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Abstract. In this paper, we use a criterion provided by E. Shchukin and W. Vogel [Phys. Rev.
Lett. 95, 230502 (2005)] for determining when a bipartite quantum state is entangled. We first
show that the entanglement criterion is necessary and sufficient condition for the partial trans-
position of the bipartite quantum states. Furthermore, previously known entanglement criteria
are proved to be special cases of this criterion. We then apply the entanglement criterion to
determine entangled property of several non-classical two-mode states. Finally, we provide the
conclusion about this criterion.

I. INTRODUCTION

For a recent review, it is believed that quantum entanglement plays an essential
role in the rapidly developing field of quantum information processing [1]. An important
matter is to check whether a quantum state is entangled. In order to solve this matter,
Peres proposed an inseparable criterion based on negative partial transposition (NPT)
of the composite density operator of the bipartite system [2]. However, with our best
knowledge, characterizing NPT for such a system is still an completely unsolved problem.

The first set of inseparable criterions based on the NPT that was found is both
necessary and sufficient conditions for the limited dimentional cases such as 2 x 2, 2 x 3,
3 x 3 and 2 x 4 systems [3,4]. After that, a sufficient condition for the NPT was proposed
by Simon [5]. It is based on second-order moments of position and momentum operators
and applied for the continuous variable systems. For the special case of Gaussian states,
it becomes the necessary and sufficient condition. Another inseparable criteria based on
second-order moments of observable quantities was derived without explicitly using the
NPT [6,7]. These criteria are also complete conditions for two-mode Gaussian states and
sufficient conditions for entanglement in any two-mode states. More recently, sufficient
conditions for entanglement have been found for a wider class of states [8,9]. Especially,
a criterion was provided by E. Shchukin and W. Vogel [9].

Our aim here is studying and exploring some of the implications of the Shchukin-
Vogel entanglement criterion . We shall first show that this entanglement criterion is
necessary and sufficient condition for the partial transposition of the bipartite quantum
states. We shall then prove previously known entanglement criteria as special cases of this
criterion. Finally, we shall use this criterion to detect entanglement of several non-classical
two-mode states and provide the conclusion about it.
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II. ENTANGLEMENT CRITERION FOR BIPARTITE
QUANTUM STATES

A Hermitian operator A is called non-negative if and only if for any operator f
whose normally ordered form exists, the following inequality is satisfied

(fT1f);=Tr(AfTf) > 0. (1)

Using for partially transposed density operator p*’T, we give an inequality which is equiv-
alent to the positive partial transposition (PPT)

FENPT = () = TrPT ) 20 @

For a form of operator f
+o00o

F=>Y comma™amb™y, (3)
n,m,k,l=0

where a, b are boson operators and n, m, k, [ are the presence of a number of annihilation

or creation operator, the inequality (2) becomes

“+o00
<fo>PT = Z C;qrscnmklMpqrs,nmkl > 07 (4)
n,m,k,l,p,q,r,s=0
where

Mpgrs it = (al9aPatmambtspr 1o (5)
According to the Sylvester criterion, the inequality (4) holds for all ¢,k if and only
if all the subdeterminants of the form (4) are nonnegative. To be convenient, multi-indices
(n,m, k,l) and (p, q,, s) are respectively replaced by single-indices u and v with following

convention
<
u<v<:>{|u| ol o (6)

lu| = |v| and u <’ v,

where |u| =n +m+ k+1 and v <’ v means that the fisrt nonzero difference r — k, s —
l, p—n, ¢ —m is positive. According to this convention, the moments

Mg romi = (@l9aPaimambi=brbi*o!) (7)
are written with indices like matrix elements as follows
r|s|plq|k|]l|n|m MZO7
0Ojo0[o]jo0fo]o0|0]0| MY, =1
ojojoflofJolo]o|1] M=)
ojojojloJojo|1]o]|] MY=(al




TRUONG MINH DUC AND NGUYEN THI XUAN HOAI 235

Assuming that the partial transposition acts on the density matrix of the second
partite then the partial transposition moments are represented in the form of initial mo-
ment as

(at%aramamptshrate ey = (ataaratrampiorairee). (8)
Now the necessary and sufficient condition for the PPT can be formulated
My My ... My
Myy Mpy2 ... Myn

where M;; is defined in Eq (5)and according to Eq (8) it is written
M;; = (al9araiam bl b o) = (Mo (10)

That is the entanglement criterion was proposed by Shchukin and Vogel [9]. It can be
explicitly stated that: The partial transposition of a bipartite quantum state is nonnegative
if and only if all the subdeterminants

Lo @ ) )
@) @) (@) @)
@ @ @t @ @)

PN=10y @y ) ) (52 ()
By @by (alh) B (b

are nonnegative for all N. The other way around, if there exists a negative subdeterminant
dN: Dy <0, (12)

the partial transposition matrix defines negative. It means that the criterion (12) is a
sufficient condition for determining entangled property of bipartite quantum systems.

As to be mentioned in Ref. [9], previously known entanglement criteria are proved
to be special cases of this criterion. Now we shall prove this remark in detail. We start
with the separable condition found by Simon [5]. For any separable quantum state, the
quantity S

1 2 1
S = detAidetAs + (Z + detC’> — TT’(AlJCJAgJCTJ) — Z(detAl + detAg) >0, (13)

where
(A% ({Ad, Api}) _ ((Az1AZo) (AZ1Ap2)
A= <<{Ai"i,Aﬁi}> ((Ap)?) > ’ ¢= <<Aﬁ1A532> <A251A252>> (14)
with
({AGi, Api}) =

1

2

0 1
1= (4 5)

(AG;AD; + Ap;AG;),

and
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Expanding S in form the annihilation and creation operators, then comparing with a
following subdeterminant of Dy

L) ah  oh B
@h (ata) (@) (aldh) (a'b)
Dy=|(a) (a2 (') (ab') (ab)|. (15)
B @by (a'h) (15 (57
(o) @bty (ath) (%) (D)

we find that S coincides with Ds. Hence, Simon criterion is only a special case of Shchukin-
Vogel criterion.

Another separable condition was formulated in Ref. [6]. For any separable state,
the inequality

N R 1
((Aa)?), +((a0)%), = + (16)
holds true for all nonzero real parameter r, where @ = |r|21 + 14 and o = |r|p1 — 1po.

By representing operators @ and ¢ in form the creation and annihilation operators of the
fisrt mode af, & and the second mode bf, b we find

((aa)*) + ((a9)*)
= 2 (AaAa) + o (ANAD) + 2 [(danb) + @afabh] +02 + 5. (17)
Inserting (17) in (16) and noticing (AGAD) + (AaTAbT) = 2Re(AaAb) we have
ri(AafAa) + 2%Re<AdAl3> + (AbTAD) > 0. (18)

Let the inequality (18) be true for all nonzero real parameter r then
Re2(AaAb) < (AafAa) (AbTAD). (19)

Considering a subdeterminant of Dy as follows

We have

= (AdTAG)(ADTAb) — [(AGAD)|. (21)
According to Eq. (21) we find d > 0 when
(AaTAa) (ABTAD) > [(AaAb)|?. (22)
It becomes clear that the condition (19) is weaker than the condition (22).
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We now consider the condition derived recently in Ref. [8]: For any separable state,
we have the inequality

(a™mampimy™y > [(ambimy|2. (23)
In Eq. (3), if we only retain two terms and identify other terms with zero, we have
f=cra™amp™ bt + CoatPatdbe. (24)

Then Shchukin-Vogel criterion forms

(FIAET = (atmaraamboRbie ) (alearatPadbt=irbimh®)
— (@™ aPatb bbbty (ataratmamb i brhiThe) > 0.
(25)
For n =k =p=gq=r =s =0, the inequality (25) becomes
(@mambtply > [(amoth 2. (26)

By comparing (23) and (26) we find that for f is defined by Eq. (24), Shchukin-Vogel
criterion coincides with Hillery-Zubairy criterion.

III. APPLICATION

In order to gain a better understanding of the applicability of this entanglement
criterion, we shall study several examples. The fisrt example is that of a pair coherent
state. As defined by Agarwal [10], a pair coherent state of a two mode radiation field is
simultaneous eigenstate of the pair annihilation operator ab and the difference in photon
number operator afa — bib:

ablé,q) = €l€,q), (27)

where a and b are two annihilation operators associated with two modes. The pair coherent
state is specified by two parameters, £ is a complex number and ¢, which is called the
degeneracy parameter, takes on integer values and can be assumed to be positive without
any loss of generality. This is the non-Gaussian entangled state and is written using the
Fock basic as

IR "
|£7Q>_Nqn§::0 \/m|n+%n>v (28)
where
0 2n —1/2
N, = [2_% el = )™ (20)

is the normalization coefficient, I,(2[{|) being the modified Bessel function.
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According to Shchukin-Vogel criterion, we have a subdeterminant origined from
operator f = c1 + c2a? + c3b? as following:

1 @y (b
D = |(a"?) (a™a%) (a™bi?)|. (30)
(v?)  (@*%)  (07%)
Applying this subdeterminant for the pair coherent states we accquire
D = —a?|¢[[2%(q* — 1) +2] — ql¢*[2%¢* — g+ 1~ 2?]. (31)

For ¢ = 0, we find

N2
Do = -5l (2- F) . (32)

It becomes clear that Dy is negative for all values of £. In addition, for other parameters
q, D < 0 is still true. It means that the pair coherent states satisfy the inequality (12)
and it is entangled. Whereas the criteria in Refs. [5-8] do not either provide sufficient
conditions to determine the existence of entanglement or confirm that the pair coherent
states are entangled [11].

As a second example, let us consider a symmetric superposition of two two-mode
coherent states

~1/2
) = (2+22°) " (o B) + 18, ). (33)
with z = |(«|B)|. When considering a subdeterminant derived from Schukin-Vogel by

using operator f = ¢1 + coa + 6332:

) (afbf?)], (34)
(B (ab%)  (b1%H?)
we obtain
D = -2 [Ja® +|° - ("B + aB")]* |a + B2, (35)
with
N=(2+ 2247 (36)

According to (35) the symmetric superposition of two two-mode coherent states will be
entangled for all @ # 3. We will not gain this result with the criterion in Ref. [5,7, 8]
again.

Finally, we consider a two mode photon-added coherent state

[¥)ab = (2+ |+ B%) 72 (al + b7)| v, B). (37)

We may apply a subdeterminant of Dy to the one resulting from operator f = c1+codtesh:
1 (a) ()

D = |(a")y (a'a) (a'd")|. (38)
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For this state, it is convenient to use

R (—faf)a' ™ i 12k
e L > 39
el {Z!Lf_l(—|0¢|2)ak_l i k2 v

where L]'(z) is the Laguerre polynomial

n

m m +n)!(—x)k
L) =2, (n(L T k)!()n(— k:))!k:!' 40)

By using (39) we get the expressions of the elements in the subdeterminant (38) and final
result

D =M% (2~ |a+ 5, (41)
where
Nag = (24 |+ B*) 71 (42)
It can be realized that according to this criterion, the two-mode photon-added coherent
state will be entangled for all o and 3 satisfying |a + 3|?> > 2. Comparing with result
achieved in Ref. [12], it is clear the entanglement condition obtained in this paper is more
easy to gain.

IV. CONCLUSION

In conclusion, we have proved that several previously known entanglement criteria
are special cases of the criterion in Ref. [9] in detail. Specially, we have used this criterion
for finding entangled property of two mode nonclassical states. Our calculations yield the
pair coherent state will be entangled for all £ for some value of ¢ parameters. This result
would not gain if we used previously known entanglement criteria. Furthermore, for the
symmetric superposition of two two-mode coherent states and the two mode photon added
coherent state, the entanglement conditions calculated by this criterion also are stronger
than one calculated by some known entanglement criteria. It means that the criterion
studied in this paper is not only general but also stronger than previously known entan-
glement criteria. Hence, we have great expectations of the applicability of this criterion
for determining when a bipartite quantum state is entangled. Finally, it is necessary to
notice that we can use this criterion for higher mode bipartite quantum states.
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