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Proof of fact 1 in appendix B is inaccurately presented. This, however, does not affect any of the results
from the paper as fact 1 remains true. In this corrigendum we give a corrected proof of this fact. For
completeness, we provide here full revised appendix B.

Appendix B. Proof of fact 1

Proof. Consider a superposition of k pure mutually orthogonal states |¢;)

k
) =" aild), (1)
i=1
and recall that all the considered entanglement quantifiers can be wrapped up in a single formula

5(\w>)—1—‘rr;a§\<<plw>l (2)
where § is any set considered in the main text.
Due to the triangle inequality |x + y| < |x| + [y|, the expression under the maximum on the right-hand
side of the above for the superposition |¥) can be upper bounded as

2
(ol ) Z\azll (lei)]
k
= 3" ol P + 23 lasagll (ol ol G)

i=1 i<j
which holds for any . Plugging this into equation (2) and using the fact that ), |o;|* = 1, we obtain

k

E(U)) =) |l () >—zmax2 ||| (] di) (@] 7)]|

=1

k

> |ailE(i) = 2 |aiay] maXl(@O\ch ax|(elé;)l; (4)

=1 i<j

where in the second inequality we have first exploited the fact that the maximum of the sum is upper
bounded by the sum of maxima, and then bounded from above each maximum of products by the product

of maxima. With the aid of the fact that ‘m>a)§| (plgi)| = /1 — E(|¢;)) this gives the claimed inequality. O
o)e

© 2021 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft


https://doi.org/10.1088/1367-2630/ac39b6
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1367-2630/ac2a5c
https://orcid.org/0000-0001-7018-582X
https://orcid.org/0000-0003-2652-9482
https://orcid.org/0000-0003-1154-6132
mailto:maciej.demianowicz@gmail.com
http://mostwiedzy.pl

10P Publishing New J. Phys. 23 (2021) 129502 M Demianowicz et al

ORCID iDs

Maciej Demianowicz @ https://orcid.org/0000-0001-7018-582X
Grzegorz Rajchel-Mieldzio¢ © https://orcid.org/0000-0003-2652-9482
Remigiusz Augusiak © https://orcid.org/0000-0003-1154-6132

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

s =


https://orcid.org/0000-0001-7018-582X
https://orcid.org/0000-0001-7018-582X
https://orcid.org/0000-0003-2652-9482
https://orcid.org/0000-0003-2652-9482
https://orcid.org/0000-0003-1154-6132
https://orcid.org/0000-0003-1154-6132
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

10P Publishing

® CrossMark

OPEN ACCESS

RECEIVED
21 July 2021

REVISED
7 September 2021

ACCEPTED FOR PUBLICATION
27 September 2021

PUBLISHED
13 October 2021

Original content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOL.

New J. Phys. 23 (2021) 103016 https://doi.org/10.1088/1367-2630/ac2a5¢

H eutsche Physikalische Gesellschal Published in partnership
New journal Of PhYSlcs st Mq)DPG with: Deutsche Physikalische
0P Institute of Physics | Gesellschaftand the Institute

The open access journal at the forefront of physics i
of Physics

PAPER

Simple sufficient condition for subspace to be completely or
genuinely entangled

Maciej Demianowicz"* (2, Grzegorz Rajchel-Mieldzio¢*© and Remigiusz Augusiak’

! Institute of Physics and Applied Computer Science, Faculty of Applied Physics and Mathematics, Gdarisk University of Technology,

Narutowicza 11/12, 80-233 Gdarisk, Poland
2 Center for Theoretical Physics, Polish Academy of Sciences, Aleja Lotnikéw 32/46, 02-668 Warsaw, Poland
* Author to whom any correspondence should be addressed.

E-mail: maciej.demianowicz@pg.edu.pl

Keywords: entanglement, completely entangled subspace, genuinely entangled subspace, Dicke states, geometric measure of
entanglement

Abstract

We introduce a simple sufficient criterion, which allows one to tell whether a subspace of a
bipartite or multipartite Hilbert space is entangled. The main ingredient of our criterion is a
bound on the minimal entanglement of a subspace in terms of entanglement of vectors spanning
that subspace expressed for geometrical measures of entanglement. The criterion is applicable to
both completely and genuinely entangled subspaces. We explore its usefulness in several important
scenarios. Further, an entanglement criterion for mixed states following directly from the
condition is stated. As an auxiliary result we provide a formula for the generalized geometric
measure of entanglement of the d-level Dicke states.

1. Introduction

Quantum entanglement is one of the central notions of modern physics and technology and it has been a
subject of intensive efforts in the recent decades towards its complete characterization. An important line of
research in the field is the one aiming at describing properties of completely [1-3] or genuinely entangled
subspaces [4—8], which are those subspaces of the composite Hilbert spaces that contain only entangled or
genuinely multiparty entangled states, respectively. This was primarily motivated by their theoretical
importance as any state with support in an entangled subspace is necessarily entangled but they are also
relevant from the practical point of view, e.g. in quantum error correction [9] or in protocols where the
existence of entanglement needs to be certified, for example super-dense coding [10].

A notorious problem in this domain is to determine whether a given subspace is completely or genuinely
entangled. Certification of subspace entanglement is a hard task as it requires proving that any
superposition of states in a subspace is entangled, or, phrasing it differently, the minimal subspace
entanglement is non-vanishing. One way to achieve this is to consider lower bounds on the entanglement of
superposed states from a subspace and check under which circumstances they give a positive number. The
research on such bounds has its own history [11-19], which was initiated in reference [20]. Following this
path, the authors of [21] proved that the minimal subspace entanglement, as measured by the Schmidt
rank, in the bipartite scenario can be lower-bounded solely in terms of the entanglement of the basis states.
Another approach to bounding the minimal subspace entanglement was put forward in reference [22] in
terms of semi-definite programs. There, also a see-saw algorithm to compute it exactly was proposed. Both
methods, however, do not exploit the entanglement of the basis states, but rather of the projection onto the
subspace and are more involved. It is finally interesting to notice that it is possible to certify genuine
entanglement of a subspace in a device-independent way, and the first strategies to this end have recently
been presented in [23, 24].

In this work, building upon the lower bound on the geometric measure of entanglement of a
superposition from [14], we develop a very simple, yet nontrivial, sufficient condition for a subspace to
exhibit certain entanglement properties such as being completely or genuinely entangled. The criterion

© 2021 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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involves only entanglement of the orthogonal spanning vectors and is stated for a wide class of
entanglement quantifiers, called geometrical measures (of which the geometric measure of entanglement is
only an example). Its value lies in broad applicability as it works both in the bipartite and multipartite
setups for any local dimensions (except for systems with a qubit subsystem in the former case), and is not
limited by the Schmidt ranks of the basis states. We provide several illustrative examples to investigate the
power of our criterion. In particular, we discuss subspaces spanned by the (generalized)
Greenberger—Horne—Zeilinger, Dicke, and absolutely maximally entangled states, and the antisymmetric
subspace. Furthermore, we show how this condition leads directly to an entanglement criterion for mixed
states, determined by the entanglement of the states in the mixture.

2. Preliminaries

Before presenting our main result we introduce relevant notions and terminology.

2.1. Entanglement and separability

Let us begin with the simplest bipartite case and consider a Hilbert space H, 4 = C? ® C?. A state

[v0) € Haa is termed separable or product iff [v)) = |1,) ® |1,) for some pure states |1;) € C¥; otherwise it
is called entangled. A particularly useful tool for the characterization of entanglement of bipartite pure states
is the Schmidt decomposition: any |1)) € H, 4 can be written as

) = in\e»lﬁ% (1)

where the coefficients ); are positive numbers that can be ordered as A} > A\, > ... > A, whose squares
sum up to one, {|¢;) }; and {|f;) }; are orthonormal bases of the local Hilbert spaces and r < d is called the
Schmidt rank of |1). The Schmidt decomposition allows to decide efficiently whether a pure state is
entangled or product and to determine the actual dimension of the local Hilbert spaces needed to support
that state. Let us denote by Sch, the set of all pure states from H, 4 of the Schmidt rank at most r. Clearly,
Sch; C Sch, C - -+ C Schy.

The multipartite scenario features a whole variety of different forms of entanglement. A particularly
useful notion to tame them is that of the k-producibility [25]. An N-partite pure state [¢)) € Hy,4 = (CH)*N
is termed k-producible if it can be written as

) =l¢1) © ... |dm), (2)

with each |¢;) corresponding to at most k particles and M < N. Let us denote by Py the set of all states that
are k-producible. Then, Py is the set of all pure states. Clearly, the following inclusions hold true
Py C P, C...C Pn. Vectors from P; are said to be fully product, whereas states belonging to P\ P; for
k # 1 are entangled, i.e. not fully product (although they still might be product across some cuts). In
particular, those belonging to Py\Py_; are called genuinely multiparty entangled (GME) as they do not
display any form of separability. Another way of saying that a state is GME is that it is not product across
any bipartition of the parties, or, equivalently, it is not biproduct. Importantly, if |¢)) belongs to Py but not
to Pr_1 we know that at least k particles share genuinely multipartite entanglement; one also says that the
entanglement depth of such a state is at least k.

Undoubtedly, the most widespread example of a GME state is the Greenberger—Zeilinger—Horne (GHZ)
state

L &N
|GHZN4) = ﬁ; )= (3)

Another important class of GME states that are often considered in the quantum information context are
the symmetric N-qubit Dicke states

1
|Dnk) = —Zo (Joy*N=R|1)=ky (4)
NG

P

where {0, } is the set of all distinct permutations. In other words, the Dicke states are symmetrized versions
of pure states in which N — k particles are in the ground state |0), while the remaining k particles are in the
excited state |1). We also consider their generalizations to arbitrary local dimensions in further parts of the
paper.

In the case of genuine multipartite entanglement it also makes sense to define further genuine
multiparty entanglement of bounded Schmidt rank. Namely, a state |¢)) € Hy 4 is said to have genuine
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multiparty entanglement of r-bounded Schmidt rank if it is GME and has the Schmidt rank at least some r
with respect to any bipartition. The corresponding set is denoted G,. Even further, in some cases it might be
interesting to consider states which have the same Schmidt rank across any bipartition.

2.2. Completely and genuinely entangled subspaces

Recently, we have witnessed growing interest in the research on subspaces, not only single states, possessing
certain entanglement properties. This stems from both their theoretical and practical importance. In this
respect two classes of such subspaces stand out: completely and genuinely entangled ones, however, it is also
meaningful to consider subspaces with other properties considered above.

Let us formally introduce respective subspaces. Consider a proper subspace V. C Hy 4. We call Va
completely entangled subspace (CES) iff any vector belonging to it is entangled, or, in other words, V contains
no fully product vectors [1, 2]. Well-known examples of such subspaces are those obtained from
unextendible product bases (UPB)—another interesting object introduced to construct entangled states
with positive partial transpositions [26]. A UPB is a set of fully product vectors, spanning a proper subspace
of a given Hilbert space, with the property that there does not exist a fully product vector orthogonal to all
the vectors from the set. It follows that every subspace complementary to a UPB is completely entangled. To
give an example let us for a moment focus on Hz, = C? ® C?> @ C?* and consider the following product
vectors from it: |0,0,0), |1,+, =), |—, 1, 4), |+, —, 1), where {|0), [1)} and {|+), |—)} with
|+) = (]0) £ |1))/+/2, are two orthonormal bases in C2. It is direct to check that these vectors form a UPB
in Hs, and thus the four-dimensional subspace orthogonal to it is a CES.

Further, we call V' C Hy 4 a genuinely entangled subspace (GES) iff any pure state from V'is GME
[4, 27]. To give an example of a GES let us consider again the three-qubit Hilbert space 5, and the
vectors |GHZ;,) and |Ds ;) (also called the W state). Due to the fact that they are both symmetric, the
two-dimensional subspace spanned by them is symmetric too. Now, if a biproduct vector was to
belong in this subspace, it would have to be symmetric, and consequently fully product, i.e. of the form
le)®? with some arbitrary qubit vector |e). It is, however, not difficult to see that there do not exist
a,b € C (|a]* + |b|> = 1) such that a|GHZ;,) + b|W) = |e)®*. Another example of a GES, which is
well-known in the literature, is the antisymmetric subspace of Hy,4; this subspace is genuinely entangled
because there do not exist product vectors that are antisymmetric. Importantly, however, one should bear in
mind that these subspaces only exist if d > N and they are of small dimensionality, while it is known how to
construct large GESs efficiently for any d and N [4] (see also [7, 8]).

As we have mentioned at the beginning of this section, other notions of entanglement defined for pure
states can also be meaningfully mapped to subspaces. We say that V' C Hy,4 is a subspace of entanglement
depth at least k iff it consists of pure states from Py \Pi_1; simply speaking, such a subspace contains only
pure states whose entanglement depth is at least k. We then define bipartite CESs with bounded or equal
Schmidt rank to be those subspaces of H, 4, which contain only vectors having Schmidt rank, respectively,
equal to or larger than r [27] or exactly r [27, 28]. Analogously, in the multipartite Hilbert spaces, we can
define GESs of bounded or equal Schmidt rank, this time, however, requiring that the property holds with
respect to any bipartition.

2.3. Entanglement quantifiers
To quantify entanglement we will use measures, which, due to their interpretation as distances, fall into a
broad class of geometric measures. They are defined through the following general formula

() = 1 = max |(p[¥) [, (5)
lp)esS

where S is chosen accordingly to purposes £ is supposed to serve. Prominent representatives of the class are

the geometric measure of entanglement [29, 30] and the generalized geometric measure of entanglement

[31], and they will be primarily used measures in the discussion of applications of our result.

First, we concentrate on the bipartite case and consider a pure state 1)) € H, 4. The geometric measure
of r-bounded Schmidt rank is defined by

E([¢) =1— max [{p|y) (6)

¢)€Sch,—y

with the maximum over states of Schmidt rank at most r — 1. In the particular case of r = 2, one recovers
the definition of the geometric measure of entanglement (GM), Egy;, in which the maximum is taken over
all product, i.e. Schmidt rank one, vectors from H, 4 [29, 30]. For any r it holds (see appendix A)

E(Y) =1—=OT+ X+ + M), (7)
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where \;’s are the Schmidt coefficients of |1} (cf (1)). The maximal value of E, over all states is
1 — (r— 1)/d and it is achieved by the maximally entangled state of two qudits |®) = (1/ \/c_i)Z?:_OI ii).
In the multipartite case, we define the geometric measure of k-producibility

B =1 - max ({10 v

where the maximum is taken over all (k — 1)-producible states. In particular, for k = 2 the maximisation is
performed over fully product pure states and we obatin the definition of the GM in the multipartite case
(for N = 2 this obviously reduces to the previously recalled definition of the GM). Let us write it out
explicitly

EGM(W}» =1— max <§0pr0d.|w>|2~ (9)

“/“pmd.)‘

On the other hand, for k = N in equation (8) we recover a definition of the generalized geometric measure
of entanglement (GGM), Egam, which is more commonly stated in terms of maximisation over biproduct
states:

EGGM(|"/)>) =1— max ‘<§0biprod.wj>‘2~ (10)

“Pbiprod.

The GGM is designed to quantify genuine multiparty entanglement of a state and its vanishing implies that
a given state is not GME.

Further, we define the geometric measure of genuine multiparty entanglement of r-bounded Schmidt
rank as

EME(lg)) =1 — max |{g[y)]? (11)
‘9”‘>6gr71

with the maximisation over GME states with the Schmidt rank at most r — 1.

Now, for any entanglement measure £, one can define the corresponding notion of subspace
entanglement. Precisely, for a given subspace V' C Hy 4, we define the minimal subspace entanglement as
(cf[21])

Emin(V) = min E(|3)). (12)
lp)ev

Thus, Emin(V) is the entanglement of the least entangled state in V' according to a given quantifier £. In
particular, £ can be chosen to be one of the introduced entanglement measures: E,, Eimduab, ESME | or, more
specifically, Egm or Eggum. In the latter case, non-vanishing of the minimal subspace entanglement implies
that a given subspace is a CES (the GM case) or a GES (the GGM case).

We must note here that the restriction to equal local dimensions was made here only for a simpler
presentation and all the measures are defined in the same manner in the case of unequal dimensions.

3. Main result: sufficient condition for a subspace to be entangled

We can now move on to our results. Let us begin with a lower bound on the entanglement of a
superposition of pure states. This bound has been derived in reference [14] for the GM but it is easy to see
that it holds in general for any geometric measure (5). We have the following.

Fact 1. Let|®;),i=1,...,k, be pairwise orthogonal pure states from Hy 4 and let | V) = Zi—‘zlai\dy) be their
arbitrary superposition with o; € C such that |y |* + - - - + | |* = 1. Then, for any & defined in equation (5),
the following inequality holds true

k

EWY) = Y o€ — 23" ooyl /T = €D /1 - £(16))- (13)
i=1

i<j
Proof. To make the paper self-contained a proof of this inequality was added in appendix B. ]
Using inequality (13) we derive the main ingredient of our condition, which is a lower bound on the

minimal subspace entanglement in terms of the entanglement of vectors spanning that subspace. Precisely,
we have the following fact.
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Fact 2. Consider a subspace V spanned by k pairwise orthogonal pure states |¢;) € Hy 4. Then, the minimal
subspace entanglement of V is bounded from below in terms of £(|¢p;)) as

k
Emin(V) 2 Y E(|6i) — (k= 1), (14)

i=1
where, as before, £ can be any geometric quantifier of the form (5).
Proof. Two proofs of this fact are presented in appendix C. |

Inequality (14) can be then used to formulate a simple sufficient condition for a subspace V to have
certain entanglement property such as being completely or genuinely entangled.

Fact3. (i) Given an m-dimensional bipartite subspace V- C H., g, if there is an orthonormal basis {|¢;) }1, for
V such that

m
D E|¢i) —(m—1)>0 (15)
i=1
with r > 2, then V is a CES containing only vectors with the Schmidt rank at least r.
(ii) Given an m-dimensional multipartite subspace V- C Hy 4, if there is an orthonormal basis {|¢;) }™ | for
V' such that

> T EPP () — (m—1) > 0, (16)

i=1

with k > 2, then V is a CES. Morevoer, if (16) holds for k = N, then V is a GES.

We must emphasize here that, although stated for equal local dimensions, the result also holds in the
general case.

An important remark here is that fact 3 refers to any basis and in some cases it may be beneficial to
check the conditions for different bases. In the next section we give an elementary example showing that
indeed such change of basis may help detect entanglement of a subspace. On the other hand, if a measure of
the basis states is not available one can use lower bounds on their individual entanglements (these are
always easily obtained, e.g. by choosing particular states instead of the optimal ones in (5)), which would
clearly result in a weaker detectability of a given subspace.

A natural consequence of fact 3 is the following entanglemement criterion.

Fact4. Given is a state o = Zlepi|z/)i><z/)i\ acting on Hy g with orthogonal 1);’s. IfZLIS(\w,)) -

(k— 1) > 0, where & is a geometric measure of the form (5), which is non-vanishing only on entangled states
(i.e. vanishes only on fully product states), then the state is entangled. If £ in the above condition is a geometric
measure of genuine multiparty entanglement, then g is GME.

Proof. Given the premise, by fact 2, we conclude that the subspace V = span{]t;)} is entangled. Further,
any state supported on an entangled subspace is entangled. Obviously, if VV is a GES the state is GME. ]

Let us now move to applications of fact 3 and provide a few examples of entangled subspaces that are
correctly identified as such with the aid of our bound and also discuss its applicability in general. We mainly
focus on the most widespread measure—the (generalized) geometrice measure of entanglemen.

4. Applications in bipartite case

Consider first subspaces of Hyxg = C? @ C*. We can limit ourselves here to d > 2 since, as it is well known,
there are no CESs in a system of two qubits—any two-dimensional (or more) subspace of C* ® C? contains
a product vector. Now, any entangled state in H, 4 is of Schmidt rank two (in other words, states from
Haa are in fact two-qubit states) and the maximal value of the GM for a Schmidt rank-two state is 1/2.
This means that even if we take k maximally entangled vectors from .4 achieving this value, we can make
the right-hand side of the bound greater than zero only if k < 2, which is a trivial case of a single state CES.
This limits utility of the criterion to systems with at least qutrit subsystems.

Let us then move on to a more complex situation of a two-qudit Hilbert space H,4 = C? ® C4 and
consider subspaces V' C H, 4 spanned by k entangled orthogonal pure states |¢;).
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We start off by considering the case of the GM. The maximal dimension of a CES that can be detected
with fact 3 is bounded as dim V < d, while the maximal CES is of dimension (d — 1)2. To see this explicitly
let us assume that all vectors |¢;) have the same GM, denoted E . Then, the criterion detects complete
entanglement of that subspace if k < 1/(1 — E'). Taking E’ to be the maximal GM achievable in H, 4, i.e.

E' = (d — 1)/d, the condition gives k < d. This has an immediate implication that any subspace of H, 4
spanned by k < d mutually orthogonal maximally entangled vectors is a CES. To give an example of such a
subspace consider the following set of d vectors

-1
[0) = %; Wi, w = exp(27i/d), (17)

forj=0,...,d — 1. By the argument above, any k-element subset of them with k < d will span a CES
whose entanglement is lower-bounded as Eyin (V) > 1 — k/d. Moreover, the d-dimensional subspace
spanned by all of these vectors clearly contains a product vector, which can be obtained by simply
constructing an equal superposition of all [¢;)’s, that is, (1/ \/c_i)z;-:)l |4h;) = |00). This implies that the
criterion is in this sense tight.

Further, we observe that criterion (15) can be reformulated in terms of the Schmidt coefficients.
Precisely, with the aid of formula (7) we obtain the following statement: let /\; be the Schmidt coefficients of k
basis states |@;) of V; further, let r; be their Schmidt ranks; if

k T
Y <t (18)

i=1 j=1

then V is a CES.
As an example to the above statement, let us consider again vectors (17). For them E, = 1 — (r — 1) /d,
and hence for any subset of k vectors equation (14) gives

&y s1— k!

The right-hand side exceeds zero if k < d/(r — 1), and consequently, any k-element subset of d vectors (17)
with k < d/(r — 1) spans a CES in which all vectors have Schmidt rank at least . In particular, in the
extremal case r = d, the criterion detects only one-dimensional subspaces. Clearly, in the case r = 2 we
recover what we have previously established for these vectors.

Let us now see how our criterion relates to the one obtained by Gour and Roy [21]. Their result is the
following: let V be spanned by k bipartite orthogonal ;s with the Schmidt ranks
() < (1) < ... < r(¥y); then

m—1

rmin(V) = min {r(wm) - Z T(%)} > (20)
m=1,2,....k P

where ryin (V) is the smallest Schmidt rank among the states from V.

First, an immediate observation is that the condition (20) cannot detect subspaces for any local
dimensions and its utility is limited to rather large subspaces with d > 2¥. On the other hand, our result is
applicable to any d > 3 making it in this sense more universal. Second, certain combinations of the Schmidt
ranks of the basis states lead to a trivial bound (zero or one), while our bound is free from this
disadvantage. For example, condition (20) cannot detect entanglement of two dimensional subspaces
spanned by states with equal Schmidt ranks, whereas relying on (15) we have shown above that any two
states of the form (17) do span a CES. To make the comparison fair, however, we note that this does not
mean that our criterion is stronger in general—there exist subspaces not detected by our criterion but
detected by (20). Such an exemplary subspace in C* ® C* is spanned by the vectors:

[vn) = 1/+/2(]22) — [33)) and |10,) = 2/4/7|00) + 1/v/7(|11) + |22) + [33)).

5. Applications in multipartite case

Let us now move to the richer multipartite case and consider both CESs and GESs. We put particular
emphasis on subspaces of the symmetric subspaces as those are most important from the practical point of
view. Except a simple case in the next paragraph, in the following examples we check the conditions of the
criterion for one—the most natural—basis.
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5.1. Completely entangled subspaces

It is important that in the multipartite case the restriction k < d no longer holds if we are interested in the
sole fact whether the subspaces are entangled or not, meaning that qubit subspaces are also detectable. This
can be seen for example by considering the subspace spanned by the GHZ state and the W state, for which
the GM is, respectively, 1/2 and 5/9. The latter subspace can also be used to illustrate benefits of using
different basis to check condition (15) or (16). If we take its spanning vectors as

|¢1) = \/2/5|GHZ) + /3/5|W) and |$,) = \/3/5|GHZ) — 1/2/5|W), then the bound from fact 2 is

trivial.

5.1.1. N-qubit GHZ and W states

Let us now consider a more general case already studied in the literature, namely that of two-dimensional
subspaces Vi, spanned by the N-qubit GHZ state and the W state, which is simply |Dy;1). It is known that
E(|GHZy;,)) = 1/2, whereas E(|Dy;1)) = 1 — [(N — 1)/N]¥~! [30]. We then have

1 /N-1\""'
Enmin(VN2) 2 >\~ . (21)
It is not difficult to see that the right-hand side of the above is greater than zero for any N > 3 and thus
these two states span a CES for any N > 3.

5.1.2. Qubit Dicke states
We now investigate subspaces of the symmetric subspace, that is subspaces spanned by the Dicke states
|Dnk)- In general it holds [32]

k N—k
Eon(IDnd)) = 1 — (f) (Z’;) (NZ;") . (22)

For any number of qubits N, states with k = 0, N are fully separable. On the other hand, it easy to verify
that all other states are entangled and the subspace spanned by |Dyy), k= 1,2,...,N — 1, is a CES and its
entanglement equals 1/2"~1. In what follows we will try to establish how large a subspace of this subspace
can be detected with our criterion.

Clearly, the states with the highest entanglement are those with k = N/2 (even N) or k = 2= (odd N)
and the entanglement of the remaining states is a decreasing function when k moves away from these values.
One thus needs to analyze how many states around the said central k can be used to create a CES detectable
by the criterion. To illustrate the approach, we assume that N is even and consider a set
I = {|DNm)s - - -5 IDNNj2)s - - -5 IDNN-m) } Of |[IL;| = N — 2m 4 1 Dicke states. The expressions
encountered in the calculations are intractable analytically in full generality and we will use approximations
to establish the value of m above which subspaces spanned by II,, are certainly CESs by fact 3. This will lead
to a lower bound on the dimension of the largest CES that is in fact detected by the criterion for a given N.

Condition (15) applied to II,, yields

N—m

> Eau(IDy i) = (T = 1) > 0 (23)

k=m

with Egy of the Dicke states given by (22). It is very difficult to find a closed-form expression for the sum
for any number of states (it is plausible that no such form exists) and from this infer the actual threshold
value of m. Observe, however, that the sum over 1I,, can be bounded as follows

N—m
Z Ecm(|Dny)) > L X Eam(|Dnym))

k=m
N mym (N —m\N " 24
IO a
e N
>Hm{l_§\/m(N—m)]’

where in the first inequality we have bounded the entanglement of each state by the entanglement of the
least entangled one, i.e. | Dy, ), while in the second inequality we have used the bounds linked to the

= [ILy|

Stirling approximation: 2rn"tie < nl < en" 1", If we now use this value in (23) instead of the exact
one, we can still satisfy the inequality for some . In this manner we will obtain a condition yielding a value
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Dimension of detected CES

0 500 1000 1500 2000
Number of qubits N
Figure 1. Power of the criterion for identifying subspaces spanned by the qubit Dicke states as being CESs. Upper curve gives the

dimensions of the largest detectable CESs and corresponds to straightforward summation over the vectors closest to the central
one (k= N/2) in (23), while the bottom one denotes an analytical bound on the dimensions following from equation (25).

of m larger than the true threshold but also guaranteeing that the subspace is a CES (yet smaller than the
optimal one). There follows that if the following inequality is satisfied, then the subspace spanned by 11,,, is

a CES
(N—2m+1)iﬂ/L <1 (25)
27\ m(N — m) ’

where we have plugged back in |II,,| = N — 2m + 1. Solving this for m we obtain:

N  7y/N(e(N?>—1)+7N) — &N
2 2 (e?N + 72) ’

m > (26)

which for large N is approximated by
N
m>—~ — N, (27)
2 2e

so the deviation from the central k = N/2 is of the square root order. In consequence, for large N, subspaces
with dimensions of order v/N are detected.

In view of the approximations used, one might now wonder how good the approximation given in (26)
is in comparison to the true value stemming from (23), which can be obtained by direct numerical
summation and verification whether the inequality holds for a given m. Accuracy of the analytical bound
(26) is presented in figure 1.

5.1.3. Antisymmetric subspace

As a complementary example, let us now consider the antisymmetric subspace of Hy,4, which is known to
be a CES (in fact a GES too, see the upcoming section), and check the power of the criterion in identifying
it as such. It is known that the entanglement of any vector is given by Egm = 1 — 1/NI. Thus, the criterion

gives the condition on the number of parties and local dimensions ( I‘\i,) < NI One can check analytically
that it certainly detects whenever N > LdziJ + 1, although this is far from optimal. The results are plotted
in figure 2 with an additional bound, which works remarkably good in the considered region (there are just
a few single points below d = 50 falling under this bound in the region of interest). We can see that the

criterion is quite powerful for the CES case of the antisymmetric subspace.

5.1.4. Error correction codes

The criterion could also be used to verify that certain error correction codes give rise to entangled
subspaces. For example, the GM of the two codewords of the seven-qubit Steane code is known to be 7/8
[33], immediately implying that the subspace is a CES.

5.2. Genuinely entangled subspaces
Let us now investigate the power of our criterion in detecting GESs using the GGM.

First, we note that its usefulness is limited to d > 3 as for any N-qubit pure state |¢) it holds
Ecem(]©)) < 1/2. Second, an observation as in the bipartite case follows that it must be k < d. To obtain
this bound we need to consider all bipartitions of the parties and find the value of the GM for them, then
pick the cut with the smallest value. This ‘least’ entangled cut is 1|N — 1 parties, which stems from the fact
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Figure 2. Power of the criterion for identifying the antisymmetric subspace as being a CES. Blue region—detected by the
criterion, grey—not detected, black line denotes N = L%J + 1, orange curve corresponds to v/2d +2 —v/d —3 — 1.

that bipartite states from C? ® (C%)®N~! are in fact supported on C? ® C* (this again follows from the
Schmidt decomposition), and them the maximal amount of entanglement as measured by the GM is 1 — d.
The result then follows.

5.2.1. Generalized GHZ
To provide the first example let us consider the generalized GHZ states of the form

d—1
/ 1 A @N— o
|GHZ;) = ﬁ; N @ i+ ), (28)

where j =0, ...,d — 1 and addition modulo d in the last ket. Now, Eggm of any such a state is (d — 1)/d,
and therefore a subspace spanned by any k < d vectors (28) is genuinely entangled (by fact 4 this also
applies to mixtures of such states, cf [34]). Clearly, an equal superposition of all such states gives a
biproduct vector.

5.2.2. Absolutely maximally entangled states
Absolutely maximally entangled states are widely studied multipartite states exhibiting in some sense the
strongest entanglement in a given system of N qudits [35]. A state [¢)) € Hy,4 is called it absolutely
maximally entangled (AME), denoted AME(N, d), iff all reductions of at least half of the subsystems yield
the maximally mixed state, i.e. the partial trace trs|t)) (10| o< I, for any subsystem S of |S| = [N/2] parties.
Existence of an AME state depends on the local dimension d as well as on the number of parties N (see
[36] for the current state of art). Importantly, if an AME state exists for a given pair (N, d), there follows
existence of an orthonormal basis of the whole Hilbert space H 4 composed of d" orthogonal AME(N, d)
states [37]. This observation allows us to use fact 3 to determine how big a GES can be created using AME
states. With this aim we only need to know the GGM of AME states, which is easily found to be
Ecem(JAMEN4)) = 1 — d. This is because AME states are maximally entangled across any cut and as such
achieve the maximal value of the GM for all cuts. Taking the minimum over all bipartitions we arrive at the
claimed value. Therefore, if in a given quantum system described by H;" there exists an AME state, there
are also GESs of dimensions up to d — 1, spanned by any set of orthogonal AME states.

5.2.3. Qudit Dicke states
Let us now explore the case of genuine entanglement of subspaces of the symmetric subspaces spanned by
the qudit Dicke states

k!
N!

Dy = Y op (J0)7F[1)h . jd — 1)) (29)

p

with the sum over distinct permutations.
In appendix D we show that the GGM of the Dicke states equals:

o) == () (2) () ()}
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Dimension of detected GES
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Figure 3. Dimensions of subspaces spanned by the qudit Dicke states identified as GESs by the criterion for 3 < N < 10 and
3<d< 1L

where it holds ; < kjand ), m; = n.

There are no known closed forms for the minimisation over 7 and thus we have verified by direct search
the largest dimensions of detectable GESs composed of d-level Dicke states. The results are presented in
figure 3.

Nevertheless, it is easy to obtain a bound on the largest detectable GES. The most entangled states for
given d have the GGM equal to 1 — 1/N. They correspond to vectors k with all k; equal and they exist

whenever d > N. If d > N there are ( f,) such vectors and at most N — 1 of them span a GES according to

the criterion.

5.2.4. Antisymmetric subspace
The case of the antisymmetric subspace can be immediately solved. It is known that for any basis vector it
holds Eggm = 1 — 1/N. This implies that any subspace of dimension N — 1 or less of the antisymmetric
subspace is identified as a GES by the criterion.

Concluding this section, we note that the fact that the criterion is weaker in the GES case can be
attributed to the fact that in general the GGM is smaller than the GM, while the rhs of (15) is the same in
both cases.

6. Conclusions and outlook

We have considered the problem of judging whether a subspace is entangled or not, both in the completely
and genuinely entangled case, on the basis of the amount of entanglement of the basis states. With this aim
we have provided a simple sufficient criterion and illustrated the approach with several examples, in
particular the all-important symmetric and antisymmetric subspaces. We have also shown that the
condition directly leads to an entanglement criterion for mixed states.

Future work could concern extending the results given here to other entanglement measures. Also, the
problem of bounding the maximal subspace entanglement in terms of geometric or other measures deserves
separate treatment (cf [21]). It might also be interesting to look into the possibility of developing other
entanglement criteria for mixed states based on the entanglement of the states from the mixture.
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Appendix A. Proof of equation (7)
Let the given state that we want to find E, of, be

R
V) = Z Ailei)|f:) (A1)

with the Schmidt coefficients ); ordered decreasingly and orthonormal bases {|e;) }¢_, and {|f;)}L, (cf (1)).
Assume A\gp) = Agyor = =X\ =0.
We optimize (6) over states of the form

d
= _ajle)lf) (A2)

ij=1

with rank r — 1 matrix [A];; = a;;. Let its non-zero singular valuesbe s; > s, > ... > s,_1.
Due to the von Neumann trace inequality, which states that for complex n x n matrices A and B with
singular values, respectively, a; > a, > ...a, and by > b, > ... by, it holds |tr AB| < 3, a;b;, we have

Z SiNis (A3)

which, under the constraint ) ;57 = 1 (normalization of |¢)), is clearly maximized with the choice

[(x]0)|

P (A4)

1
2N

We deduce that the optimal state (A2) is simply

[SE

r—1 r—1
>N x> Ailei)[fi)- (A5)
j=1 i=1

The results then follows.
Appendix B. Proof of fact 1

Proof. Consider a superposition of k pure mutually orthogonal states |¢;)

k
) =" i), (B1)
i=1
and recall that all the considered entanglement quantifiers can be wrapped up in a single formula
E) =1 — max [(g|¥) ], (B2)
lp)es

where § is any set considered in the main text.
Due to the triangle inequality |x 4+ y| < |x| + ||, the maximum on the right-hand side of the above for

the superposition |¥) can be upper bounded as

(ol ) (Z il (2l i) )

=~

Z ail?(pla)|* + 2 e[ (elei) (1) - (B3)

i=1 i<j

Plugging this into equation (B2) and using the fact that |a;|* + |az|* + - - - + |ak|* = 1, we obtain

k

ENU) =Y [aiPE(i)) — 2> loviayl[{p| i) (0l )] (B4)

i=1 i<j

11
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Applying then the following inequality

(1ol < max[(plon] < V1= £(16i)) (BS)
to the last term of the right-hand side of inequality (B4), we arrive at the desired inequality. O

Appendix C. Proof of fact 2

Proof. With the aid of inequality (13) we can bound Enin (V) from below as

Emin(V) = min & > i E(ay,...,a40), Cl
(V) min, () min (a ar) (C1)
al+tal=1

where .
Eay,...oa) =Y at& —2Y aia/1-E/1-§ (C2)
i=1 i<j

with & := 5(|¢,>)

The key observation now is that E can be conveniently rewritten in the following simple form

E(a,...,a) = 1 — N{v|a)?, (C3)
where |a) is a normalized vector of variables, |a) = (a;,...,a)" € R¥, and
[0y = (1/VN)(WV/1=EL..., /1= &) (C4)

with N being the normalization constant defined as N = k — 3. &;. It is clear that the minimal value of the
function defined in equation (C3) is attained for |a) = |v), that is when

VI=&
k— Zigi’ ()

a; =

and it is given by

k
Eay,....a) =) &~ (k—1), (C6)
i=1

which completes the proof. U

The above proof exploits directly a bound on a superposition of states. There is also another proof, more
straightforward, which avoids this and uses the following result from [38]:

Emin(V) = 1 — max(p|V|p), (C7)
lp)es

where V is the projection onto subspace V. Originally, this formula was derived for the GM, but it is easy
enough to realize that it also applies to any of the measures considered in the present paper, defined through

the properties of the set S.
Let V = 3% |#;)i|. Inserting this to (C7) we obtain

k
Emin(V) =1 — ﬁgg(@lz [9iX@ill)
i=1

k

>1- Z m2>§<90\¢i><¢i|@>

Pl ]

k
=1-) (1-£&(¢))

i=1

k
= ZE((;S,—) —(k—1). (C8)

i=1

12
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Figure4. The GGM of the most entangled d-level Dicke states as a function of N. Blue points correspond to d = 3,
orange—d = 4, green—d = 5.

Appendix D. GGM of d-level Dicke states

We start by proving the following statement about the entanglement of d-level Dicke states. The result
applies to any d, including the qubit case d = 2 for which it agrees with the known formula for the GGM
[39-41].

Fact5. The GM of\Dd g acrossacutn|N —n (n=1,2,...,|N/2]) is given by

(N — n)!
Ta—1! (ko — o)/ (ky — 7). (kamy — ma—1)!

N\ ! n N-—n
=1—(::) m?(ﬁ)(;z_ﬁ) (b2)
~1
== () () ()~ () @
n T Uy Ul Td—1
~1
:mm[l_(ﬁ’) (")(")("d)] (Da)
T n o ™ Td—1

kiand ), m = n.

ki1 | |
n\N n <| >) —1_ ko.k]. .. -kd—1~ mn. (Dl)

N! 7 molm!. ..

where () = W is the multinomial coefficient, for any i it holds m; <
The GGM equals

Eceu (\va ,;z>> = min Ey " (\wa) . (D5)

Proof. Given |Dd > we write it in its Schmidt decomposition for the cut #n|N — n which is simply

D ( >%ZD PENE (D6)

=/( '5 \DC ). It is evident that the optimal state for

the computation of the GM is a product of Dicke states |D¥ >|Dd i _) with the largest number of terms,

which for a given cut is determined by 7. Equation (D2) follows The transition from (D2) to (D3) is simple

algebra.
The second statement is obvious and it follows from the very definition of the GGM. O

where |D? ) is the unnormalized state |D ), i.e. D )
ab a,b a,b

Let us note that we encounter here multivariate hypergeometric distribution. The interpretation of the
term with the minus sign in (D2)—(D4) is the following: we have N objects of d types, among which there is
ki objects of the ith type; we randomly draw n objects; the said term gives us the probability of drawing ;
objects of type i. Although appealing, this identification does not prove very useful as, to our knowledge,
there are no closed forms for the maximisations. For this reason, in the computation of the detectable GESs
in the general case we have used direct search through all the possible cases of k, 7 and n for a given (N, d).
The results are presented in the main text in figure 3.
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Here, for illustration purposes, we plot the GGM of the most entangled states as a function of N for
chosen values of d = 3,4, 5 (figure 4).
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