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Class of positive partial transposition states
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We construct a class of quantum bipartite d ® d states which are positive under partial transposition (PPT
states). This class is invariant under the maximal commutative subgroup of U(d) and contains as special cases
many well-known examples of PPT states. States from our class provide criteria for testing the indecompos-
ability of positive maps. Such maps are crucial for constructing entanglement witnesses.
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The interest on quantum entanglement has dramatically
increased over the last two decades due to the emerging field
of quantum information theory [1]. Tt turns out that quantum
entangled states may be used as basic resources in quantum
information processing and communication, such as quantum
cryptography, quantum teleportation, dense coding, error
correction, and quantum computation.

A fundamental problem in quantum information theory is
to test whether a given state of a composite quantum system
is entangled or separable. Several operational criteria have
been proposed to identify entangled states [2]. The most fa-
mous Peres-Horodecki criterion [3,4] is based on the partial
transposition: if a state p is separable then its partial trans-
position (1® 7)p is positive. States which are positive under
partial transposition are called PPT states. Clearly each sepa-
rable state is necessarily PPT but the converse is not true. It
was shown by Horodecki et al. [5] that the PPT condition is
both necessary and sufficient for separability for 2®2 and
2®3 systems.

Now, since all separable states belong to a set of PPT
states, the structure of this set is of primary importance in
quantum information theory. Unfortunately, this structure is
still unknown, that is, one may check whether a given state is
PPT but we do not know how to construct a general quantum
state with PPT property. There are several well-known ex-
amples of PPT states. One class contains PPT states which
are separable, e.g., Werner [6] and isotropic states [7]. Other
examples present PPT states that are entangled. Actually
there is a systematic method of construction of PPT en-
tangled states which is based on a concept of unextendible
product bases [8] (see also Ref. [9]). Other examples of PPT
entangled states were constructed in Refs. [4,10-15]. PPT
states also play a crucial role in mathematical theory of posi-
tive maps and, as is well known, these maps are very impor-
tant in the study of quantum entanglement. Recently, the
mathematical structure of quantum states with positive
partial transposition were studied in Refs. [16,17].

In the present paper we propose a class of bipartite d
®d PPT states. This class is important for the following
reasons. (i) It contains many of the abovementioned ex-
amples of PPT states. (ii) We claim that this is the most
general class of PPT states available at the moment. More-
over, unlike other examples it fully uses complex parametri-
zation of density operators. (iii) Finally, it may be used to
study important properties of positive maps, e.g., to test
whether a given positive map is indecomposable and atomic.
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PACS number(s): 03.67.—a, 03.65.Ud

As is well known indecomposable positive maps are crucial
in constructing entanglement witnesses.

The defining property of this class is very simple: it con-
tains bipartite states invariant under the maximal commuta-
tive subgroup of U(d), i.e., d-dimensional torus T9=U(1)
X +-+XU(1). This commutative subgroup is generated by d
mutually commuting operators

= |k)(k

, k=1,....d, (1)

where |k) denotes an orthonormal base in C¢. Now, any
vector x € R? gives rise to the following element from 7%

Uyg= e, (2)

where t=(7,, ... ,7,). Evidently, UyUy=Uy,y.

In the present paper we consider two classes of bipartite
states each of which is invariant under a representation of T¢
on C4®C4,

(1) Werner-like state, or U, ® Uy-invariant states

Uy, ® Uyp=pU, ® Uy. (3)
(2) Isotropiclike state, or Uy ® U;—invariant states
U, ® Usp=pU, ® Us, (4)

for all x e RY. U; denotes complex conjugation of Uy in a
fixed basis.

Clearly, these two classes are related by a partial transpo-
sition, i.e., a bipartite operator 0 is Uy® Ui invariant iff
(1® 10 is U,® Uy invariant.

The most general state which is Uy, ® U, invariant has the
following form:

d d
p= 2 ailidGil+ 2 eli)]ijl. (5)
i.j=1 i#j=1

Now, since p'=p the matrix d=||a,]| has to be hermitian and
d*-d coefficients c;; have to be real. Moreover, p is positive
iff

ﬁ=||a,j||>0 and CUZO. (6)

Finally, normalization Tr p=1 leads to

Tra+ > c;=1. (7)

i#j

Consider now the partial transposition of p:
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d

d
A® Dp= 2 ajlipGil+ X c;lip)]ijl. (8)

ij=1 i#j=1
Note, that the above formula may be rewritten as follows:

(1® 7p= E agii)iil + 2 X 9)

i<j
where the operator )A(,-j is given by
Xij= aglipGil + agliiXijl + elii)ijl + e;liiil.

Since two operators 2,a;|ii)(ii| and =, j}A(ij live in a mutually
orthogonal subspaces of C¢/®C4, the positivity of (1® 7)p
implies separately S,a;]ii)(ii|=0, which is equivalent to
a,,/O and X, jX =0. Now, for any pair i<j an operator
X ;j acts on a two-dimensional subspace of | C4® (4 spanned
by |ij) and |ji):

)%ij|ij> = Cij|ij> + aij|ji>’

Xilji) = agij) +¢;lii), (10)
and hence X,j|l]> =0 iff
Cii A
{ Y ’} =0, (11)
aij Cij
which is equivalent to the following condition:
cijeji = lag*= 0. (12)

There is an evident example of isotropiclike PPT states. Let

A= (\{,...,\,) be a normalized complex vector. Consider a
state from the class (5) with a;=N\; and ¢;;=]\\;|. Evi-

dently a=0, ¢;=0, and c;jc;;— |a —O Hence each complex

vector N gives rise to a PPT state.
Similarly one may analyze a general Werner-like
Uy ® Ug-invariant state

d d
p=> bylij)jil + > cilifXijl. (13)
ij=1 i#j=1

Now, positivity of p is equivalent to ¢;;=0 and
- =0. (14)

l] Ji
On the other hand, partial transposition
d

d
(1@ Dp= > byliyijl +

>l (19)
ij=1 i#j=1
is Uy® Ui invariant and, therefore, p is PPT iff
= ||b,j|| =0 andc;=0. (16)

Examples. Now we show that many well-known examples of
PPT states belong to our class.
(1) Werner state [6].

W,=(1-p)0" +pQ0~, (17)

where

PHYSICAL REVIEW A 74, 022308 (2006)

L S 1
Q—=d(di1)<I®Iiidzzl|1])(]1|).

Clearly, W, belongs to a class (13) with

x—?
bij=
X_ +x+,

and ¢;;=x,, where

I-p. P
Xe= - .
+d d d-—d
Condition (14) implies p € [0, 1]. To check condition (16) for
PPT let us observe that the spectrum of b consists of only
two points A\;=x, with multiplicity d—1 and N,=dx_+x,.
Therefore b is positive iff \,=0 which is equivalent to
p=1/2 and hence it reproduces well known result for PPT

property of Werner states [6].
(2) Isotropic state [7].

d

y A S il (18)

i,j=1

belongs to a class (5) with cij:(l—)\)/d2 and

1-
I=

Nd i #J,
W\ Nd+ (=N, =,
Positivity of @ together with ¢;;=0 imply —1/(dP=1)<\

< 1. PPT condition (12) leads to N=<1/d+1 which repro-
duces well known result for PPT property of isotropic states
[7].

(3) The authors of Ref. [11] considered the following
two-parameter family:

—aE lii)ii] + b E WX + ¢

i<j=1 i<j=1

lJ lJ

(19)

where [¢5)=(|ij)£ji))/ V2. Note, that the unit trace condi-
tion (7) enables one to compute @ in terms of b and c:
a=1/d-(b+c)/(2d-2). Clearly, p,. belongs to a Werner
class (13) with

L ) e=b2, it
i< a i

and c;=(c+b)/2. Now, ¢;=0 implies c+b=0 whereas
h=0 gives

1—dd-1)b=0,

2-d(d-2)b-d’c=0,

which reproduce results of Ref. [11].
(4) Horodecki et al. [12] considered the following 3 ® 3
state:

022308-2



CLASS OF POSITIVE PARTIAL TRANSPOSITION STATES

2 a S-a
Ou=-P 4+ -0, +
7 7 7

o, 2<a<35, (20)

where P* denotes a projector onto the canonical maximally
entangled state and

[12)(12] +

1
o,= §(|01><01| +

o = %(|10><10| + 2121+ [02)(02)).

Clearly, Eq. (20) belongs to isotropiclike class (5) with a;;
=2/21, coi=cjp=cyp=al/2l and cy=cy=cepr=(5-a)/2l.
One easily finds that PPT condition (12) reproduces well
known fact that Eq. (20) is PPT for a<4. Recently, a one-
parameter family (20) was generalized for d® d systems as
follows [15]:

p——P++EE

1]2d

j— 1)(i,i+] (21)

where the positive numbers g; satisfy X,a;=1. Clearly, it be-
longs to an isotropiclike family (5). If a;, a4, =a then the
state is PPT.

(5) Bound entangled states considered in Ref. [13] belong
to our class (5) with a;=1.

(6) Stgprmer state. Stgrmer [18] analyzed an
un-normalized 3® 3 positive PPT matrix with a;;=1 and

cij=2m, i<j; c¢;j=12pu, i>j.

This example may be immediately generalized for d ® d case

as follows: a;;=a and

1

Ci —ozzc

Cij ij ji

;i=>0, i<j; i>j,

where a>0 is a normalization constant. One has c¢; iCji
—|al~j , and Eq. (12) implies that the corresponding state is
PPT.

(7) Ha [16] performed very sophisticated construction of a
one-parameter family of d”>Xd? (un-normalized) positive
matrices and showed that this family remains positive after
performing partial transposition. It turns that Ha’s family is a

special example of an isotropiclike class (5) with a;;=1 and

— —\/
Cioli=Ns Ciig1 =N,

and the remaining c;;=1. In the above formula “®” denotes
addition modulo d, and

)
N AL SN Al §
d d

with y>0. Now, conditions for positivity (6) are trivially
satisfied. Moreover, due to AN’ = 1, the PPT condition (12) is
also satisfied which shows that Ha’s family is PPT.

Another example constructed in Ref. [16] is a family of
(un-normalized) 3®3 positive PPT matrices but the con-
struction may be generalized to an arbitrary d as follows. Let
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u;= |ii>, =

with s>0 and i=1,...,d. Define the following family of
positive d? X d*> matrices

d
B= E ()] + 12Xz - (22)
i=1

Observe, that Eq. (22) belongs to a Werner-like class (13)
with

b‘_bltﬂél_bl@li_l

_ 2
Cio1,i=9 7

Ciiol =S ?
and the remaining b;; and c;; vanish. Note, that PPT condi-
tion (16) is trivially satisfied.

(8) PPT states which do not belong to our class. It turns
out that apart from bound entangled states constructed via
unextendible product bases [8] almost all other examples of
PPT states do belong to our class. We are aware of only few
exceptions: one is the family of O ® O-invariant states [19]
(see also Ref. [24]) and the second one is the celebrated
family of 3®3 states which are nonseparable but PPT
constructed by Horodecki [4]. Note that the d-dimensional
torus U(1) X -+ XU(1) does not allow for an orthogonal
subgroup and hence states with orthogonal symmetry has to
be considered separately. Now, the Horodecki state p, may
be rewritten as p,=p,+p., where

3 3
p;=aa(2 i+ = |ij><ij|)
ij=1 i#j=1

and

ph= 5\ - 2(|31><33|

with @=1/(8a+ 1) being a normalization constant. Note, that
p, is an isotropiclike matrix and does belong to Eq. (5).
However, p;’ is not invariant under the maximal commutative
subgroup of U(3). Note, that p is invariant only under the
one-parameter subgroup generated by 7,=|2)(2|. It shows
that Horodecki state p, is also symmetric but with respect to
smaller symmetry group.

Separability. A state from a class (5) is separable iff
there exists a separable state o such that p=Po, where P
denotes a projector operator projecting an arbitrary state
onto the class (5), i.e., Po belongs to Eq. (5) with “pseudo-
fidelities” a; »—Tr((r|n>(]J|) and ¢;=Tr(o]ij)(ij]). Taking
o=|a® B)Xa® B| one finds the following sufficient condition
for separability:

a;j=a; aJB Bj,

where a;=(i| @) and B,=(i|B).

Positive maps. PPT states are also important in the study
of positive maps [16,18,20] (see also Ref. [12] for a useful
review). It has been shown [5] that there exists a strong
connection between the classification of the entanglement of

% (23)

Clj= |ai|2|ﬁj
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quantum states and the structure of positive linear maps: a
state p living in CY/® C? is separable iff (1® ®)p=0 for all
positive maps ®: M, ;— M, where M, denotes the set of d
X d complex matrices. Now, let V; be the cone of positive
matrices A € (M;® M,)* such that Schmidt number Sch(A)
<k [21]. Now, one says that A belongs to a cone V' iff A is
PPT and SN[(1® DA]<I. It is clear that V,=V' defines a
cone of separable elements. Recall that a positive map
d:M;— M, is k positive iff (1®®P) is positive when re-
stricted to V. Similarly, ® is k copositive iff (1@ ®Po7) is
positive on VX, Clearly, k-positive map is necessarily [ posi-
tive for [ <k (the same is true for k copositivity). If k=d then
the d-positive (d-copositive) map is called completely
positive (completely copositive).

Concerning the PPT states the crucial role is played by so
called indecomposable maps: a linear positive map is inde-
composable iff it cannot be decomposed into the sum of
completely positive and completely copositive maps. The
most basic class of indecomposable maps consists of so-
called atomic ones [22]—® is atomic iff it cannot be decom-
posed into the sum of two-positive and two-copositive maps.
Atomic maps posses the “weakest” positivity property and
hence may be used to detect the bipartite states with the
“weakest” entanglement, i.e., states from V,N V2. Con-
versely, PPT states may be used to check the atomic property
of positive maps. Suppose that we are given an indecompos-
able positive map ®. If for some A € V,N V? one finds that
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(I® ®)A is not positive then P is necessarily atomic. Now, it
would be interesting to know when PPT states from our class
belong to V,N V2. Consider, e.g., a state p from an isotropi-
clike class (5). Note, that if p is PPT then, due to Eq. (10), p
necessarily belongs to V2. Hence, it is enough to check when
pe V,. It is clear that p € V, iff there is ¢’ € V, such that
p=Po’. Taking o’ = 1|a® B+Y® ) a® B+® $| one finds
the following sufficient condition for p to be an element from
a cone V;:

l * Sk * *
a;= 5(“;‘ Bile;B;+ ¢l + b dil ;B + ),

Cij= E(aiﬁj[ag B+ ¢j] + ’piqu[a; B+ ¢j]),

where a,;=(i| a) and similarly for B;, ¢; and ¢;. Interestingly,
any Werner-like state from (13) belongs to V,. Hence it suf-
fices to check wether it belongs to V2. One may easily derive
sufficient conditions for b;; and ¢;; in analogy to the above
conditions for a;; and c;;. It would be interesting to general-
ize PPT states analyzed in this paper to multipartite case
following the construction presented recently in Ref. [23,24].
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