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Abstract: An effcient entanglement distribution protocol was proposed using a qudit (4 —

dimensional space) as a separable mediating ancilla. Two qubits were used to describe a qudit in

order to simplify the description. Firstly, both of the two ancilla qubits and the two distant

qubits (a and b) were formed into a four — qubit unlockable bound entangled state, called the

Smolin state. Then, a projective measurement in the Bell basis was performed on the two ancilla

qubits and the measurement results was delivered to a and 4. Based on the measurement results,

the qubits @ and 6 can be converted into a standard singlet state locally. At any stage of the

protocol, the two ancilla qubits was always separable from the subsystem (a and 4). This scheme

provides an effective way to distribute the maximally entangled states by separable states, and

presents a concise formalism to describe and understand this physical process.
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0 Introduction

The discovery of entanglement, apart from
being a fascinating founding feature of quantum
theory, which can be employed as a resource for
novel or enhanced processing, manipulation, and
(. has

enormous theoretical and experimental progress.

distribution of information spurred

Entanglement assisted quantum

communication  requires the  communicating
parties, Alice and Bob, to establish an entangled
state between their qubits a and 0. Due to the
conservation law of entanglement, e. g. the
amount of entanglement can not be increased by
local operations and classical communication %,
and the generation of entanglement can be done
only by using a global quantum operation. There
are several ways to establish entanglement between

two distant parties.

1 A protoco forentanglement
distribution with separated state
through the discrete procedure

proposed by a qudit as the
separable mediating ancill

There are several ways to establish
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entanglement between two distant parties. The
simplest way is that two particles interact together
to generate entanglement, then separate and
propagate two remote stations. For instance,
remote entanglement of photons can now be
achieved in a robust manner using the well-
developed technology of spontaneous parametric
down-conversion, with propagation to remote
locations by means of optical fbers. The other way
for the case of the two remote particles never
meeting together in one place is to send a mediating
(or ancilla) particle between them via quantum
channel. It is clear that the two remote particles
can be entangled by entangling the particle a with
the ancilla, sending the ancilla through the
channel, and swapping it with the second particle
b.  This

experimentally’’, in which entangling two remote

scheme has been demonstrated
atomic qubits achieved by generating an entangled
state of an atomic qubit and a single photon at site
A, transmitting the photon to site B in an adjacent
laboratory through an optical fiber, and converting
the photon into an atomic qubit. The third way
also for the case of the two remote particles never
meeting together is that two remote particles are
entangled with two ancilla particles respectively,

then two ancilla particles meet together to perform
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a joint Bell measurement, so two remote particles
convert their state into the entangled state by local
operations according the joint measurement
results. This scheme corresponds to entanglement
swappingt™.

Many such physical protocols have been
proposed for entangling two distant atoms, which
are essentially based on the first entangling atoms
with their emitted photons, and then performing
entanglement swapping from the photons onto the

atoms by photodetection in a Bell measurement

setup® *1.  This method have been applied to
realize entanglement of two distant ions
experimentally®. In the last two schemes, one

would expect naturally that the ancilla necessarily
must be entangled with the other two systems.
However, the  counterintuitive  effect  of
entanglement distribution by separable ancilla was
studied"®’, in which particle a can be entangled
with b by sending the ancilla ¢ that becomes never
entangled with the subsystem (ab). It turns out
that certain eparable states still possess
correlations of a quantum nature and indicates that

correlations are general than

i,

quantum more

entanglemen The protocol for entanglement

distribution by separable states was also

generalized for Gaussian states of infinitely

dimensional  quantum  systems''”).  Another
important subject of investigating entanglement is
its decoherence and distillation. Entanglement is a
very fragile resource, easily destroyed by the
decoherence processes to become mixed owing to
unwanted coupling with the environment.
Therefore, it is important to know which mixed
states can be distilled to maximally entangled
states from many identical copies by means of local
operation and classical communication (LOCC). A
surprising discovery in this area is that there exist
mixed entangled states from which no pure
entanglement can be distilled, and these states are

called bound entangled states'*

. This new class of
states is between separable and free-entangled
Much effort has been devoted to the
bound

properties and

states.

characterization  and detection of

1 and various

entanglementt”
applications of bound entanglement have been
found. The distillability of multipartite entangled
states, however is much more complicated than
that of bipartite entangled states. Usually, a
multipartite entangled state is bound entangled if
no pure entanglement can be distilled between any

two parties by LOCC when all the parties remain

spatially separated from each other. However, a
bound

unlocked or activated.

multipartite entangled state may be
If all the parties are
organized into several groups, and let each group
join together and perform collective quantum
operations, then pure entanglement may be
distilled between some to different groups and this
state will be called an unlocked or activable bound
entangled state. A famous class of multipartite
unlockable bound entangled states is the Smolin
state™™, which is a four-qubit state and is

generalized recently into an even number of

qubits'® These states have been applied in
remote information concentration™®, quantum
secret sharing™®’, superactivation-?"%,
Especially, the link between multipartite

unlockable bound-entangled states and the
stabilizer formalism was found™!. The properties
of the multipartite unlockable bound-entangled
states can be easily explained from the stabilizer
formalism. Recently, the four-qubit unlockable
state )  was

bound-entangled state ( Smolin

demonstrated experimentally with polarization
photons.

In this paper, a protocol for entanglement
distribution with separated state through the
discrete procedure is proposed by using a qudit
(d=4) as the separable mediating ancilla. Here a
qudit is described by two qubits in order to present
the simple description. In the medium step, the
four-qubit unlockable bound-entangled state is
generated. Therefore, the last step of this protocol
becomes the distillation process of Smolin state:
two qubits of ancilla meet to unlock the
entanglement. The entanglement that is distilled
will be pure and maximal. Compared with the
scheme proposed in Ref. [10], in which the ancilla
consists of a qutrit (d = 3) and the mixed
(distillable) entangled state is achieved at end, our
protocol is more effcient. Due to the introduction

of the

state, this scheme becomes easy and simple to

four-qubit unlockable bound-entangled

understand  entanglement  distribution  with
separated state.

The protocol is schematically depicted in
Fig. 1. The aim of the protocol is to entangle qubit
a in a station with qubit 4 in the other distant
station by a separable mediating ancilla consisted of
a qudit, which is described by two qubits ¢ and d.
Here, the discrete procedure is considered, in

which the interactions are described by unitary
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Fig. 1 Schematic of entanglement distribution with separated
state through the discrete procedure. The two
qubits are used as the separable mediating ancilla
operations. The scheme starts with four-qubit pure
state.

Step 1: Preparation of a four-qubit pure state.
The qubits a and d are prepared in the eigenstate
|0) f Pauli spin operator ¢z and b, ¢ are prepared in
the eigenstate | +)(|+ ) [0 >+|1 ) of 5,. Thus
the four-qubit pure state p,,q is expressed as

Pabed = | 0+ 10 )<0++0] (L
Wthh is product and fully separable state of the
four qubits a, b, ¢, and d.

Step 2:

separable state by local classically correlated

Preparation of a four-qubit fully
operations. The qubits a and d are transformed
randomly and correlatively (the same operations
acting on the a and d) the state |0 Yto |0 Yor |1).
This is done by a random-number generator
(RNG) controlling the unitary operations {12, o, }
simultaneously. The qubits & and ¢ are also
transformed randomly the state | +)>to | +) or
| —>, which is done by a RNG controlling the
operations {12, ¢.} simultaneously. So the four-
qubit fully separable state is expressed as
pia=1/4C10++0 0++0|+[1++1 1++1|+
[0——00 ——0|+]1 ——11——1]) (2)
This procedure generates the four-qubit mixed
state, which possesses classical correlations. The

entanglement in this step can not be generated

since only local operations and classical
communication are used.
Step  3: Generation of the four-qubit

unlockable bound-entangled state. A controlled
NOT (CNOT) operation is applied on qubits ¢ and
¢ (where ¢ is the control qubit), and the other
CNOT gate is applied on qubits b and d (where b is
the control qubit). The resulting state is in the
form

1
p;md e 122 sy 4

where [ ¢ (i) € {

[T el @ vy DT (3
|w+), |&@+)}, and {| T L),

|®+)} are the Bell states given by

. 1
vy=—=(olE|10)
V2

1
o' T y=—(00)+[11)) 4
/2

This state is an equal mixture of all four Bell
states, which is four-qubit unlockable bound-
entangled state first introduced by Smolin**’. The
Smolin state has been proved that it is the

maximally mixed state over the subspace stabilized

by gi and gh**
g1 =d'csic!
g *GQG/)G(G‘Z <5)

As one know, a unique pure state of n qubits is
stabilized by n independent commuting stabilizer
generators, which denote a complete set of
stabilizer generators. The maximally mixed state
over the subspace stabilized only by two stabilizer

generators can also expressed as

pjm»d:i(lJrgl )(1+g2):

7(1+ 2

i€{r.y.z)

GUGI)GLG{I ) (6)
In this form it can be seen easily that the state

is invariant when interchanging qubits. An
important property of Smolin state is that, if any
one of the qubits is taken partial trace, the
remaining three qubits are in a maximally mixed
state and consequentially there are no correlations
left.

The Smolin state is separable with respect to
any 2 : 2 partition including {{a, ¢}, {b, d}},
{H{a, b}, {c,y d}} and {{a, d}, {b, ¢}}, which can

be concluded easily since the Smolin state can also

be written as

Ouved = _GHZ — \ D 21 Qg 2 s Q=
A ~ (1) (i) (1) (1) <7)
R \¢ {gud @1 ¢ (s’ D
Thus the Smolin  state satisfies the

requirement of this protocol that ancilla (¢ and d)
is separable from (a, b). Compared with

entanglement swapping, the entanglement is
destroyed by local correlated operations (step 2)
that make the auxiliary qubits separable from (a,
b). Note that the procedure of generating the four-
qubit unlockable bound-entangled state in this
different with that

experimentally with
[22]

scheme is demonstrated

polarization photons
recently**', in which the product state of two pairs
of singlet state is transformed randomly into

Smolin state.
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Step 4:
(activation) between a and b. If the ancilla qubits ¢
and d

measurement in Bell basis and send the result of

Entanglement distribution

come together and make a projective
their measurement (classical information) to a and
b, who will then know which of the Bell states

they share, the qubits a and b.

2  Conclusion

Compared with the schemes above-mentioned,
a protocol for entanglement distribution with
separated state using a qudit (4-dimensional space)
as a separable mediating ancilla is more effective.
First, the two qubits of ancilla together with two
distant qubits (a and ) are formed into the four-
qubit unlockable bound entanglement called the
And using a qudit (4-dimensional
this

Smolin state.

space) as a separable mediating ancilla,
scheme links the four-qubit unlockable bound-
entangled state, the distribution of pure maximal
entangled state can be achieved. Two qubits of
ancilla perform the projective measurement in the
Bell basis and send the result of their measurement
to a and b. The qubits a and b can convert their
state into the standard singlet state locally. At any
stage of the protocol, the ancilla consisted of two
qubits is always separable from the subsystem
(ab). Because of above the scheme becomes simple
and easy to explain entanglement distribution with
separated state. It is worth remarking that the
discrete procedure was considered in this paper. It
is interesting to further investigate whether the
protocol can be realized through the continuous
procedure. This work provides the new way to
perform multipartite entanglement distribution
with separable ancilla using different kinds of the
multipartite unlockable bound states.
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