadratic module M(S,)2; can be encoded through posi-
tive semidefiniteness of the moment matrix M;(L) = L([x,y,X,¥]:[x,y,X,¥];) and of the localizing
moment matrices M;_1(gL) = L(g[x,y,X,¥]i—1[x,y,X,¥];_,) forall g € S,,.

By the above discussion, for any p € SEP4 we have the following chain of inequalities:

2 (P) <& (p) < - < &8P (p) < &P (p) < ranksep(p) < o0 (44)

We will now show that the bounds §Sep( ) in fact converge to the parameter Teep(p). In a first step

we observe that the parameters & (p) converge to &5o°(p) and after that we show that &8 (p) =
sep

«(p) = Tsep(p)-

Lemma 13. Let p € SEPy4. The infimum is attained in problem for any integer t > 2 or
t = 00, and we have limy_,oo & (p) = &7 (p).

Proof. First we show that problem attains its optimum. For this note that, in view of Eq. ,
we may restrict the optimization to linear functionals L satisfying L(1) < rankep(p). By the
definition of S, in (41)), the quadratic module M(S,) is Archimedean since, with R = 2d\/pmax,
R— "0 (2 + yiy;) € M(S,)a2. As L is nonnegative on M(S,)2, we can apply Lemma and
conclude that

|L(w)] < R2L(1) for any w € [x,y,X, Vo

Hence we are optimizing a linear objective function over a compact set, and thus the optimum
is attained. So, for each integer t > 2, let L; be an optimum solution of problem .

sup; L(1) < rankgep(p) < 0o, we can conclude from Lemma m that there exists a linear functional
L € Clx,y,X,y]* which is the limit of a subsequence of the sequence (Lt);. Then L is feasible for
57 (p), which implies &5 (p) < L(1) = limy_o0 Li(1) = lim; &P (p). Note that this L is optimal
for &5 (p). O
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Lemma 14. For any p € H? @ H? we have P (p) = &P (p) = Teep(p)-

Proof. As &5F(p) < fsep( ) it suffices to show that & (p) < Teep(p) and Teep(p) < &b (p)-

First we show & (p) < Tsep(p). If Tep(p) = 0o there is nothing to prove. So assume we have
a feasible solution: p = )\Zle paga; @ beby, where A > 0, (ag,be) € V,, g > 0 and >, g = 1.
Define the linear functional L = )\Zf 1 1¢L(q,p,)- Then L is feasible for £ (p) with L(1) = A.
Hence, &P (p) < L(1) = A, which shows &P (p) < Teep(p)-

Now we show Teep(p) < &7 (p). If &5 (p) = oo there is nothing to prove. So assume L is
a feasible solution to &(p). Then, in view of Eq. , L >0 on M(S,U Sg,). As M(S,)
is Archimedean we can apply Theorem [8| (with & = 4) and conclude that the restriction of L
to C[x,y,X,¥]4 is a conic combination of evaluations at points in Z(S, U Sg,) = V,. In other
words, there exist (ag,by) € V, and scalars py > 0 such that L(p) = Zf{zl wep(ag, by) for any p €
Clx,y,X,¥]s. In particular we have L(1) = Y, ,u,g and p = L(xx* @ yy*) = Yoo, jue aga; & beby.
This implies that ( P belongs to conv{zz* @ yy* : (z,y) € V,} and thus 7eep(p) < L(1), showing

Tsep(P) < &0 (p)- O

As observed earlier already, since SEP, is a d*-dimensional cone, by Carathéodory theorem
we have rankgep(p) < d* for any p € SEP, (or, even stronger, ranksep(p) < rank(p)?). Based on
this one can also use the bounds & (p) to test (non-)membership in SEP4. The bound rank(p)?
in Lemma [I5] below can of course be replaced by any other valid upper bound on the separa-
ble rank. Such a valid bound can be obtained, e.g., using the birank of p, defined as the pair
(rank(p), rank(p’%)). Indeed, as ranksep(p) = ranksep,(p’®), we have

max{rank(p), rank(p’#)} < ranksep(p) < (min{rank(p), rank(p’?)})2. (45)

Lemma 15. Let p € HE @ H. Then, p € SEP, if and only if & (p) < rank(p)? for all integers
t> 2.

Proof. The ‘only if’ part follows from & (p) < ranksep(p) < rank(p)? when p € SEP4. Conversely,
assume & (p) < rank(p)? for all integers ¢t > 2. Then, we can use the same argument as in the
proof of Lemma and conclude the existence of L € C[x,y,X,y]|* feasible for £&5F(p), so that

5 (p) < L(1) < oo. Then, by Lemma we have Tyep(p) < 00, which shows p is separable. O

Remark 16. Note that all the results in this section remain valid if, in the definition of the
parameter & (p), we omit the ‘tensor-type’ constraint M;_o(G, ® L) = 0. Using this additional
constraint permits however to define stronger bounds on the separable rank. The results also remain
valid if, instead of the polynomials in the set S,, we use either of the following sets of polynomials:

{E(l=[1” = 1ly112), v/ Tx(p) — llylI*} corresponding to (34)), OT{\/Tr = |l £1(v/Tr(p) — llyl1*)}

corresponding to (or, equivalently, {Tr(p) — Hx|| +(1 — ||ly||?)} corresponding to (@)

3.3 Block-diagonal reduction for the parameter & (-)

In this section we indicate how to rewrite the program ( . ) defining &"(p) in a more economical
way. Observe that all the terms of each of the localizing polynomials g € S, and the matrix G,
have the same degree in x and in X, and also the same degree in y and in y. This enables us to
show (see Lemma that we may restrict the optimization in to linear functionals L that
satisfy the condition

Lx*x"y’y") = 0 if |a| # |o'] or |B] # |5]. (46)
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Note that this implies in particular that L(x®X® y#5"") = 0 if |a + o/| or |3 + | is odd.

The computational advantage is that, if L satisfies (46]), then the moment matrix M;(L) and
the localizing moment matrices M;_i(gL) and M; (G, ® L) have a block-diagonal form. To see
this consider first the matrix M;(L), which is indexed by the set

I':= {(a,d, 3,8) € (N : Ja+ B+ o' + 5| <t} (47)

(where the tuple (a,a/, 3, ") corresponds to the monomial x°% yPyP). Let us partition I' into
sets depending on two integers r = |a| — |&/| and s = || — |5'|. For r,s € {—t, -t +1,...,t} let

I;E,s = {(O‘7O/)ﬁv/8/) € It : ‘a| - ‘O/| =T, |ﬁ’ - |B/| = S}a (48)

then we have

t
= J .
r,s=—t
Then, with respect to this partition of its index set, the matrix M;(L) is block-diagonal and thus
M;(L) » 0 if and only if its principal submatrices indexed by the sets I,f’ < are positive semidefinite.
The analogous reasoning applies to each localizing moment matrix M;_q(gL) for g € S, (indexed
by It71) and to M;_5(G, ® L) (indexed by I'2).

Lemma 17. In the definition of the parameter & (p) we may restrict the optimization to linear
functionals satisfying the additional condition (@)

Proof. Assume L is feasible for & (p); we construct another feasible solution L with the same
objective value: L(1) = L(1), and satisfying . For this define L(x°X® y?y%) = L(x°x* yf3%)
if o] = |o/| and |B| = |8/, and L(x°%*y?y?) = 0 otherwise. Then, L(1) = L(1) and, by
construction, L satisfies |D We claim that L is feasible for program . Clearly, we have
L(xx*®yy*) = p. We now show that M;(L) = 0, M;_1(gL) = 0 for g € S,, and M;_»(G,® L) > 0.

We first show that M;(L) = 0. We use the partitioning I* = UL,__,I! of the row/column
indices.

As the principal submatrix of M;(L) indexed by I}, only involves evaluations of L at monomials
of the form x'X"'y%y? with |y| = |7/| and |§| = |&|, it coincides with the principal submatrix of
M;(L) indexed by I};S and thus it is positive semidefinite. Hence, by construction, the matrix

M;(L) is block-diagonal with respect to the partition I, = Ui’ s—olrs of its index set, with positive

semidefinite diagonal blocks, which implies M;(L) > 0.

Consider now a localizing polynomial g € S,. Note that all its terms have the same degree in x
and X and also the same degree in y and ¥ (equal to 0 or 1). We consider the partition of the index
set of M;_1(gL) as I'™1 = Ui;lzftﬂlﬁ;l. Again, the principal submatrix of M;_1(gL) indexed by
It involves only values L(x"X"y%%%) with |y| = |7/| and |6] = |0’| and thus it coincides with the
principal submatrix of M;_1(gL) indexed by Iﬁ;l. Hence, the matrix M,_;(gL) is block-diagonal
with respect to the partition I;_; = UIﬁ;l of its index set, with positive semidefinite diagonal
blocks, which implies Mt_l(gf;) = 0.

The analogous reasoning applies to showing that M;_ (G, ® f/) > 0. For this we consider the
partition of its index set [d]? x I; 5 into Ui;i_t+2([d]2 x I17?) and observe that M; o(G, ® L) is
block-diagonal with respect to this partition, with positive semidefinite diagonal blocks. O
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An alternative way to arrive at Eq. by exploiting sign symmetries. Let T be the
circle group, the multiplicative group of all complex numbers of modulus 1:

T={z€C: |z| =1}

The set SEP, is naturally invariant under the action of (w,,w,) € T x T on vectors (z,y) € C?x C?
given by (ws, wy)(x,y) = (wzx, wyy) (and its extension to states). Indeed, we have

(we, wy) - (x2" @ yy*) = (wer)(wer)” @ (wyy)(wyy)* = z2* @ yy*.

Likewise, the localizing constraints are invariant under this group action, and this group action
extends to the linear functionals L used as variables in the definition of & (p). Since T x T admits
a Haar measure, in the derivation of &P (p) we may therefore restrict to linear functionals that are
invariant under this group action. That is, we may assume that

L(xxyPy?) = w‘f'f‘O‘/lww*'mL(xaialyﬁyﬂl) for all (wy,wy) € T x T.

This implies that
Lexy?y”) = 0 i Ja] £ || or |8] # |8

Indeed, suppose for example that |a| — /| =: 7 # 0. Then using the above with w, = el™" shows
that L(x°X*y?y%) = —L(x*%*y?%%) and hence L(x°x* y?y%) = 0.

Note that Dressler, Nie and Yang [I7] used this same group action to argue that, alternatively,
one may restrict to (z,y) € C%xC? having leading coordinates that are real nonnegative: 1,1 > 0.
While this permits to eliminate variables (and work with 2(2d — 1) instead of 4d real variables),
this reduction does not permit to block-diagonalize the moment matrices as indicated above. We
also refer to [23] and the recent paper [57] for more details about exploiting sign symmetries.

Block-diagonal reduction example. To illustrate the effect of the block-diagonalization we
consider an example with p € H? @ H? ~ H® (i.e., di = do = 3) and relaxation order t = 3. In
Table 1| we indicate the respective sizes of the matrices involved in the program for £ (p) with and
without block-diagonalization (in column ‘block’ and ‘non-block’, respectively). There, ‘# entries’
stands for ), m?, where m; are the sizes of the matrices involved in the program, and ‘# variables’
indicates the total number of variables in each case. The last line indicates the typical run time
for such an instance, we collect the computational details later in Section Note that the full
program cannot be solved and thus block-diagonalization is crucial to enable computation. For the
next case (di,ds) = (2,6) or (4,4) one can compute the bound of order ¢t = 2 but not the bound of
order ¢t = 3 even after block-diagonalization.

Remark 18. As observed above, using the block-diagonalized version of the program for &% (p) is
crucial to be able to compute the bounds for some larger matrix sizes. We note however that the
optimal solution to this program will not satisfy the flatness condition rank My(L) = rank M;_1(L)
(with t = 2,3). Indeed one can check that this flatness condition can hold only in the trivial case
p = 0. Intuitively this can be (roughly) explained by noting that, due to its symmetric structure, L
tends to lie within the interior of the feasible region. Hence our approach, which produces lower
bounds on rankgep(p), can be viewed as being complementary to the approach in, e.g., [17, (38, [{3],
which uses flatness to produce separable decompositions of p and thus upper bounds on ranksep(p).
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Table 1: Matrix sizes block- vs. non-block-diagonalized.

’ Matrix ‘ block ‘ non-block ‘
M;(L) 25 x (12 x 12 to 96 x 96) 455 x 455
Ms(gL) 78 x (6 x 6 to 38 x 38) 6 x (91 x 91)

M(G,® L) | 5x (36 x 36 to 108 x 108) 234 x 234
# entries 110480 286624

# variables 6952 18564
run time 4.6 min memory error

4 Extensions and connections to other matrix factorization ranks

Here we explain some simple extensions of the approach given in the previous section to related
notions of factorization ranks.

Without going into details let us mention that the approach generalizes in a straightforward way
to the separable rank of multipartite separable quantum states. In that case we have an n-partite
quantum state p acting on (C%)®", and separability means that p belongs to the set

cone{z1 2} @ Toxh ® ... ® Tpxl s a1, .. 2 € CL ||zl =1 (i € [n])}.

In addition, one can use a different local dimension d; for each part (i.e., x; € C%).

The approach also extends to an alternative (but equivalent) definition of separability, which
uses mixed states instead of pure states, i.e., where one requires p to be of the form p =Y, ; A;®By
with Ay, By € Hi. Analogously, the smallest such integer r is called the mized separable rank of p.
This notion has been considered, e.g., in [12] [13| [17] and mixed separable decompositions are called
S-decompositions in [43] (which deals with real states). To define bounds on the mixed separable
rank one can follow the same approach as in Section [3| but one here has to introduce more variables.
Indeed, we now need variables x = (;)1<i<j<a and y = (¥ij)1<i<j<d to model the entries of the
matrices Ay € H and B, € H? (while we previously only needed variables (74)iclq) and (yi)ielq) to
model the vectors a; € C% and by € C?) and one should assume that the corresponding Hermitian
matrices X = (x;;) and Y = (y;;) are positive semidefinite. One may again scale the variables so
that they satisfy a boundedness condition ||, |yij| < \/Pmax. This enables to design hierarchies
of lower bounds that converge to the mixed separable analog of the parameter 7yp(p). The details
are analogous and thus omitted.

In what follows we mention two other possible extensions, for the real separable rank and for
the completely positive rank, where we give some more details as well as some numerical results.

4.1 Specialization to bipartite real states

The treatment in Section [3] for the separable rank can be adapted in an obvious manner to the
case of the real separable rank. Here we are given a real symmetric bipartite state p € S¢ ® S9,
where S? is the set of real symmetric d x d matrices. Then p is called real separable if it admits
a decomposition 1) with all vectors as, by € RY real valued, and the smallest 7 for which such a
decomposition exists is the real separable rank, denoted rank]ip (p). Note that it can be that a real
state is separable but not real separable; this is the case for the state Sep3 discussed in Section
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One can define in an analogous manner the corresponding parameter 7% (p) and the hierarchy of

sep
bounds é,fep’R(p) that converge asymptotically to TSIEp(p). The difference in the formulation of these
parameters is that we now replace the complex conjugate by the real transpose operation and work
with linear functionals L acting on the real polynomial space R[x,y]o;. So the parameter §tsep’R(p)

reads
5;ep,R(p) .— inf {L(l) | L:Rx,y]ot = R s.t.

Lxx" @ yy') = p,
L >0 on M(S))a,

My2(Gy® L) = L(Gy ® [ Ylealx,yIa) = 0.

Again we may impose an additional block-diagonal structure on the positive semidefinite matrices
entering this program. Indeed, since the polynomials involved in the constraints leading to the
above program have the property that all their terms have an even degree in x and an even degree
in y, we may assume that the variable L satisfies the condition

L(x*y?) =0 if |a| or |B] is odd. (50)

Note that this is the real analog of condition in the complex case. The additional constraint
permits to replace each of the positive semidefinite constraints for the matrices My(L), My_1(gL)
for g € S,, and M;_2(G,® L) by four smaller positive semidefinite constraints, each of size roughly
1/4 of the original size. For this let I* denote the index set of the matrix M;(L) which we partition
into It = Ua7be{0,1}Ié,b7 where Ié’b consists of the pairs (o, ) € I with given parity |a| = a, |3| = b
modulo 2. Then, with respect to this partition of its index set, the matrix M;(L) is block-diagonal
and thus My (L) »= 0 if and only if M;(L) [Ié,b] = 0 for a,b € {0,1}. The same block-diagonalization
applies to the matrices M;_1(gL) for ¢ € S,. For the matrix M; »(G, ® L) we consider the
block-diagonalization obtained by partitioning its index set as Ua7be{071}([d2] X 127_1)2).
Some numerical results on the behaviour of the bounds will be given in the next section.

4.2 Numerical results for bipartite complex and real states

Here we collect some numerical results that illustrate the behaviour of the bounds & (p) and
{fep’R(p) for different choices of localizing constraints, see Tables [2| to 4| for examples at order
t = 2,3,4 respectively. Computations were made in Windows using Julia [3], JuMP [18] and
MOSEK [15] with hardware specifications: i7-8750 CPU with 32 Gb Memoryﬂ For our examples
we will use the separable states Sepl, Sep2, and Sep3, and the entangled state Ent1 that we describe
now. For numerical stability we do the computations with a scaling of these states so that they
have trace equal to 1. We present the examples in matrix form with lines drawn to indicate the
block structure p = ((pij»i/j')j,j’e[ d2])iﬂ,, el Zero-valued entries are left blank.

1

Sepl := ; Sep2 =

2
1
1
1

1

!The code is available at: https://github.com/JAndriesJ/sep-rank
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M1 1 17
-4 - 2 . 1 ,
4 2 2 T ——
_ 2
Sep3 := 2 2 L ! ; Entl = | 1 1 1
112 1 -1 9 1
-1711 5 1 1 5
2 -1 1 1
L - 1 §
L1 1 1]

The separable states Sepl, Sep2, and Sep3 were previously studied for example in [7], where it was
moreover shown that for a separable state p with local dimensions (d;,d2) = (2, 3) and birank (r, s)
one has rankeep(p) = max{r,s}. The entangled state Entl was constructed by Choi in [9] as the
first example in dimension (dy,d2) = (3, 3) of an entangled state p that satisfies the PPT condition.

In Section we provided three different choices of localizing constraints in , and ,
that we denote here as S1, S2 and S3, respectively. The examples show that the different choices
lead to incomparable bounds. Indeed, let us the notation S1 < S2 as short hand for “there exists
a p such that & (p) (using scaling S1) < &P(p) (using scaling S2)”. Then at level t = 2 the
state Sepl demonstrates both S3 < S1 and S2 < S1, and at level ¢ = 3 Sep2 demonstrates both
S2 < S3 and S1 < S3 and Sep3 demonstrates both S1 < S2 and S3 < S2. A case where the various
constraints differ in ability to detect entanglement is provided by the state Entl at order ¢t = 2.

As mentioned in Section there exist real states p € S® @ S? that are separable but do not
admit a decomposition using real vectors a;,b, € R%. Our bound &, ®(p) provides a proof of the
latter for the state Sep3: its real separable rank is infinity since our lower bound is infeasible (i.e.,
there exists a dual certificate that proves rankIsRép(SepS) = 00).

Finally we note that one sometimes needs to go beyond level ¢t = 2 (and thus beyond the PPT
criterion) to reveal entanglement: with the localizing constraints S3 the bound for Ent1 is feasible

at ¢ = 2, but infeasible at ¢ = 3.

In addition, we show in Fig. [l a scatter plot of the bound & (p) vs. its computation time in
seconds for 100 random complex matrices p grouped and colored by the respective scalings S1, S2
and S3. These matrices are defined by p = Z?:l a (a9 @ b@D (B where o) bl) € C3 are
random vectors whose entries are of the form x + iy with z,y € N(0,1). (We also normalize the
trace here for numerical stability.) This construction guarantees separability and provides the upper
bound rankge,(p) < 5. Such states also satisfy the reverse inequality rankge,(p) > 5 almost surely
(since rank(p) = 5 almost surely). We use this class of examples merely to test the quality of the
bounds. From the figure we can draw the following observations. First, the bounds are concentrated
around the means 2.7, 3.4 and 3.3 for the scalings S1, S2 and S3, respectively. Second, in this class
of examples the S1 rescaling yields inferior bounds as compared to S2 and S3. Third, out of the
hundred examples and for the three different scalings considered, no bound exceeded the value 4.

4.3 Stronger bounds for the completely positive rank

For a given integer d € N, the cone of completely positive d x d matrices is defined as

CPg := cone{zz” : z € R%}.
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Table 2: Examples and numerical bounds level t = 2

p (di,dy) birank(p) | > (p) P (p) ranksep (p) | time |
S1 S2 S3 S1 S2 S3
Sepl[f] (2,2) (2,2) | 2.0 10 10 | 2.0 10 1.0 2 <1
Sep2[1] (2, 2) (3, 3) 1421 1.0 1.0 | 1421 1.0 1.0 3 <1
Sep3[7] (2, 3) (4, 6) 1.333 1.0 1.0 * * * 6 <1
Ent1[9] (3, 3) (4, 4) 2.069 * 1.525|2.069 * 1.525 00 <1
Table 3: Examples and numerical bounds level ¢ = 3
’ p  (d1,d2) Dirank(p) ‘ 3P (p) &P () rankgep (p) ‘ time ‘
S1 S2 S3 S1 S2 S3
Sepl (2, 2) (2,2) 2.0 20 2.0 | 20 20 2.0 2 <1
Sep2 (2, 2) (3,3) | 1.909 2.0 2.178|1.909 2.0 2.178 3 2
Sep3 (2, 3) (4, 6) 2423 3.0 2.790 * * * 6 25
Entl (3, 3) (4, 4) - - * - * * 00 267
Table 4: Examples and numerical bounds level ¢ = 4
| p (di,dp) birank(p) |  &P(p) &P (p)  rankep(p) | time |
St S22 S3 | ST S2 S3
Sepl (2, 2) (2,2) | 2.0 2.0 2.0|20 2.0 2.0 2 105
Sep2 (2, 2) (3, 3) 3.0 30 3.0/3.0 3.0 3.0 3 332

Run time given in seconds
* . Infeasibility certificate returned

- : Solver could not reach a conclusion (not a memory error)
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Figure 1: Scatter plot of £5P(p) vs computation time (seconds) for 100 random matrices, grouped
and colored by rescalings S1, S2 and S3.

The cone of completely positive matrices and its dual, the cone of copositive matrices, are well
known for their expressive power. For example, many NP-hard problems can be formulated as
linear optimization problems over these cones [I1], [5]. We refer to [2] for many structural properties
about the cone CP,4. As in the case of separable states, given a completely positive matrix A one
can ask what is the smallest integer r € N such that A admits a decomposition of the form

A= awuf (51)
/=1

for entrywise nonnegative vectors a; € R% (¢ € [r]). The smallest such r is called the completely
positive rank of A and denoted as rankep(A). In [22] the authors defined the parameter 7.,(A) as

1
Tep(A) == inf {)\ A >0, 4 € conv{zzl 1z € R‘i, zal < A, zal < A}} (52)

S0S

to lower bound the completely positive rank (as well as an SDP-based bound 75;°(A)). In [26] the
authors studied (among others) the completely positive rank from the polynomial optimization per-
spective and derived a hierarchy of semidefinite programming bounds, denoted here as 5?()2019)(14).

There the fact was used that, if zz7 < A, then also (z2T)®¢ < A®? for all £ € N and therefore the
following constraints are valid

L((xxT)®) < A®¢  forall{e N (53)
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for the linear functional arising from the atomic decomposition . Based on this the following
bounds are defined in [26] and shown to converge to 7p(A) as t — oo:
Paotgy (4) = inf {L(1) : L € [xl3,,
L(xxT) = A,
L>0on M{\/Auz; — 22 i € [d]})a, (54)
L>0on M({Ajj — iz :d,5 € [d],i # j})at,
L((xxT)®) 2 A% for all £ € [1]}.

The same convergence result holds if we replace the last constraint in with the constraint

L>0 on M({vT (A —xxT)v:veR})y. (55)

Using the same reasoning as in Section we see that we can strengthen the parameter 55,?2019) (A)
by adding the constraint

M1 (A-xx")® L) = L((A — xx") @ [x];-1[x]{_,) = 0. (56)

Let &P(A) denote the parameter defined in this way, so that 5322019) (A) < &P(A). Note that

Lemmas [1| and |3 show that Eq. implies Eq. . We now show that Eq. in fact implies
Eq. , which means that adding Eq. strengthens both approaches provided in [26]; we present
below numerical examples that illustrate this. To do so, we introduce the following notation. Let
(x) denote the vector of noncommutative monomials in the variables x1, ..., x4. Then we can define
the noncommutative localizing matrix

M™((A—2z2T)® L) := L((A — z27) ® (z)(zx)T). (57)

Note that M ((A—zz*)® L) > 0 if and only if M™((A—xz*)® L) »= 0 (since the latter is obtained
by duplicating rows/columns of the former).

Lemma 19. Consider A € R¥™? and L € R[x]*. If L(xxT) = A and M((A —xxT)® L) = 0, then

Eq. holds, 1i.e.,
L((xxT)®%) < A® for all ¢ € N.

Proof. As observed above, M ((A —xx’) ® L) = 0 if and only if M™((A — xxT)® L) = 0. Note
that for each ¢ € N, the matrix M"((A — xxT) ® L) contains L((A — xx7) @ (xxT)®1) as a
principal submatrix. To see this write the vector (x) of noncommutative monomials as 1 @gen z®t
by grouping the monomials according to their degree. With respect to this partition of its index set
the matrix M™((A — z2*) ® L) has the matrices L((A — xx*) ® (xx*)®~1) as its diagonal blocks.
Since M"™((A —xx*) ® L) > 0, we obtain

A® L((xx1)®Y) = L((xxT)®) for all £ € N.
Combined with L(xx*) = A this permits to show Eq. (53):

L((xx)® 2 A@ L((xxT)®¢N < 492 @ L((xx")®2E2) < ... < 420D ¢ [(xxT) = A%, O
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We conclude this section with some numerical results. To demonstrate the impact of the
constraints we compare our bounds &5”(A) to the bounds 55?(2019)(14) from [26] on the cp-rank
of some matrices A known to have a high cp-rank, taken from [4]. The boldface entries in Table
show a strict improvement in the bounds. For these computations we used the high precision
solver SDPA-GMP [39] because MOSEK [I5] and SDPA [61, 60] could not certify solutionsf]

Table 5: Bounds for completely positive rank at level t=3.

2

A rank(4) n %] 5?(2019) (A) &P(A) rankep(A)
M~ 7 7 12 10.5 11.4 14
M~ 7 7 12 10.5 10.5 14
Mg 8 8 16 13.82 14.5 18
My 9 9 20 17.74 18.4 26

5 Entanglement witnesses

The moment approach we have developed in the previous section for bounding the separable rank
of a state p can be viewed as searching for a (non-normalized) measure on the product of two balls,
with the additional property that, for any point (x,y) in its support, we have p — zz* ® yy* = 0.
We will first observe in Section how this approach can also be used to detect entanglement, i.e.,
non-membership in the set SEP.

As mentioned earlier one can also capture the set SEP by viewing it as a moment problem on
the bi-sphere (the product of two unit spheres). In the rest of this section we will show that this
second moment approach corresponds exactly to the well-known state extension perspective that
leads to the Doherty-Parrilo-Spedalieri hierarchy of approximations of SEP from [16].

5.1 Entanglement witnesses based on the hierarchy of parameters & (p)

Our approach to design lower bounds on the separable rank also directly leads to a way to detect
non-membership in the set SEP or, in other words, to a way to witness entanglement of a state.
Indeed, as shown in Lemma a state p is separable if and only if &°"(p) < rank(p)? for all t > 2.

sep

In other words, p is entangled if and only if &P(p) > rank(p)? for some integer ¢+ > 2 (which
includes &P(p) = oo in case the program defining & (p) is infeasible).
In order to get a certificate of entanglement it is therefore convenient to consider the dual

semidefinite program to the program defining the parameter &7 (p), which reads:
sup {(p, A) | A e C™4 @ C¥*? Hermitian s.t.

(58)

1= (A, 22" @ yy") € M(S,)an + cone{(Gpi5") : 7€ (Chx. Xy, 5)i-2)"}}.

Lemma 20. For any integer t > 2, the matriz A = 0 is a strictly feasible solution for (53).

2The code is available at: https://github.com/JAndriesJ/ju-cp-rank
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Proof. First we observe that, for small A > 0, the matrix A = X\ - Iz is a feasible solution for
1} For this we show that the polynomial 1 — XA/, z2* @ yy*) = 1 — A, Zj r;T;y;y; lies in
the quadratic module M(S,)2; for small A > 0. We know that there exists a scalar R > 0 such
that R — >, 2% — >, y;y; € M(Sp). Then also R — >, x;%; and R — >, y;y; lie in M(S))a,
as well as (R — ), z;@;)(R+ >, viy;) and (R+ >, ;%) (R — Y, ¥:y;). Adding up the latter two
polynomials we obtain that the polynomial R? — >, " ; TiT;y;y; belongs to M(S,)2:, which shows
that A = X - I is feasible for all 0 < A < R™2.

We now show that any A satisfying ||A|| < R™2 is feasible (which shows there is a ball contained
in the feasible region of (58))). For this write

1= (A za” @yy*) = 1= (Al L, xz” @ yy") + ([All Lz — A, z2” @ yy™) .
(a) (b)

In the first part of the proof we have shown that term (a) belongs to M(S,)2 if [|A]| < R72. In
addition, term (b) is a sum of squares since ||A||I;2 — A is positive semidefinite. Together, this shows
1 — (A, zz* @ yy*) € M(S,)2 and therefore A is feasible. O

sep

As a consequence, strong duality holds between the program defining & " (p) and its
dual . That is, if the program is bounded then its optimal value is finite and equal
to &P (p) and, otherwise, its optimal value is equal to oo and thus & (p) is infeasible. There-
fore, we obtain that p is entangled if and only if, for some integer ¢ > 2, there exists a matrix
A € C¥4 @ C4? which is feasible for and satisfies (p, A) > rank(p)?. In that case such matrix

A provides a certificate that the state p is entangled.

5.2 The Doherty-Parrilo-Spedalieri hierarchy: moment perspective
Recall definition of the set of separable states SEPg4, so p € SEP, if and only if it is of the form

p= Z Ao agay & bby, (59)
/=1

where Ay > 0, ag, by € C? with ||ag|| = 1 = ||b¢||. To this decomposition we can associate a linear
functional on C[x,X,y,¥y] that is a conic combination of evaluation functionals at points on the
bi-sphere: L = Y, AeLa,,)- By construction, this linear functional is positive on Hermitian
squares, it vanishes on the ideal generated by 1 — ||x||> and 1 — ||y||? (called the bi-sphere ideal for
short) and it satisfies L(zx* ®yy*) = p. This naturally suggests a hierarchy of outer approximations
to the set SEP: a state p belongs to the t-th level of this hierarchy if there exists an L that satisfies
these constraints for polynomials of degree at most 2¢t. Formally, we consider the set

Ri:={pe€ HP @ H: 3L C[x,X,y,¥]2t — C Hermitian s.t.
L(xx* ®@yy*) = p,
L=0onZ(1—|x[*1—[ly]*)a
M(L) = 0}.

(60)

We will show in Section that this set is in fact closely related to the DPS hierarchy of outer
approximations to the set SEPy: if we introduce separate degree-bounds on the x,X variables and
the y,¥y variables, then we recover the original formulation from [16].
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First we note that we can easily show that the sets R; converge to SEP, i.e., SEPq = ()59 R,
using the tools from polynomial optimization (Theorem .

Proposition 21. We have: SEP; = (55 R

Proof. Assume p € (),~, R¢, we show p € SEPg. For any t > 2 let L; be an associated certificate of
membership in R;. Then we have L;(1) = Lq(||x||2|ly|?) = Tr(p). Hence it follows from Lemma
that the sequence (L;); has a pointwise converging subsequence, with limit L € C[x,X,y,¥]*. Then
L>0on Y and L =0onZ(1-|x||?,1—|ly||?). Using Theoremwe can conclude that there exists
scalars iy > 0 and points (ag, by) € C? x C? with ||ag|| = ||be|| = 1 such that L(p) = Zle pep(ag, by)
when p has degree at most 4. In particular, we obtain

K

p=Lxx"Qyy") = Z fe agay & beby,
=1

which shows that p € SEP,. O

Next, we reformulate the positivity condition M;(L) > 0 in a way that will be useful for making
the link to the DPS hierarchy. As observed in Section [3.3] we may additionally require the linear
functionals in Eq. to satisfy the constraint Eq. , which we repeat here for convenience:

LxyP57) = 0 it Ja] # [o/] or |8] # |8]. (61)

This permits to block-diagonalize the associated moment matrix M;(L) according to the partition
given in Egs. and , thus permitting to replace the constraint M;(L) = 0 by My(L)[I} ] = 0
for r;s € [—t,t]. In fact, using the bi-sphere ideal constraint, one can reduce the size of these
matrices even further and replace the matrices M;(L)[I} ] by their submatrices M;(L)[I,7}], where
the sets I—¢ C I} ; are defined by

L= {(aa,B.8) € (V) ifa+a + B+ 8| =t o]~ o] =r, 8= || = s} (62)
In other words we can show the following reformulation of the set Ry:
R = {p e Hi®@H?: 3L : C[x,X,y,¥|or — C Hermitian s.t.
L(xx*®yy") = p,
L =0on I(l - HXH27 1- HYHZ)QI‘/?
My(L)[I; 2] = 0 for all s € {—t,—t +1,...,t}}.

(63)

We will show this result in a slightly different setting (closer to that of the original formulation of
the DPS hierarchy). Similar arguments as those used in the proof of Lemma 22| below can be used
to show the equivalence between and .

In order to connect the moment approach on the bi-sphere to the original formulation of the
DPS hierarchy we need to introduce a separate degree bound on the x,X variables and the y,y
variables. For integers k,t > 1 we let C[x,X,y,¥]r+ (resp., C[x,X,y,¥]=k =) denote the set of
polynomials that have degree at most k (resp., equal to k) in x,X and degree at most ¢ (resp., equal
to t) iny,y, and we set

2216,215 - Cone{pﬁ Y € C[X7i7 Yy, y]k,t} =XN C[X7i7 Yy, y]2k72t7 E:Qk,:?t =XN C[Xv ia Yy, y]ZZk,:Zt-
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We define the sets

Ris:={pe HI@H?: 3L C[x,X,y,¥])2k,2t = C Hermitian s.t.
L(xx* @ yy") = p,
L=0onZ(1—[x[*1 = y[*)2k2t;
L >0 on Yoot}

(64)

Note the inclusion Ry € Ryys. The two regimes that we will be interested in are & = 1 and
k = t since, as we will show in Section the sets R1; and Ry, (for t € N) coincide with the
approximation hierarchies DPS;; and DPS; from [16].

We will give a more economical reformulation for the positivity condition on L in Proposition
For this we first show that for linear functionals L that vanish on the bi-sphere ideal and satisfy
the following two positivity conditions are equivalent: L > 0 on Yo o; and L > 0 on X_og —o;.

That is, we only need to require positivity on homogeneous polynomials.

Lemma 22. Let L € C[x,X,y, ¥4 o be such that L = 0 on Z(1 — ||x||>,1 — |ly||*)2k2t and L
satisfies Eq. . Then we have L > 0 on Yoy o if and only if L >0 on X_op —o;.

Proof. Assume L > 0 on Y_p;, —o;. We show that L is positive on Hermitian squares in Yoy o.
Let p € C[x,X,y,¥]rt, we want to show that L(pp) > 0. For this we decompose p as p =
Poo + o1 + p1o + p11, where, for a,b € {0,1}, we group in pyp the terms of p that involve a monomial
x% yP5P" with |o + /| = k — a modulo 2 and |8 + /| =t — b modulo 2. Then we have

L(pﬁ) = Z L(pabﬁa,b) 3
a,be{0,1}

where we use Eq. to see that L(pappyyy) = 0 if (a,b) # (a’,b'). Hence it remains to show that
L(papPgp) = 0 for a,b € {0,1}. Write pgp = > cw/gﬁ/xo‘ia/yﬂyﬂl. We define the polynomial

' B—p'

Gab = Y Caapprx X" y Oy x|l el y o IEHL

Note that in each term the powers of ||x|| and ||y|| are by construction both even and nonnegative
and therefore the polynomial q,; is homogeneous of degree k — a in x,X and of degree t — b in y,y.
Since L vanishes on the truncated ideal generated by 1 — ||x||?> and 1 — ||y]||?> we have

L(pavPap) = L(qabTap) = L(qabTan|IxI1** [y 1) > 0,
where the last inequality follows from the fact that qupqg.|/x|/%¢[|y]|?* € Lok 2t O

We now proceed to define the analog of Eq. for the (k,t)-setting. Given two integers
re{—k,—k+2—-k+4,...,k} and s € {—t,—t+2,—t+4,...,t} define the set of (exponents of)
monomials

L= { (o 8,8) € (W) ot of| = b, fa] = Jo!| = v, |84 8] =1, |8] 8] =5} (65)

Note that we restrict our attention to » = k mod 2 and s = ¢t mod 2. If r, s do not satisfy these
conditions then Iy, %=t — (). We then have the following semidefinite representation of Rt
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Proposition 23. For k,t € N we have

Ryt = {,0 eH'@H: 3L : Clx,X,y,¥]ok,2t = C Hermitian s.t.
L(xx* @ yy*) = p,
L=0onZ(1— |x?1—[ly|*)or2e,
My (L) [Ifsk’:t] =0 for all v € [—k, k], s € [-t,t]}.

(66)

Proof. As mentioned above, we may add the constraint to the program . It then follows
from Lemmathat we may replace the condition L > 0 on Yo, 9 with L > 0 on X_oj —o;. Finally
we observe that the index sets Iff’:t block-diagonalize M_j —;(L). Indeed, let p € C[x,X,y,¥]=k =t
and write p = Zn s Dr,s Where p;. ; is the polynomial corresponding to the terms of p with exponents

in I, =", Then Pr,sDy ¢ 18 @ linear combination of monomials of the form
—a’ -7 1 /
x*xyIy XYy

where we have the following for the degrees in x,X. By assumption |a|—|&/| = r and |y| — || =+,
and therefore the degree in x minus the degree in X is (|a| + |7/|) — (|&/| + |y]) = r — /. Similarly,
the degree in y minus the degree in ¥ equals s — s’. Hence, if (r,s) # (r/,s'), then Eq. shows
that L(pysp, ) = 0. O

Finally, we observe the following alternative formulation of the positivity conditions in Eq.
in terms of the noncommutative moment matrices (cf. Eq. (57)):

My (D)7 = 0 = L((xx*)20)/2 @ (xx)261)/2 @ (yy*)B1H9)/2 g (3 37%)@=9)/2) -
(67)
Although less efficient, this reformulation will permit to connect the program to the original
formulation of the DPS hierarchy DPS1; (see the proof of Proposition .
The analog of Proposition [21] holds for the sets Ry, ;:

ﬂ Rk,t = ﬂ Rt,t =SEPy;

kt>1 t>2

the argument is similar, based on standard tools from polynomial optimization (Theorem . In
fact, even the (weaker) sets R, already converge to SEP, i.e., we have

ﬂ Rit = SEPg; (68)

£>2

in other words, in the moment approach it is sufficient to let only the degree in y,y grow. We
will show this in Theorem [25| below, using the tools about matrix-valued polynomial optimization
(Theorem [9).

5.3 Convergence of the sets R;; to SEP

We first reformulate the set Rq; from Eqgs. and (case k = 1) in terms of matrix-valued
linear functionals £ on the polynomial space Cly,y].
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Lemma 24. Fort € N we have

Ris = {p eH'o@H: 3L Cly,y]2t — HE Hermitian s.t.
L(yy*) = p,
L=0 onZ(1 - [ly[*)a;
My(L) = 0}.

(69)

Proof. Let us use 7%1,75 to denote the set defined in . We show that Ri; = ﬁl,t using the
formulation of R, given in Eq. .

First consider p € R1; and let L : C[x,X,y,¥]22¢ — C be an associated certificate. Define

L:Cly,y]a — He by

L(p) = L(xx*p) = (L(:cﬁjp)jjzl for all p € Cly,¥]a:.

So L = (Lz‘j)g,jﬂ with L;j(p) = L(z;T;p). By construction L(yy*) = p. To see that £ = 0 on
Z(1—[ly]I?)2t, it suffices to observe that, for any p € Z(1—||y||?)2; and any 4, j € [d], the polynomial
z;x;p lies in Z(1 — ||x||%,1 — ||ly[|*)2,2¢- To show that M;(£) = 0 we use (the degree truncated
version of) Lemma 2l That is, we use that M;(£) = 0 is equivalent to >, iy Lij(pip;) = 0 for all
(p1,-..,pa) € (Cly,¥]:)? We have >ijea Lig(pip;) = L2, wipi) (32; wipi)*) = 0, where the last
inequality follows from the fact that (>, zip;) (>, zipi)* € 32 2¢. This shows that if p € Ry, then
pERL.

Conversely, let p € ﬁl,t and let £ : Cly,¥]2: — H? be an associated certificate. We write £(p) =
(Lij (p))i,je[d] with L;; € Cly,y]5, for all 4, j € [d]. We define a linear functional L on C[x,X,y,¥]2,2
as follows. For a polynomial p € Cly,y]a we set L(p) = Eie[d] L;i(p) and, for each i,j € [d], we
set L(z;Z;p) = Lij(p). We extend L to C[x,X,y,¥]2.2 by setting L(z°Z°p) = 0 for all o, 3 € N¢
with (Jaf, |8]) € {(0,0),(1,1)}, and then extending by linearity. We show that L is a certificate for
p € Ri;. First observe that L(xx* ®yy*) = (L(mﬁjyy*))me[d] = L(yy*) = p. By construction we
have L((1 — >, ;7;)p) = 0 for all p € Cly,¥]2. Moreover, by assumption, £((1 — >, vi¥;)p) = 0
for all p € Cly,¥]2t—2. Using the construction of L, this implies that L((1 — )", y;y;)p) = 0 for all
p € C[x,X,y,¥|2.2:t—2. Together, this shows that L =0 on Z(1 — ||x?, 1 — |ly[|*)2,2:-

It remains to show that L > 0 on X9 9;. Let p € C[x,X,y, ¥]1+, we show that L(pp) > 0. For this,
write p = po+p1 +p2, where py has degree 0 in x, X, p; has degree (1,0) in (x,X), and py has degree
(0,1) in (x,X). By definition, L(p,p;,) = 0if a # b and thus L(pp) = L(popy)+L(p1DP1)+L(p2py). We
have L(popy) = Z?Zl Lii(popg) > 0, since My(Lj;) = 0 for each i € [d] as My (L) > 0. Next we show
that L(p1p;) > 0. To do so, write p; = 2?21 z;q; where g; € Cly,y]: for i € [d]. It then follows that
L(pipy) = Y iy L(xiT50i;) = S0 Lij(ai;) = (£, G3*) > 0 where ¢ = (q1, .- .,q4) € (Cly, ¥])*
and the last inequality follows from M;(L) = 0 (using Lemma [2). This also directly implies that
L(papy) > 0. It follows that L > 0 on Xy 2 and thus p € Ry . O

We can now show the convergence of the sets R1; to SEP. The proof is analogous to that of
Proposition except that it now relies on the results for matrix-valued polynomial optimization

(Theorems [9] and [10]).
Theorem 25. We have SEPq = V5o Rit-
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Proof. Assume p € (),~,R1; and for each t > 2 let £; be a corresponding certificate for mem-
bership in R1 ;. Using Lemma [7] one can show that the sequence (L;); has a pointwise converging
subsequence. Let £ be its limit. It then follows from Theorems [0 and [10] that there exists a K € N,
matrices Ay, ...,Ax € S, and vectors vy, ..., vx € C¢ with ||v;]| = 1 such that

K
Lp) =) Awp(or)  forallp € Cly,yl.
k=1

In particular,
K
p=Lyy") =Y M@ v},
k=1
which shows that p € SEP. O

5.4 The Doherty-Parrilo-Spedalieri hierarchy: state extension perspective

In the previous section we introduced the sets Ry, for integers k,¢ > 1 and we mentioned that
there are two regimes of interest: k =1 and k = ¢, leading to the two hierarchies R;; and R;;. We
now show that these hierarchies in fact coincide with the DPS hierarchies, denoted here as DPS1
and DPS;,, that are defined in terms of (one-sided and two-sided) state extensions [16]. For ease
of notation, we will mostly focus on the first regime and show the equality Ri; = DPS1;; the
arguments naturally adapt to the second regime to show R;; = DPS;;. This permits to recover
the convergence of the DPS hierarchy to SEP from the corresponding convergence result for the
sets R1+ (Theorem obtained via the moment approach.

We begin with giving the original formulation of the DPS hierarchy DPS;; in terms of (one-
sided) state extensions. To do so, we require a few definitions.

Given a bipartite state p € H? ® H? it is convenient to denote the two vector spaces (aka
registers) composing the tensor product space on which p acts as A and B. Then we may also
denote p as pap. The partial trace of pap with respect to the second register is the operator
pa = Trp(p) that acts on the first register and is defined by tracing out the second register. In
the same way, pp = Tra(p) is the second partial trace, which acts on the second register and is
obtained by tracing out the first one. Concretely, say p = (pij.irj )i i jela after fixing a basis of
C? ® C?. Then we have

d d
d d
PA = TI“B(P) — ( E pij’i/j>ii/71 and pPB = TI'A(p) = ( E pij7ijl>jj/—1.
j=1 T = o

The partial transpose p'8 of p with respect to the second register B is defined by
(pTB)Z'j,Z',j/ = pij/’i/j fOI‘ all 7;, 7:/ 6 [d], j,j/ E [d} (70)

and Tg denotes the corresponding transpose operator that acts on H?¢ @ H¢ by taking the partial
transpose on the second register, so that Tg(p) = p’B. The partial transpose p’4 with respect
to the first register is defined analogously by (p4);;5 = pyjij for all i,i,j, 5" € [d]. Note that
pla = (pTB)T = pTB if p is Hermitian, and thus pZ8 > 0 implies pZ4 = 0.
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Given an integer ¢ > 2 the construction of the relaxation DPS1; relies on the following observa-
tion: If p4p has a decomposition as in then one may introduce ¢ copies of the second register
and define the following extended state p4 By acting on C¢ @ (C4)®t:

r
PABy; "= Z A :ZJZ.TZ ® (ygyZ)@)t. (71)
(=1

There is a natural action of the symmetric group Sym(t) on (C%)®*, defined by o(v; ® ... ® v;) =
Vo(1) @+ .- @Vg(p) for vg,... 0 € C? and o € Sym(t), and extended to the space (C?)® by linearity.
Let Sym((C%)®?) denote the invariant subspace of (C?)®* under this action and let II; denote the
projection from (C%)®! onto its invariant subspace Sym((C%)®?), defined by

Mw) =~ Y o(w) forwe ().
o€Sym(t)

Then, 14 ® IT; acts onto C? @ (CT)®.
We now present some natural properties that the extended state pa By from satisfies:

(1) papy, is positive semidefinite.

2) pap =Trp, . (paB:, ), where, in Trp. .(p(ABy), we trace out the last t—1 copies of the second
[2:4] ] [2:4] (t]
register B.

3) (In® Ht)pABm ([a®I) = PABy,> 1-€., pABy, is symmetric in the last ¢ registers.

4) In® T%s ® Ig(t_s) (PABM) =0 forany 1 <s<t.

For property (2) we use the fact that each vector y, lies in the unit sphere and the last property
(4) follows from the fact that Tp(yy*) = (yy*)T = 77" and thus

Ia® T%S ® Ig(t—S)(pABM) — Z Nezoxh @ (T, yz)@)s ® (yeyz)(@(tfs) =0
(=1

if pap, satisfies . Property (4) is known as the positive partial transpose (PPT) criterion or
as the Peres-Horodecki criterion [3I]. Clearly, in view of the symmetry property (3), taking the
partial transpose of any s copies (thus not only the first s ones) among the ¢ copies of the second
register preserves positivity. The above properties are used to define the hierarchy DPS1 ;.

Definition 26. For an integer t > 2 the DPS relaxation of order t is defined as
DPS1 = {,OAB e H' @ H: dp1+ Hermitian linear map acting on ‘e (Cd)®t s.t. (72)
TI‘B[Q:t] (Pl,t) = PAB,; ( )
(Ia @ )p1e(1a @IL;) = p1 4, (74)
I TL@T5") (p1,) = 0 for all s € {0} U[1]}. (75)
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Remark 27. In the definition of the set DPS1; only one part of the system is extended, which is
why we refer to this as a one-sided state extension. One can define a stronger relaxation of SEP
by considering a two-sided state extension. Given two integers k,t > 2 one can define DPSy; as
the set of states pap that have an extension py, acting on (CH)E* @ (C4)®!, which satisfies the
appropriate analogs of the above properties (1)-(4). One may consider in particular the case k = t,
leading to the sets DPS;; that satisfy

SEP CDPSiy C DPS1y.
Doherty, Parrilo and Spedaglieri [I6] show that the relaxations DPS;; converge to SEP.

Theorem 28 ([16]). We have SEP4 C DPS144+1 € DPS1+ and SEP, = ﬂt21 DPS1:. As a
consequence, we also have SEP = ﬂtZl DPSy .

We now show that equality R1; = DPS1; holds for all ¢ € N. Therefore, Theorem [28| follows
directly from Theorem Using similar arguments one can also show that DPS;; = Ry and
thus DPSt,t = Rt,t-

Proposition 29. For any integer t > 2 we have R1; = DPS1;.

Proof. Assume first pap € R, with certificate L satisfying Eq. (with £ =1, =t). We claim
that p1 := L(xx* ® (yy*)®') is a certificate for membership of pap in DPS1+. Indeed, Eq.
holds since Trp,,, (p14) = L(xX* ® y¥*) = pap follows using the bi-sphere ideal condition on L.
The symmetry condition in Eq. holds for p;; since L acts on commutative polynomials, and
the PPT condition in Eq. holds for p1; as a consequence of the positivity condition: L > 0 on
29,2t

Conversely, assume that pap € DPS1;, with state p;; as certificate satisfying —. We
construct a linear functional L acting on C[x,X,y, ¥]2,2: that certifies membership of pap in Riy,
i.e., satisfies the program (with £ =1). In a first step we set

L(xx* @ (yy*)®') := pu1s. (76)

In other words we set
L(fUifi’yjl@j{ e 'yjzng) = (pl’t)i_f,i’j_;
for any i,i’ € [d] and j= (J1,--- ,jt),j7 = (j1,---,71) € [d]'. Using the symmetry condition , it
follows that this definition does not depend on the order of the variables y; (or 7).
Indeed, by Eq. we know that

—
¥/

(Pl,t)iii/j*/ - (Pl,t)w(j”)’i/T(j*/) fOI' all Z.7Z., € [d]7j'7\] € [d]t

for all permutations o,7 € Sym(t), where or(_f) = (Jo(1)» Jo(2)s - - -+ Jor)) for j= (J1,---,7¢). which
shows that

L(ziToy; Yy - Y5 Yy) = L(ﬂfiTi'ng(l)gj;(l) "'ng(t)?j;m)-
This shows that p;; defines a linear functional L acting on polynomials with degree 1 in x, degree
1 in X, degree t in y, and degree t in y. We now show how to extend this linear functional L to
C[x,X,y,¥]2,2¢ in such a way that it becomes a certificate for pap € R 4.
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First we extend L to all monomials x*%® y#y?# with degree at most 2 in x,X and degree at
most 2t in y,y. For this we set

L(x"x"yPy") := 0 it |a| # || or 5] # |6']. (77)
Otherwise, |a+ |, |8 + /| are even and we set
Lx*x"y?y") = L(||x|*~ 1oty |1 xexy iy ).

By construction, L is Hermitian (since p; ; is Hermitian) and L vanishes on Z(1— x|, 1— ||y [*)2,2:-
It remains to show that L > 0 on X3 9;. In view of Lemma [22)] ., it suffices to show that L >0 on
Y_9 —9, or, equivalently, that the moment matrix M—_; —;(L), indexed by monomials x“ yﬂyﬂ
with a4+ a/| =1 and |8+ 8| = t, is positive semidefinite. In view of the matrix M:L:t(L)
block-diagonal with respect to the partition of its index set accordlng to the value of (|o|, |A]), i
accordmg to the partition of I=1=t = =U,s I;+~" defined in Eq. with —1 <r<1,-t<s< t
and r = 1,s = t modulo 2. So we are left with the task of showmg that all diagonal blocks
M:L:t(L)[Iml = are positive semidefinite. For this we use Eq. (67 to obtain that

t—s

®ﬁ*®(1%r) ® yy*®(t+TS) ®W*®( 5

7‘+1)

Moy (D)7 = 0 = L(xx®(2

)) = 0.

This holds for all r, s such that —1 <r <1,—t < s <t,r=1,s =t modulo 2 if and only if
Lixx* 2 yy* " ayy®) =0, LEx oyy ) oyy®) =0

for all s € {0} U [t] (setting s’ = 52). In view of Eq. we obtain that

®(t—s")

L(xx* ® yy* ® yy*®s ) =140 Ig(t—s’) ® T%g/(ﬂl,t) (78)

and, since L is Hermitian,

L(ﬁ* ® yy* ®(t—s') ® yy*@s ) _ L(XX* ®W*®(t_8/) Q yy*®s’) _ IA ® T%(t—s/) ® Igsl (pl’t).

Therefore, the positive semidefiniteness of all the diagonal blocks composing the matrix M—; —(L)
follows from the PPT condition combined with the symmetry condition and the fact that
the conjugate of a Hermitian positive semidefinite matrix remains positive semidefinite. ]

Remark 30. Note that it follows from relation in the above proof that, if p = L(xx* ®@ yy*)
where the linear functional L satisfies L > 0 on ¥g 2, then p satisfies the PPT condition . In
particular this implies that the PPT condition is contained in the definition of the parameter & (p):
if the program defining & (p) is feasible (for t > 2), then p satisfies the PPT condition.

A Deriving the complex results from their real analogs

In this appendix we show how the proofs of Theorems [§ and [9] can be obtained from their real
versions in [47, 54, [10]. We begin with recalling in Section[A.1]|the links between the main properties
of the complex objects introduced in the paper and their real analogs. Then we give the proof of
Theorem [§ in Section [A-2] and of Theorem [ in Section [A.3
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A.1 Preliminaries on changing variables from complex to real

Vectors and matrices. Throughout we set i =+/—1 € C. Then any complex scalar x € C can
be written (uniquely) as z = xRe+12m, where xR := Re(z) and xy, := Im(x) denote, respectively,
the real and imaginary parts of x. This notation extends to vectors and matrices by letting the
maps Re(-) and Im(-) act entrywise. Any vector z € C" can be written z = wge + iz with
ZTRe := Re(z), z1y := Im(z) € R™. This gives a bijection

¢:C" 5 R" xR" ; x— (XRes XIm)- (79)

Similarly, for a complex matrix G € C"™*"™ set GRe := Re(G), Gim := Im(G) € R and define
the 2m x 2m’ real matrix

R |GRe —Gmm
GR .= [Glm el (80)

Then G € C™*™ is Hermitian, i.e., G* = G, if and only if Gre = Gge and G%Fm = —Gm. Moreover,
for G € C"™*™ Hermitian and w € C™ we have the identity

* . : i ¢ ¢ ¢ " ‘
w*Gw = (wre — iwim)" (Gre +1Gm) (wre + iwim) = [wi, wiy,] [G? GRI } [Z? ] -8
m e m

which implies the well-known equivalence

GRe _Glm

G0 — GR=
o |:G1m GRe

B

Polynomials. Polynomials in C[x,X]| with complex variables x € C™ can be transformed into
polynomials in R[XRe, Xmm| with real variables xpe,x1, € R”, via the change of variables x =
XRe + 1Xmm. In this way, any p € C[x,X] corresponds to a unique pair of real polynomials

pRe(XRea XIm) ::Re(p(XRe + iXIm, XRe — iXIm)) S R[XRea le]a
pIm(XRea XIm) ::Im(p(XRe + iXIma XRe — iXIm)) S R[XRea XIm]

satisfying the identity
p(Xa i) = p(XRe + iX[m, XRe — iXIm) = pRe(XRm XIm) + ipIm(XRea XIm)- (82)

Note that the degrees are preserved: deg, x(p) = max{degy. x, (PRe);degyxp. x;, (PIm)}. A poly-
nomial p is Hermitian, i.e., p = p, if and only if pr,, = 0. Hence, the map

Re: (C[X’i]h - R[XRe’XIm] ; p(X,i) = pRe(XRe,XIm) (83)

is injective. This map is also surjective: take any f € R[XRe,Xmm] and define the polynomial

p(x,X) = f(%i, XQ_F) € C[x,X], then p is Hermitian and satisfies f = pre. Finally, since any pp

is Hermitian we have

Re(pp) = pe + Pin-

Hence sums of Hermitian squares in C[x,X| are mapped to real sums of squares in R[XRe, X1m| and
vice versa.
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Polynomial matrices. For vectors and matrices with polynomial entries in C[x,X], the maps

Re(-) and Im(-) act entrywise. Additionally, for a polynomial matrix G € Clx, i]mxm,, we can

define the real polynomial matrix G® e R[xRe, le]2m><2m’ using relation , where GRe, Gim are
defined entrywise: if G = (Gy;) then Gre = ((Gij)Re) and Gim = ((Gij)im). Then G is Hermitian
if and only if G® is symmetric and as we next observe this correspondance extends to sums of
squares.

Lemma 31. Let G € C[x,X|™*™ be a polynomial matriz and let GR € R[XRe, X1m|>™*?™ be the
corresponding real polynomial matrix defined via . Then G is a Hermitian SoS-polynomial
matriz if and only if G® is a (real) SoS-polynomial matriz.

Proof. Assume G is a Hermitian SoS-polynomial matrix. Let G = UU* with U € C[x,%|™**.
Applying the change of variables from complex to real we get

G(Xa i) = GRe (XRe, XIm) +iGm (XRea le) = U(XRe +ixXm, XRe — 1 XIm)U* (XRe +1iXm, XRe — iXIm)
= (Ue + 1Utm) (Ugke — 1UL,) = UreULe + UmUty, + 1 (UnmUfe — UreUL,,) -
This implies Gre = UreUR, + UmUL, and Grm = UnnUR, — UreUL,. and thus

GR — GRe _GIm — UReU]g:e + UImUIj;n _(UInge - UReUI,I;n)
‘ GIm GRe UImUF{e - UReU[j;n UReUg{e + UImUIZ;H

[Ure —Uml| [ UL, ULl . . km&T
ol el | R

which shows GF is an SoS-polynomial matrix. The converse result follows from retracing the above
steps. ]

Quadratic modules. Given a set S C C[x,X]" of Hermitian polynomials we define its real analog
by applying the map Re(-) from elementwise to the set S and set

Sre := Re(S) = {pre : p € S} C R[XRe, X1m]- (84)

Given a Hermitian polynomial matrix G € C[x,X|™*™

we define the set of Hermitian polynomials
SY = {w*Gw:w e C™} C C[x, %"

and, for the corresponding real symmetric matrix G® € R[Xge, X1m|?™*?™ defined via , we
define the set of real polynomials

R
S = {(wre, Wim) T G (WRe, W) t w € C™} C R[XRe, Xim]-
These two sets satisfy the expected correspondance:
SG" = Re(S9),

since, in view of relation , we have Re(w*Gw) = (Wre, Wim ) G®(WRe, i) for all w € C™.
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This correspondance extends to the (real part of the) truncated complex quadratic module
M(S)as generated by S C C[x,X%]" and the truncated real quadratic module generated by the
corresponding set Sgre C R[XRe, Xm| via , which is denoted here as M®(Sg.)2; and defined by

ME(Sre)ar := cone{gref?: f € R[XRe,Xm] ; g €S, deg(gref?) < 2t}.

Namely, we have

Re(M(S)a) = M®(Sre)at-

Indeed we have Re(gpp) = gre(Pi. + P%,) and the next relation, collected for further reference:
gpP € Ma(S) <= Re(gpp) = gre(Phe + Pin) € M5 (Sre) for all p € C[x,X], g € S. (85)

Lemma 32. For any S C C[x,X]", the (complex) quadratic module M(S) is Archimedean if and
only if the real quadratic module M®(Sge) is Archimedean.

Proof. Directly from Eq. since, for any scalar R € R, R? — x*x € M(S) if and only if
Re(R? — x*x) = R? — XanRe + XITmXIm € MR(SR.). O

Positivity domains and measures. There is a natural correspondance between the complex
positivity domain 2(S) of a set S C C[x,X]" and the real positivity domain of the corresponding
set Sre € R[XRe, X1m], which is denoted Z®(Sge) and defined by

P (Ske) = {(WRe, Wim) € R*" : gre(WRe, wm) > 0V g € S}.
Indeed, in view of Eq. and using the complex/real bijection map ¢ from , we have
7% (Sre) = 6(2(5)).

Given a measure p® on R?" we define the complex measure y on C* as yu = R o ¢, the push-forward
of u® by the map ¢!, so that

/ p(x)dp = / po ¢_1(XRea le)dﬂR = / PRe(XRe; XIm)d,UR +i / Plm(XRe, le)dlﬁR (86)
n R2n R2n R2n
for any p € C[x,X] (using (82)).

If 4® is supported by 2% (Sge) (i.e., uR(R?™\ 2%(Sge)) = 0), then p is supported by 2(S) (i.e.,
w(C™\ 2(8S)) = 0). This follows from the fact that ¢(C"\ 2(S)) = R?" \ Z%(Sge).

Linear functionals. For a linear functional L : C[x,X] — C we have L(p) = Re(L(p))+iIm(L(p))
for all p € C[x,X]. Recall that L is Hermitian if L(p) = L(p). For any Hermitian L, we can define
a real linear functional L® : R[xRe, Xmm] — R by

X+X X—X
2 7 2

LE(f) == L(f( )) for any f € R[XRe,Xim)- (87)

For a Hermitian polynomial p € C[x,X]", by Eq. we have pre(XEX, X.X) = p(x,X) and thus

2 0 2

L(p) = L¥(pre)  for any p € C[x,X]". (88)
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Then for any p € C[x,X] we have

X+X X—X

L(p) = L(pre (5 TR ) = me) + 1L (). (89)

)) +1L (P

In particular, we have L(pp) = LR(p%{e + p?_) for any p € C[x,X]. This implies that L is positive
(on Hermitian sums of squares) if and only if LR is positive (on real sums of squares). Since Re(-)
preserves degrees, the restriction of LR to R[XRe, X1m]¢ corresponds to the restriction of L to C[x, X];.
This gives the following correspondance for truncated quadratic modules.

Lemma 33. Given S C C[x,X]", a Hermitian linear map L € C[x,X| — C, the corresponding set
SRe € R[XRe, X1m| and the corresponding real linear map L® € R[XRe, X1m] — R we have

L>0on M(S)y < L% >0 on M®(Sge)a: for any t € NU {o0}.

Proof. This follows form the linearity of L and LR since, by Eq. , gpp € M(S) if and only if
Re(gpp) = gre(PRe + Pin) € M*(Ske) and, by Eq. (88), L(gpP) = L*(gre(PRe + Pin))- O

Finally note that an evaluation functional L,, at a point w € C? corresponds to the evaluation

functional Ly, w,,) at the point (wre, wim) € R?? since, for every p € C[x,X], we have

Lw(p) = p(wv@) = pRe(wRea wIm) + iplm(wRea wIm) = L]FwRewam)(pRe) + iLI(RwRevam) (pIm)-

Matrix-valued linear functionals. Consider a complex matrix-valued linear map
L: (C[X,i] — (Cme’ p= [‘(p) = (Llj(p))z’Je[m]a
where each L;; : C[x,X]| — C is scalar-valued. Then £ is Hermitian if and only if, for all p € C[x, X],
we have L(p) = L(p)*, i.e.,
m

(Re(LZ-j (P)) + ilm(L;; (T?))) 4

ij=1

m
= (Re(Lyi(p)) —iIm(Lys(p)),
or, equivalently, Re(L; ;(p)) = Re(L;;(p)) and Im(L; ;(p)) = —Im(L;;(p)) for all ¢,j € [m]. This
implies that if £ is Hermitian and p is Hermitian then the complex matrix £(p) is Hermitian.
Assume L is Hermitian. Then we define the real matrix-valued linear functional

ER : R[XReaXIm] — R2m><2m’ f € R[XR67XIH1] = ER(f)
._ x+X x—X\\\RB _ [Re(L( (iax X)) —Im(L (f(77x
L) = (LU (5 75) —[Imw( (555 5))  Re(£(f(EL,

Since f(XX,%:X) is Hermitian it follows that —Im(ﬁ(f(’“zr—x,xzfii))) Im(L ( (=

Hence LR takes its values in the cone S?™ of symmetric matrices.

Lemma 34. Given a Hermitian linear map L : C[x,X] — C™™ and the corresponding map L%
from (@), g € C[x,X|" and p € C[x,X] we have the following equivalence

L(gpp) = 0 <= L%(gre(Phe + Pim)) = O.
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Proof. From Egs. , and we obtain that

Re(L(gpp)) —Im(L(gpp))
Im(L(gpp)) Re(L(gpp))

because gpp is Hermitian. ]

0= E(gpﬁ) — 0= = ER(gRe(pQRe +p%rn))>

Corollary 35. Given S C C[x,X|", a Hermitian linear map L : C[x,X] — C™*™ is positive on
M(S) if and only if the corresponding real linear map LR from (@/ is positive on MR (Sge).

A.2 Deriving Theorem |8 from its real analog

We can now derive Theorem [8] which we stated for complex polynomials, from the following well-
known results for real polynomials from [47] and [54].

Theorem 36. Let S C R[x] such that M®(S) is Archimedean and let L : R[x] — R be a linear
map that is nonnegative on MR (S). Then the following holds.

(i) (Putinar [{7]) There exists a measure u that is supported on P®(S), the positivity domain
of S defined by
PR(S) = {a € R": g(a) >0 for all g € S},

such that L(f) = [ fdu for all f € R[x].

(ii) (Tchakaloff [57]) For any integer k € N there exists a linear map L : R[x] — R such that
R K
L(f)=L(f)Vf €R[x]y and L=>> MLy
/=1

for some integer K > 1, scalars \1,..., i > 0 and vectors a',...,a" € Z%(8S).

We now indicate how to derive Theorem |8 from Theorem For this consider S C C[x,X]"
and a linear map L : C[x,X] — C. Assume M(S) is Archimedean and L > 0 on M(S). We
consider the set Sge € R[XRe, Xmm] of real polynomials defined via and the associated linear
map L® : R[XRe,Xm] — R defined via . By Lemma the quadratic module M®(Sge) is
Archimedean and, by Lemma LR > 0 on MR®(Sge). Hence we can apply Theorem (36 to Sge
and LR,

By Theorem [36| (i), there exists a (real) measure u® that is supported by 2% (Sg.) and satisfies
LR(f) = [ fdu® for all f € R[XRe,Xm]. Consider the (complex) measure p defined by relation
, which is therefore supported by the set Z(S). We claim that u is a representing measure for
L. Indeed, for p € C[x,X], using we have

L(p) = L% (pre) + i L (prm) = / Predp™ +1i / Pmdp™ = / pdp.

This completes the proof of Theorem |§ I i). We now derive its part (ii). R
Fix an integer k¥ € N. By Theorem ( i), there exists L : R[XRe, Xm] — R such that L(f) =
LR(f) for all f € R[XRe, X1m] and L= Zz 1)\3Laz for some K € N, )\g > 0 and af € 2%(Sge.).
x].

Define the complex linear map L : C[x,X] — C by L(p) := L(pre) + i L(pm) for any p € C[x,
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Then, in view of (89), we have L(p) = L(p) for any p € C[x,X];. For each ¢ € [K] let w’ be the

complex vector such that (wh,,w? ) = a’. Then each w’ belongs to Z(S) and we have

L(p) = L(pre) +iL(pm) = Y_ Me(pre(a’) +ipm(a’)) = D Aep(w),
¢ ¢

which shows L = > ¢ ALy, and thus concludes the proof of Theorem (ii).

A.3 Deriving Theorem [9] from its real analog

In this section we prove the implication (ii) = (i) in Theorem [9 from its real analog in [I0], which
we restate below for convenience.

Theorem 37. [10] Let S C R[x] be a set of polynomials such that the quadratic module M®(S) is
Archimedean. Let L : R[x] — S™ be a matriz-valued linear functional that is positive on MR®(S),
i.e., L(gf?) =0 for all g € SU{1} and f € R[x]. Then there exists a matriz-valued measure yi that
is supported on Z®(S) and takes values in the cone ST of m x m positive semidefinite matrices

such that L(f) = [ fdu for all f € R[x].

We now indicate how to derive the implication (ii) = (i) in Theorem [J] from Theorem
For this let S C C[x,X]" such that M(S) is Archimedean and let £ : C[x,X] — H™ which is
Hermitian and satisfies £(gpp) = 0 for all g € S and p € C[x,X]. Then the set Spe C R[XRe, X1m]
from has a Archimedean quadratic module M®(Sg.) by Lemma Consider the linear map
LR : R[XRe, Xmm] — S?™ defined via . Then, by Lemma LR is positive on M®(Sge). Hence
we can apply Theorem [37|and conclude that £® has a representing measure p®, which is supported
on Z%(Sge) and takes values in the cone S7™. We will now construct a (complex) measure p, which
represents £ and is supported on the set Z(S5), using the following two claims.

A BT

Claim 38. The map LR takes values in the set W := { [B c

}esmz A=C, BTz—B}.

Proof. Since LR takes values in S?™ it has the following block-form

[;R — [ﬁil <£]§[}&)T:|
’C’Ql ‘C22

where £ and L, take values in 8™, L5, takes values in R™*™ and, by construction,

X+X X*i))%

() = L5 = Re(£(F (T2 25)), £ =tm(e(FC2 52T o

and (L5, ()T = —Im(L(f (XX, 5%))) for any f € R[XRe,Xmm]. Hence (£5)T = —£5; and thus

LR takes values in W as desired. O
Claim 39. Without loss of generality we may assume the measure u® takes values in W N Sim.

Proof. We can write the measure u® in block-form as

u® = [M% (H%)T]
M2y K22
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where each block is a measure taking its values in R™*™, Then we can define the following new
matrix-valued measure

p 1 [( pry + e — (b — (M%)T)}

2 (w3 — (u5)7) i+ Koy

_ 111 —(M/21)T]
5 :

o [H/m M’n

First, by construction, u’ takes its values in the set W. Second, p’ takes its values in Sim. Indeed,
by Theorem u® takes values in S_%m and we have

110 -1 0 I 1
r__ = m R m - R
“_2[Im o}“[—fm 0}*2“"
Finally, ¢/ also represents £F. Indeed, for any f € R[XRe, Xmm] we have L (f) = £5(f) and
—LX(f) = (£5()NT by Claim This implies

L) = %(E]Fl(f) +Ly(f) = ;/f(dﬂ]% + dply) = /fd//m
£57) = 5 (R~ (€T = 5 [ #auy a5 = [ sy

and thus LR®(f) = [ fdu/'. Therefore we may replace the measure u® by y/, which shows the
claim. 0

We now define the complex measure i by setting
dp = dpiy o ¢+ idps o ¢, (92)

where ¢ is the complex/real bijection in Eq. . So p takes values in C™*™. As shown above in
Claim p® takes values in the set W N S?rm. Hence, in view of Eq. , we can conclude that p
takes its values in H''. In addition, as u® is supported by Z®(Sge), it follows that y is supported
by Z(S). Finally, we verify that u represents £. Indeed, for any p € C[x,X], using we obtain

X+X X—X X+X XxX—X
)

£0) = £me 55 2F) w12 (555
= (E]i{l (pRe (XR67 XIm)) + iﬁ]§1 (pRe (XR67 XIm))) + i (E]i%l (pIm (XRey XIm)) + i £]§1 (plm(XRe7 XIm)))

= / pRedM% +1 / PRedMI§1 +i / PImdM% - / PImdM12R1
= / (PRe + ipmm)dpty +1i / (PRe + 1pmm)dpin,

= / (PRe + i pr) (dpy + i dpiby)

= /pd,u.

This concludes the proof of the implication (ii) = (i) in Theorem [9]
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