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We discuss the teleportation of particles in an environment of an N-body system. In this case, we can change a
many-body system into an arbitrary shape in space by teleporting some or all the constituent particles, and thus we call
the quantum teleportation under this circumstance as quantum tele-transformation (QTT). The particular feature of QTT is
that the wave function of the internal degrees of freedom remains the same, while the spatial wave function experiences a
drastic change. The notion of QTT provides conceptual and pedagogical convenience for quantum information processing.
In view of QTT, teleportation is the change of a single particle in space, while entanglement swapping is the change of one

particle of an entangled pair.
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1. Introduction

Quantum entanglement is one of the interesting phys-
ical properties of quantum mechanics and has been widely
studied.!'-'#! By using prior shared entanglement and clas-
sical communication, Alice can send Bob who locates re-
motely an unknown quantum state without actually sending
the particle using quantum teleportation.!!>) Quantum telepor-
tation has wide applications in quantum communication and
quantum computing. It is an essential ingredient in quantum

r’[16719]

repeate measurement-device-independent quantum se-

),120.211 device-independent

cure direct communication (QSDC
QSDC,[??I'  three-party QSDC,[?*!

independent quantum key distribution,?*! device-independent

measurement-device-

quantum key distribution,!! quantum communication,?6->7]

(28291 Quantum teleportation of

and certifying entanglement.
multiple degrees of freedom of a single photon**3! and
the logic qubit teleportation3>33] are also studied. Concur-
rently with quantum teleportation, entanglement swapping
was also proposed, in which two particles in two EPR pairs
who never meet each other could be entangled by performing
Bell-state measurement of their partner particles.**! In this
work, we will extend the quantum teleportation to the case
where the particle to be teleported is within a general many-
body system. We call this kind of teleportation as quantum
tele-transformation (QTT), because it can transform a many-
body system into an arbitrary shape in space, while keeping
the wave function in other degrees of freedom the same. In
the original quantum teleportation scheme, an isolated single
particle with the wave function o|0) 4+ B|1) is teleported to

DOI: 10.1088/1674-1056/ab84de

a distant place by using pre-shared entanglement, classical
communication, and single particle unitary operation. What
happens if the single particle to be teleported is in a compli-
cated environment? We will discuss this problem in this short
paper. This problem seems simple to some physicists, but is
not apparent to the general researchers in the field.

2. Quantum tele-transformation

Suppose a general N-body quantum system is located at
Alice’s site with the following wave function in the internal
degrees of freedom, for instance, the spins of electrons:

di—1dr—1  dy—1

) =Y Y - Y cipeilinli)liv), (D

i1=0 =0  iy=0

where d; is the dimension of the i-th particle’s Hilbert space.
The spatial wave functions are just the products of the individ-
ual particles, and we will not write them out explicitly. The
important fact is that the N particles can be anywhere in space.
The dimension of the Hilbert space of each particle may be
different, as it is usually the case in nature. Suppose we want
to teleport the k-th particle which is coupled to the rest (N — 1)
particles in a very complicated manner. Then we can rewrite
Eq. (1) as follows:

di—1dr—1  dy—1
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di—1
= Y olin), 2)
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where we have written all the coefficients, including the quan-
tum states of other particles, as a coefficient 0. The quantum
states of the N particles commute with each other, therefore
they can be treated as numerical factors. It is equivalent to say
Then the
teleportation process is the same as an isolated particle. Here

that we can treat all other particles as bystanders.

we discuss the general case of teleportation in arbitrary high
dimension, which was first proposed in Ref. [15] and has been
experimentally demonstrated recently.3>-36] The Bell states in
d; dimension are

dkil P
Vi) = X 2™+ m)Mod d) [/, (3)
j=0
where j,n,m=0,1,...,d,—1and k=1,2,...,N. Explicitly,
suppose particles k4 and kp at Bob’s site are entangled in one
of the Bell states!!!

dp—1

Vo) = X 1) 1)/ Vi )

and particle k4 is distributed to Alice. Then Alice performs
generalized Bell-state measurement on particle k4 from the
shared Bell state and particle k at her site, and the result will be
one of the Bell states ]l;/,]fm> with probability 1/d;. After Al-
ice tells Bob her measurement result, Bob performs a unitary
operation

Uk, Z eX™n/de | ) ((j + m)Mod dy, (5)
j=0

on particle kg. By now particle k at Alice’s site has been tele-

ported to Bob’s site. However the wave function of the internal
degrees of freedom is still the same, namely,

")
di—1dr—1 dp—1 dy—1
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where ‘l@ means particle k is now at Bob’s site as shown in
Fig. 1.
not been influenced by the process of the teleportation of their

All the other particles are just bystanders that have

companying particle k.

QTT is just the generalization of the idea of teleportation
of an isolated particle into the teleportation of a particle in an
environment. We find that such a teleportation, QTT, changes
the shape of the many-body system. QTT simplifies the con-
ceptual understanding of the nonlocal processes in quantum
information, and provides pedagogical convenience in appli-
cation. Here are some examples.
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Fig. 1. Illustration of quantum tele-transformation.
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When there is only one particle in QTT, it is simply the
original quantum teleportation.
When there are two particles that are in entangled states

1
=Y 22y (j+mMod 2) /V2,  (7)

j=0

| W)

a QTT on the second particle will teleport it to Bob’s site, thus
the entanglement at Alice’s site is stretched to cover the dis-
tance from Alice’s to Bob’s sites. This is just entanglement
swapping.[**! In entanglement swapping, the counter intuitive
feature is that the two particles in the newly formed entangle-
ment have never met before.

Quantum repeater is the repeated use of QTT to move a
qubit further and further to increase the communication dis-
tance.

QTT can make an N-body quantum system into an arbi-
trary shape by teleporting each particle at Alice’s site to many
Bobs vastly locating in remote places. Of course, Alice can
teleport all her particles to Bob.

Using QTT, an N-body system can be divided into arbi-
trary partitions and then sent to different locations. For in-
stance, in distributed quantum computing, a big task can be
divided into several smaller ones, and each can be completed
QTT can distribute these
After the
completions of the smaller tasks, the small quantum comput-

with a smaller number of qubits.
smaller tasks to some small quantum computers.

ers return their homework to the central quantum computing
workstation using QTT.

This picture can also be used to understand the nonlo-
cal gate operations. For instance, the optimal nonlocal CNOT
gate between qubit A in state o|0)4 + |1)4 and qubit B in
state 7|0)p + 8|1)p was proposed in Ref. [37], and its recent
experimental realization in an ion trap system was reported
in Ref. [38]. It has been generalized to logic qubits.**) How
to perform the nonlocal CNOT gate if particles A and B are
mingled with other particles? By rewriting the wave functions
of the two mingled systems with the components of particles
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A and B explicitly written out as in Eq. (2), the wave func-
tions of particles A and B can still be written as a|0)4 + 3]1)4
and 7|0)p + 8|1)p, respectively, with the understanding that
the coefficients now contain the wave functions of the remain-
ing particles they couple with. Then we can perform the non-
local gate in the same way as if we are performing it on two
isolated particles.

3. Conclusion and perspectives

Quantum tele-transformation can transform a many-body
system into an arbitrary shape in space. It simplifies the con-
ceptual understanding of the nonlocal processes in quantum
information and provides pedagogical convenience in applica-
tion. Its implementation is relatively simple. It requires only
long coherence quantum memories, efficient measurement de-
vices, and single particle manipulations. Finally, it is worth
noting that in this study, we concentrate on the influence of the
environment of the teleported particle using the standard quan-
tum teleportation protocol,!'>! which is different from the stud-
ies of quantum teleportation using different entangled states,
for instance, Ref. [40].
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