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Abstract.

One of the main problem in Quantum Information Theory is to test whether a given state
of a composite quantum system is entangled or separable. It turns out that within a class of
states invariant under the action of the symmetry group this problem considerably simplifies.
We analyze multipartite invariant states and the corresponding symmetric quantum channels.

1. Introduction

Quantum Entanglement is one of the key features which distinguish quantum mechanics from
the classical one. Recent development of Quantum Information Theory [1] shows that quantum
entanglement does have important practical applications and it serves as a basic resource for
quantum cryptography, quantum teleportation, dense coding and quantum computing.

A fundamental problem in Quantum Information Theory is to test whether a given state of
a composite quantum system is entangled or separable. Surprisingly this so called separability
problem has no simple solution. Several operational criteria have been proposed to identify
entangled states. Each of these criterion is only necessary and in general one needs to perform
infinite number of tests to be sure that a given state is separable. It is therefore desirable to
possess a class of states for which one may easily check separability and test various concepts of
Quantum Information Theory.

The basic idea of this paper is to construct such classes using symmetry arguments. Symmetry
plays a prominent role in modern physics. In many cases it enables one to simplify the analysis
of the corresponding problems and very often it leads to much deeper understanding and
the most elegant mathematical formulation of the corresponding physical theory. As is well
known bipartite symmetric states turned out to be very useful for the investigation of quantum
entanglement. Symmetry considerably simplifies computation of various important quantities
like e.g. entanglement of formation and other important entanglement measures. Moreover,
they play crucial role in entanglement distillation.

We propose a natural generalization of symmetric states to multipartite case with even
number of parties. It turns out that within a class of multipartite symmetric states the
separability problem is easy to solve. Finally, using duality between states of composite systems
and quantum channels we discuss basic properties of symmetric channels corresponding to
multipartite case. It is hoped that multipartite invariant state discussed in this paper may
serve as a useful laboratory for testing various concepts from quantum information theory.
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2. Entanglement and separability problem
In this section we recall basic features of entangled states.

2.1. Pure states

Consider a bipartite quantum system living in Hiotal = Ha @ Hp. We call ¥ € Hiotal separable
(or classically correlated) iff ¢ = ¢, ® ¥ with 4 € H4 and g € Hp. Otherwise v is entangled
(or nonseparable). Suppose now, that we are given a state ¢ from Hiota1. How to check whether
1) is separable or entangled? This so called separability problem is easy to solve do the following

Theorem 1 (Schmidt) For any normalized ¢ € Hiota there exist two orthonormal basis
(depending on !) {eq} in Ha and {fsg} in Hp such that

Tp:ZAaea(@fa, (1)

where Ao > 0 and >, A2 = 1.

Denote by SR(%) the Schmidt rank of v, that is, a number of non-vanishing Schmidt coefficients
in (1). Hence, 9 is separable if and only if SR(¢y)) = 1.

2.2. Mized states
For mixed states the problem is much more complicated. Following Werner [2] we call a state
represented by a density matrix p separable iff it can be represented as the following convex

combination W (B
p=>_pkpy ®py (2)
k
where p,gA) (p,(CB)) are mixed state in H4 (Hp) and {px} is a probability distribution (i.e. px > 0
and ), pr = 1).

Surprisingly the separability problem has in this case no simple solution. Peres [3] was first
who derived very simple necessary separability criterion, namely if p is separable, then its partial
transposition

(la®@7B)p =0, (3)
where 75 denotes transposition on B(Hp). States with the above property are called PPT
(Positive Partial Transpose). Actually, it turns out that if dimH,4 - dimHp = 6, then this
criterion is also sufficient, i.e. all PPT states in 2® 2, 2® 3 and 3® 2 systems are separable.

It turns out that the separability problem may be reformulated in terms of mathematical
theory of positive maps: let M,,(C) denote an algebra of n x n complex matrices. A linear map
A M, (C) — M,,(C) is positive iff A(X) > 0 for any semi-positive X € M, (C). Moreover, if
1 ® A is positive, where 1 is an identity map on My (C), then A is k-positive. Finally, if A is
k-positive for all k, then it is completely positive (CP). The structure of CP maps is well know.
Any such map may be represented as follows

Acp(X) =) 8.XS; (4)

where S, are so called Sudarshan-Kraus operators [4]. The importance of positive maps follows
from the following

Theorem 2 ([5]) A mixed state p in Hiotal is separable iff
(Ma®@A)p>0, (5)
for all positive maps A : B(Hp) — B(Ha).
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Note, that when A is CP, then (5) is trivially satisfied. Therefore, only positive maps which
are not CP may be used to detect entanglement. The above theorem shows that in general one
needs infinitely many test (each defined by a positive map) to be sure that a state is separable.
The main problem, however, is that the structure of positive maps which are not CP is still
unknown. Moreover, we know only few examples of such maps (see [6] for a recent review).

2.8. Multipartite states

The above discussion may be easily generalized to multipartite case. A state p in Hiotal =
Hi® ... ®@Hy is fully separable (or N-separable) iff it can be represented as the convex
combination of product N-partite states:

p=> moe.. ap™, (6)
k

where p,(f) is a mixed state in H; and {py} is a probability distribution. In analogy to Theorem 2

one has the following result:

Theorem 3 ([7]) An N-partite mized state p in Hotal S separable iff
(Li®@A)p >0, (7)
for all linear maps A : B(Ha® ... ® Hy) — B(H1) such that
ApP @ ... @p™M)y>0, (8)

for all states p*) in H,,.

Note that there is a crucial difference between bipartite and N-partite case with N > 2.
For N = 2 one needs only positive maps whereas for N > 2 a larger class of maps has to be
considered, that is, maps which are not necessarily positive but which are positive on separable
states.

3. Bipartite symmetric states
Consider a bipartite quantum system living in Higtal = Ha® Hp. Let G be a compact Lie
group together with two irreducible unitary representations ®) and ©#):

oW(g) : Ha — Ha, DP9 : Hp — Hp, (1)
for any element g € G. We call a state p of the composite system D) @ ®A-invariant iff
[p, W (g)@2W(g)] =0, (2)

for each g € G. The most prominent example of a symmetric state was constructed by Werner
2]: take Ha = Hp = C¢ G = U(d) and let D = D) be a defining representation
of U(d) in C¢ (i.e. we represent elements from U(d) by d x d unitary matrices). Now, the
commutant of U(d) x U(d) is spanned by identity ®?2 = I; ® I; and the flip operator F defined
by F(p®1)) = 1) ® . Note that in the standard basis {ej,...,eq} in C? the flip operator may
be represented as follows

d
F =) e;j®e, 3)

ij=1
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where e;; = |e;)(e;|. Now, building two orthogonal projectors:

Q@ = U4, ()

Q' = U, (5)
one obtains the following general form of U ® U-invariant Werner states:

p=0Q" +aQ", (6)

where ¢, > 0, go + g1 = 1 and we use the following notation: A= A/Tr(A). Tt is well know
[2] that a Werner state (6) is separable iff it is PPT. This may be easily translated into the
following condition upon coefficients q,: ¢1 < 1/2.

4. Multipartite symmetric states
Now, generalization to multipartite system is simple: consider an N—partite system living in

Hiotal = H1® ... @ HN
together with a compact Lie group G and N irreducible unitary representations
o® . Hy — Hi, k=1,...,N.
N-partite state p is DM @ ... @ DN invariant iff
[p, ®V(g)® ... @D (g)] =0, (1)

for each g € G. This problem was considered in [8, 9] for N = 3 in the case of H), = C¢ and
G = U(d). The complete list of separability conditions for U ® U ® U-invariant states were
found. However, the detailed analysis of separability for U ® ¥ —invariant states for N > 3 is not
straightforward.

Recently, in a series of papers [10, 11, 12] we proposed another class of symmetric multipartite
states constructed as follows: let NV = 2K and consider

HtotalZH]_@ . e ®HK®H]® o ®HK .
Now, a 2K —partite state p is Vg ... 9 e9Wg ... @) invariant iff
[p. DY (g)® ... 22F)(gr) @DV (g) @ ... D) (gx)] =0, (2)

for each g, € G (k = 1,...,K). Note that definition (2) is much more restrictive than (1)
and hence a class of states invariant under (2) is smaller than a class of states (with N = 2K)
invariant under (1).

As an example consider the simplest case: H; = ... = Hx = C? and let G = U(d) be
represented in a natural way on C?. Defining the K-vector U = (Uy,...,Ux) together with
UU=U1® ... Uk U1 ® ... ® Ug we may rewrite the definition of U ® U—invariant state
as follows

[, UsU]=0, (3)

for each U € U(d) x ... x U(d). Now, to parameterize the space of U® U—-invariant states let
us denote by o a binary K-vector and introduce a set of 2K-partite operators

Q7 = chr\lK—i—l ® ... ®Q?([\<2K ’ (4)

where each Q‘;‘]] g isa bipartite operator acting on H; ® H; k. One easily shows that
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(i) Q¢ are U® U-invariant,
(ii) Q- Qﬁ = 5aﬁ s
(i) Y, Q7 = 19K,
that is, Q° define orthogonal resolution of identity in Hioa. Therefore, any U ® U-invariant
state p may be uniquely represented as follows

p:ZqGQG7 (5)

with ¢ > 0 and ), ¢o = 1. To investigate multi-separability of (5) let us define a family of
generalized partial transpositions parameterized by a binary K-vector o = (01,...,0K):

To=T"'® ... 7K . (6)

We call a 2K partite state o PPT iff (1®% ®7,)p > 0. It is not difficult to show that states
which are o-PPT for all binary K-vectors o define (2% — 1)-dimensional simplex [10]. Its
vertices (extremal states) are characterized as follows:

e 1 extremal state corresponding to ¢» = (1,0,0,...,0),

e K extremal states with ¢o = 1/2 for each o with |o| =1,

( 12( > extremal states with ¢, = 1/4 for each o with |o| = 2,

1 extremal state corresponding to ¢ = 275(1,1,...,1),
where |o| = 01+...+ 0. Hence, a necessary condition for multi-PPT property reads as follows

1
< ——.
o = 5 (7)
It is clear that for K = 1, i.e. in a bipartite case, (7) reproduces condition ¢; < 1/2. Now, it
may be proved [10] that all extremal multi-PPT states are 2K-separable. Hence a 2K—partite
U ® U—invariant state p is separable iff it is ¢—PPT for all binary K-vectors o.

5. Duality and symmetric quantum channels

It is well known that the space of density operators in Hiota = H ® H is isomorphic with the
space of trace-preserving CP maps ® : B(H) — B(H). Such maps are called quantum channels.
An example of such isomorphism is given by [13]

® — pp=(1d)P", (1)

where PT = (1/d) Z‘j j=1¢€ij @ ¢€;j denotes the projector onto the maximally entangled state in
Hiota. Consider now an irreducible unitary representation ® of G acting on H. A quantum

channel ® is D—-invariant iff
®(D(9) XD(9)") =D(g9) 2(X)D(9)" , (2)

for each g € G and X € B(H). Clearly, ® is D—invariant iff pp is © ® D—invariant.
Let @7 : My(C) — M,4(C) be a quantum channel corresponding to Q7 (¢ = 0, 1). Therefore,
a channel corresponding to the Werner state (6) is given by ® = go®° + ¢ ®!. Let

b 0 My(C)PK — My(C)®FK | (3)
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be a quantum channel invariant under U(d) x ... x U(d), i.e.
@K((m@ QU)X (U ... ®UK)*) — (U1 ® ... 0Ug)Pr(X) (U1 ® ... 2 Uk)*, (4)
with Uy, ..., Uk € U(d). It is clear that a 2K—partite state
p=(1%Kg Px) (Pl ® - ®Plppe) s (5)

is U ® U-invariant. Observe that any U(d) x ... x U(d)-invariant channel may be uniquely
represented as follows

@K:anqﬂ@.”@w, (6)

and hence it corresponds to U ® U-invariant state (5). In terms of ®x the N-separability of
p is equivalent to the following set of conditions:

To0 B = Y o (1702 ® ... ® (77K 0 K) (7)
o

is CP for all o. Finally, note that reduction with respect to (i|i + K) pair leads to a 2(K — 1)—
partite invariant state or equivalently U(d) x ... x U(d)-invariant channel ®x_;. For example
reduction with respect to the last pair (K|2K) gives ®x_1 : Mg(C)®K-1 — My(C)®E-1
defined by

P 10Trg = Trgo @i, (8)

where Trg denotes the trace with respect to the Kth factor. It is clear that

B 1=) ... QP (9)
o

where qEUh___’UK_I) = ZUK (oy,....0K)"

6. Conclusions

Construction of 2K—partite symmetric states may be easily generalized for other groups, e.g.
orthogonal group O(d) [11] and SU(2) [12]. Moreover, we may define states with other symmetry
properties: for example in a bipartite case one may consider states invariant under ®4) @ D(B).
If G = U(d) such states are called isotropic [14] and they do play important role in applications
of Quantum Information Theory. In a similar way one may introduce isotropic—like states in a
multipartite setting. It is hoped that the multipartite state discussed in this paper may serve
as a very useful laboratory for testing various concepts from quantum information theory and
they may shed new light on the more general investigation of multipartite entanglement.
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