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1. Introduction

In the past years, the study of quantum computation and quantum information has been attracting much attention from
various research communities. Quantum information processing (QIP) is based on principles of quantum mechanics (Nielsen
and Chuang, 2000). It promises algorithms which may surpass their classical counterparts. One of those algorithms is Shor
algorithm (Shor, 1994) which can factorize large number exponentially faster than the existing classical algorithms do
(Ekert and Jozsa, 1996). In this sense, the RSA public key cryptosystem (Rivest, 1978) widely used in modern financial
systems and networks might be attacked easily if a quantum computer exists, since the security of RSA system is based
on assumption that it is extremely difficult to factorize a large number. On the other hand, QIP provides an unconditional
secure quantum cryptography based a principle of quantum mechanics, no-cloning theorem (Wootters and Zurek, 1982),
which means that an unknown quantum state cannot be cloned perfectly.

For comparison, in classical information science, we use bit which is either “0” or “1” to carry the information, while for
quantum information, a bit of quantum information which is named as “qubit” is encoded in a quantum state which may
be a superposition of states |0) and |1). For example, a general qubit takes the form «|0) + $|1), where parameters « and
B are complex numbers according to quantum mechanics and are normalized as || + | 8]? = 1. So a qubit can collapse to
either |0) or |1) with some probability if a measurement is performed. The classical information can be copied perfectly. We
know that we can copy a file in a computer without any principal restriction. On the contrary, QIP is based on principles of
quantum mechanics, which is linear and thus an arbitrary quantum state cannot be cloned perfectly since of the no-cloning
theorem. We use generally terminology “clone” instead of “copy” for reason of no-cloning theorem in Wootters and Zurek
(1982). No-cloning, however, is not the end of the story.

It is prohibited to have a perfect quantum clone. It is still possible that we can copy a quantum state approximately or
probabilistically. There are various quantum protocols for QIP which may use tool of quantum cloning for different goals.
Thus various quantum cloning machines have been created both theoretically and experimentally. The study of quantum
cloning is of fundamental interest in QIP. Additionally, the quantum cloning machines can also be applied directly in various
quantum key distribution (QKD) protocols. The first quantum key distribution protocol proposed by Bennett and Brassard
in 1984 (BB84) uses four different qubits, BB84 states (Bennett and Brassard, 1984), to encode classical information in
transmission. Correspondingly, the phase-covariant quantum clone machine, which can copy optimally all qubits located in
the equator of the Bloch sphere, is proved to be optimal for cloning of states similar as BB84 states. The BB84 protocol can be
extended to six-state protocol, the corresponding cloning machine is the universal quantum cloning machine which can copy
optimally arbitrary qubits. Similarly the probabilistic quantum cloning machine is for B92 QKD protocol (Bennett, 1992).
Quantum cloning is also related with some fundamentals in quantum information science, for example, the no-cloning
theorem is closely related with no-signaling theorem which means that superluminal communication is forbidden. We can
also use quantum cloning machines for estimating a quantum state or phase information of a quantum state. So the study
of quantum cloning is of interest for reasons of both fundamental and practical applications.

The previous well-accepted reviews of quantum cloning can be found in Scarani et al. (2005), and also in Cerf and Fiurasek
(2006). Quantum cloning, as other topics of quantum information, developed very fast in the past years. An up-to-date
review is necessary. In the present review, we plan to give a full description of results about quantum cloning and some
closely related topics. This review is self-consistent and some fundamental knowledge is also introduced. In particular, a
main characteristic of this review is that it contains a large number of detailed formulations for the main review topics. It is
thus easy for the beginners to follow those calculations for further study on those quantum cloning topics.

The review is organized as follows: In the next part of this section, we will present in detail some fundamental
concepts of quantum computation and quantum information including the form of qubit represented in Bloch sphere, the
definition of entangled state, some principles of quantum mechanics used in the review. Then we will present in detail
the developments of quantum cloning. Here let us introduce briefly some results contained in this review. In Section 2,
we will review several proofs of no-cloning theorem from different points of view, including a simple presentation, no-
cloning for mixed states, the relationship between no-cloning and no-signaling theorems for quantum states, no-cloning
from information theoretical viewpoints. In Section 3, we will review the universal quantum cloning machine. We will
present the universal quantum cloning machine for qubit and qudit including both symmetric and asymmetric cases. We
then will present a unified quantum cloning machine which can be easily reduced to several universal cloning machines.
We will also show some schemes for cloning of mixed states. We will show that the universal quantum cloning machine, by
definition, can copy arbitrary input state, is necessary for a six-state input which are used in QKD. Further, the universal
cloning machine is necessary for a four-state input which is the minimal input set. In Section 5, the phase-covariant
quantum cloning machines will be presented. One important application of this cloning machine is to study the well-
known BB84 quantum cryptography. The phase-covariant quantum cloning machines include the cases of qubit and of
higher dimension. In particular, a unified phase-covariant quantum cloning machine will be presented which can be
adjusted for an arbitrary subset of the mutually unbiased bases. We can also show that the minimal input for phase-
covariant quantum cloning is a set of three states with equal phase distances in the equator of Bloch sphere. The phase-
covariant quantum cloning is actually state-dependent, we thus will present some other cases of state-dependent quantum
cloning.

In Section 9, we present some detailed results of sequential quantum cloning. We expect that further exploration is in
order based on those results.
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Fig. 1. (Color online). A qubit in Bloch sphere, |/) = cos % |0) 4 sin %ei¢|1), it contains amplitude parameter 6 and phase parameter ¢.

In order to have a full view of all developments in quantum cloning and some closely related topics, we try to review
some references briefly in one to two sentences. Those parts are generally named as ‘other developments and related topics’.
Our aim is to cover as much as possible these developments in quantum cloning, but we understand that some important
references might still be missed in this review.

1.1. Quantum information, qubit and quantum entanglement

We have a quantum system constituted by two states |0) and |1). They are orthogonal,
(0]1) = 0. (1)

Those two states can be energy levels of an atom, photon polarizations, electron spins, Bose-Einstein condensate with two
intrinsic freedoms or any physical material with quantum properties. In this review, we also use some other standard
notations |0) = [1),|1) = |{) and exchange them without mentioning. Simply, those two states can be represented as
two vectors in linear algebra,

0) = (5) )= (?) )

Corresponding to bit in classical information science, a qubit in quantum information science is a superposition of two
orthogonal states,

|¥) = «|0) + B[1), 3)
where a normalization equation should be satisfied,
o + 1B = 1. (4)

Here both « and 8 are complex parameters which include amplitude and phase information, @ = |a|e/®* and 8 = |B|e'%s.
So a qubit |/) is defined on a two-dimensional Hilbert space C2. In quantum mechanics, a whole phase cannot be detected
and thus can be omitted, only the relative phase of o and 8 is important which is ¢ = ¢, — ¢g. Now we can find that a qubit
can be represented in another form,

0 0 .
|1//> = CO0S §|0>+Sln Eeld)']), (5)

where 6 € [0, 7], ¢ € [0, 27r}. It corresponds to a point in the Bloch sphere, see Fig. 1.
The two qubits in separable form can be written as,

[¥)é) = («|0) + BI1))(¥10) + §|1))
= ay|00) + «8|01) 4+ By |10) + ad|11). (6)
If those two qubits are identical, one can find,
[¥)®* = (]0) + BI1))(«|0) + B|1))
1
7

For convenience, we write the second term as a normalized symmetric state % (J01) + |10)) which will be used later.

@2]00) + 22— (]01) + [10)) + B2|11). (7)
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For two-qubit state, besides those separable state, we also have the entangled state, for example,
1
V2
This state cannot be written as a product form like |[{/)|¢), so it is “entangled”. It is actually a maximally entangled state. In
quantum information science, quantum entanglement is the valuable resource which can be widely used in various tasks

and protocols. Complementary to entangled state |@ ), we have other three orthogonal and maximally entangled states
which constitute a complete basis for C? ® C2. Those four states are Bell states, here we list them all as follows,

|#F) = —=(100) + |11)). (8)

1
|®F) = —=(|00) + [11)), (9)
V2
1
|[®7) = —=(100) — |11)), (10)
V2
) = —=(l01) +10)) ()
=5 ,
1
™) = —(|01) — [10)). (12)
V2
Those four Bell states can be transformed to each other by local unitary transformations.
Consider three Pauli matrices defined as,
0 1 0 —i 1 0
oX:<] O)’ oy:<i 0), oZ:<O _1>. (13)
Since o, = ioyoy, if the imaginary unit, “i”, is the whole phase, we sometimes use oy0o; instead of o,. Bear in mind that we
have |0) = (;) and (0] = (1, 0), so in linear algebra, we have the representation,
1 1 0
10)(0] = (0) (1,0) = (0 0>. (14)

Now three Pauli matrices have an operator representation,
ox = |0){1] + [1){0, (15)
oy = —i|0)(1] + i|1)(0], (16)
oz = |0){0] — |1)(1]. (17)
In this review, we will not distinguish the matrix representation and the operator representation. Acting Pauli matrices oy
and o, on a qubit, we find,
ox0) =1[1),  ox[1) = |0}, (18)
0,10) =10),  oz|1) = —|1), (19)
which are the bit flip action and phase flip action, respectively, while o, will cause both bit flip and phase flip for a qubit. In
this review, for convenience, we sometimes use notations X = oy, Z = o, to represent the corresponding Pauli matrices.
Also, those Pauli matrices can also be defined in higher dimensional system, while the same notations might be used if no
confusion is caused.
For four Bell states, their relationship by local transformations can be as follows,
|©7) = (U ®a,)|@T),
o) = ®o)|PT), (21)
|l1/7> = (I ®axaz)|¢+>7
where [ is the identity in C?, the Pauli matrices are acting on the second qubit.
Here we have already used the tensor product. Consider two operators, 0; = (2: gll), 0, = (’2 gﬁ), the tensor
product 0; ® O, is defined and calculated as follows,

_ (A102 B0,
O1®0, = (clo2 D102>
AiA, A{B, B1A, BB,
_ | A& AD» B BiD; (23)
~ |CA, B, DA, DiBy
GG GDy DiG; DD,
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When we apply a tensor product of, 0; ® 0,, on a two-qubit quantum state, operator O, is acting on the first qubit, operator
0, is acting on the second qubit.

We have already extended one qubit to two-qubit state. Similarly, multipartite qubit state can be obtained. Also we may
try to extend qubit from two-dimension to higher-dimensional system, generally named as “qutrit” for dimension three and
“qudit” for dimension d in more general case, the Hilbert space is extended from C? to C¢. For example, we sometimes have
“qutrit” when we consider a quantum state in three dimensional system. For more general case, a qudit is also a superposed
state,

d—1
¥y =Y %), (24)

j=0
wherex;,j =0, 1, ..., d—1,are normalized complex parameters. Quantum entanglement can also be in higher dimensional,

multipartite systems.
A qubit |¢) can be represented by its density matrix,

[Y) (@] = («|0) + BI1)(@™(0] 4 B(1])

2 *
B (Jxats ?ﬁ%) ‘ %)

However, a general qubit may be not only the superposed state, which is actually the pure state, but also a mixed state which
is in a probabilistic form. It can only be represented by a density operator p,

p = _pilv ¥l (26)
J

where p; is the probabilistic distribution with > p; = 1.
A density matrix is positive semi-definite, and its trace equals to 1,

p>0, Trp=1. (27)
The density matrices of a pure state and a mixed state can be easily distinguished by the following conditions,

Trp? =1, pure state; (28)

Trp? <1, mixed state. (29)

For multipartite state, one part of the state is the reduced density matrix obtained by tracing out other parts. For example,
for two-qubit maximally entangled state |q§;,‘;;) constituted by A and B parts, each qubit is a mixed state,

1
pa = Trp| @) (D] = S (30)

This case is actually a completely mixed state, here I is the identity operator. The identity operator can be written as any
pure state and its orthogonal state with equal probability,

= 2= Y+ S (31)
PA = ' =3 2 s
where if |Y/) = «|0) + B]|1), its orthogonal state can take the form,
[¥) = B*10) —a*[1), (32)

where * means the complex conjugation.

1.2. Quantum gates

In QIP, all operations should satisfy the laws of quantum mechanics such as the generally used unitary transformation
and quantum measurement. Similar as in classical computation, all quantum computation can be effectively implemented
by several fundamental gates. The single qubit rotation gate and controlled-NOT (CNOT) gate constitute a complete set of
fundamental gates for universal quantum computation (Barenco et al., 1995). The single qubit rotation gate is just a unitary

transformation on a qubit, IAQ(ﬁ, ¢), defined as
R, $)|0) = cos #]0) + € sin®|1),
R, ¢)|1) = —e " sin|0) + cos 1), (33)

where the phase parameter ¢ should also be controllable. The CNOT gate is defined as a unitary transformation on two-qubit
system, one qubit is the controlled qubit and another qubit is the target qubit. For a CNOT gate, when the controlled qubit
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is |0), the target qubit does not change; when the controlled qubit is | 1), the target qubit should be flipped. Explicitly it is
defined as,

CNOT : |0)]0) — ]0)]0);
CNOT : |0)]1) — |0)[1);
CNOT : [1)]0) — |1)]1);
CNOT : [1)]1) — |1)]0), (34)

where the first qubit is the controlled qubit and the second qubit is the target qubit. By matrix representation, CNOT gate
takes the form,

100 0
0100

NOT=10 o o 1 (35)
00 10

Depending on physical systems, we can use different universal sets of quantum gates to realize the universal quantum
computation.

2. No-cloning theorem

2.1. A simple proof of no-cloning theorem

For classical information, the possibility of cloning it is an essential feature. In classical systems, cloning, in other words,
copying seems no problem. Information stored in computers can be easily made several copies as backup; the accurate
semiconservative replication of DNA steadily passes gene information between generations. But for quantum systems, this
is not the case. As proved by Wootters and Zurek (1982), deterministic cloning of pure states is not possible. After this seminal
work, much interest has been shown in extending and generalizing the original no-cloning theorem (Barnum et al., 1996;
Luo, 2010b; Luo et al., 2009; Luo and Sun, 2010; Piani et al., 2008), which gives us new insight to boundaries of the classical
and quantum. On the other hand, no-signaling, guaranteed by Einstein’s theory of relativity, is also delicately preserved by
no-cloning. This chapter will focus on these topics, hoping to give a thorough description of the no-cloning theorem.

As it is known, a single measurement on a quantum system will only reveal minor information about it, but as a result of
which, the quantum system will collapse to an eigenstate of the measurement operator and all the other information about
the original state becomes lost. Suppose there exists a cloning machine with a quantum operation U, which duplicates an
arbitrary pure state

U(lp) ® [R) ® IM)) = |9) ® |¢) ® [M(¢)) (36)

here |p) denotes an arbitrary pure state, |R) an initial blank state of the cloning machine, |[M) the initial state of the auxiliary
state(ancilla), and [M(¢))is the ancillary state after operation which depends on |¢). With such machine, one can get any
number of copies of the original quantum state, and then complete information of it can be determined. However, is it
possible to really build such a machine? No-cloning theorem says no.

Theorem. No quantum operation exist which can perfectly and deterministically duplicate a pure state.

The proof can be in two methods.
(1). Using the linearity of quantum mechanics. This proof s first proposed by Wootters and Zurek (1982), and also by Dieks
(1982). Suppose there exists a perfect cloning machine that can copy an arbitrary quantum state, that is, for any state |¢)

I} 2} M) — [@)|@)IM(9))
where | X') is a blank state, and |[M) is the state of auxiliary system(ancilla). Thus for state |0) and |1), we have
[0)| ) IM) — [0)]0)[M(0)),
DHIZ) M) — [1)1)[M(D)).
In this way, for the state [/) = «|0) + B8]1)
(a]0) + BIIN|Z) M) — «|00)[M(0)) + BI11)|M(1)).
On the other hand, |) itself is a pure state, so
1Y) Z)IM) — (@]00) +aB|01) + aB|10) + BZ[11)IM(¥)).

Obviously, the right hand sides of the two equations cannot be equal, as a result, the premise is false that such a perfect
cloning machine exists, which concludes the proof. The linearity of quantum mechanics is also used to show that the super-
luminal is not possible (Dieks, 1982).
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(2) Using the properties of unitary operation. This proof is first proposed by Yuen in Yuen (1986), see also Sec. 9-4 of
Peres’s textbook (Peres, 1995). Consider the process of cloning machine as a unitary operator U, then for any two state |¢)
and |1), since under unitary operation the inner product is preserved, we have

(Vo) = (VIUTUIp) = (WI{¥19)le) = (¥lp)*.

So (Y¥|¢) is either O or 1. If the value is 0, it means the two states being copied should be orthogonal, while if 1, the two
states are the same.

2.2. No-broadcasting theorem

Following the no cloning theorem for pure states, the impossibility of cloning a mixed state is later proved by Barnum
et al. (1996). In fact, rather than cloning, broadcasting, whose meaning will be presented later in this section, is prohibited
by quantum mechanics. Correlations, as a fundamental theme of science, is also studied in quantum systems. An elegant
no local broadcasting theorem for correlations in a multipartite state is proposed by Piani et al. (2008). With these two no-
broadcasting theorems, it is natural to ask what is the relationship between them. Recently Luo et al. have established the
no-unilocal broadcasting theorem for quantum correlations, which proves to be the bridge between Barnum’s and Piani’s
theorems and with it we are able to build the equivalence between them. The three theorems together would give us a
unified picture of no-broadcasting in quantum systems.

We shall first elaborate on the original no-broadcasting theorem for non-commuting states proposed by Barnum et al.
(1996). Suppose there are two parts A and B of a composite quantum system AB, A is prepared in one of the states {o;},

while B is prepared in the blank state t. If there exists a quantum operation & which can be performed on system AB, that

is,0, ® T — &(0yx ® T) = p™ and the output state satisfies

Treop" = o and Trpp" = ok, VK,

we say & broadcasts the set of states {o;}. Here comes Barnum’s theorem (Barnum et al., 1996).

Theorem 1. A set of states {o;} is broadcastable if and only if the states commute with each other.

Several kinds of proof for Theorem 1 have been found (Barnum et al., 2007, 1996; Kalev and Hen, 2008; Lindblad, 1999),
one of them is provided as follows using the property of relative entropy (Kalev and Hen, 2008). We shall only prove Theo-
rem 1in the case that the set {o;} only have two states o and o5, from which more complex cases can be easily extended to.

Proof for Theorem 1. (1) “if” part: since o1 and o, commute, they can be expressed in the same orthonormal basis {]i)}:

oe= ) lidlil, k=12
i

Because {|i)} is an orthonormal set, it can be cloned by an operator &, so we get

P =8 ®T) = halii)iil, k=12,
i

thus

Trapp" = o, Ty = op, k=1,2.

So we see o1 and o, are broadcasted by &.
(2) “only if” part: first we shall introduce the concept of relative entropy. The relative entropy S of p; with respect to o,
is defined as (Umegaki, 1962)

S(p1lp2) = Trlp1(In p; — In p)].
When ker (p1)* (N ker(pz) = 0,Sis well-defined, otherwise S leads to oo (Wehrl, 1978). We first consider the case
ker(py) C ker(p1),thenS < co. Denote pi' = 0y @ T and pJ' = 0, @ 7, we get
S(p"piM) = Tr[oy ® t(logo; ® log T — log oy, @ log 7]
= Trgloy(log oy — log 0,)]Tr,T
= Trglo1(log o1 — log o)]
= S(o1]02).
Quantum cloning process & corresponds to a unitary operator U on input state and the ancillary state X' such that,
ot = U(pf' @ X)UT. Now, we have

S(o1loz) = S(oi"p3) = S(p™|p3").
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In general, we remark that for any quantum operation such as the cloning process &, S(&(01)|&(02)) < S(p1|p>2), see for
example Vedral (2002). This is closely related with the monotonicity of relative entropy (Lindblad, 1975),

S(PP|psy > S(pP1ph),

where ,o? denotes the reduced density matrix of the composite system p?b, and the equality holds if and only if the following
condition is satisfied:

log pi” — log ps” = I ® (log py — log p3).

So we have

S(pf108") = S(p}*" oy, (37)

for k = a, b where ,of“’”t denotes Trge) . The equality holds if and only if

out out a,out

log p3" — log p3"* = (log p7" " — log p5 ™) ® I”

b,out b,out
).

=1"® (log p;"™" — log p,

Under the broadcasting condition, we get

out

log p® — log pS" = (log oy — logay) ® I
=1°® (logo; — logoy).
But the above equation holds only when o7 and o, are diagonal or they can be diagonalized in the same basis, which means
they commute.
For the case S(o1|0,) = 00, we consider a mixed state o,y = Ao1 + (1 — A)o,, where 0 < A < 1.If o and o5 can be

broadcast, then so can be o and o3, due to linearity of the operation. But ker (o,,i) C ker(o1), thus o7 and o,y commute,
so o7 and o, commute. Now we have finished the proof of Theorem 1.

We would like to comment that under a weak assumption, it is possible that broadcasting of some information of
quantum state is possible. This one is the quantum state information broadcasting presented recently (Korbicz et al., 2014).

2.3. No-broadcasting for correlations

The quantum entanglement differs quantum world from classical world. Recently, it is also realized that quantum
correlation, which may be beyond the quantum entanglement, is also important for QIP. Here we can first make a
classification of states by correlation (Piani et al., 2008). For a bipartite state p® shared by two parties A and B, it is called
separable if it can be decomposed as

p™ = Zipip! ® o}

where {p;} denotes a probability distribution, {p]f’} and {p}’} denote states of party a and b. Otherwise, the p® is called
entangled.
If p? can be further decomposed as

P = Zipili)(il ® pf,

with {p;} denoting a probability distribution, {|i)} a orthonormal set of party a and {pf’} states of party b, we say it is
classical-quantum.
If pib can also be represented in an orthonormal set {|j)}, which makes

pab = E,pu|l)(l| ® |])<1|,

where {p;;} represents a probability distribution for two variables, we say it is classical (or classical-classical).
As we know the correlation in p® can be quantified by mutual information

1(p™) = S(p") + S(p") — S(p™),

where S denotes the von Neumann entropy, that is, S(p) = —Tr(p In p).

We say the correlation in p® is locally broadcast if there exist two quantum operations &% : $(H%) — $(H® ® H%) and
& : $(HP) — 8(H" ®@H"), here 8(H) denotes the set of quantum states on Hilbert space H, such that p® — (£°Q€&?)p%® =
p“192b1%2 and the amount of correlations in the two reduced states p®?1 = Trg,p, p*19201%2 and p®b2 = Trg,p, p“19201%2 js
identical to which of p®, that is

1(p""1) = 1(p™"2) = 1(p™).
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While suppose there is a quantum operation &° performed on party a, and we get (8% @ I?)p® = p@%b we say the
correlation in p® is locally broadcast by party a if

I(palb) — I(pazb) — I(pab)7
where p®? = Tr,, p“1%P and p® = Tr,, p@1%P,

With the above definition, we can then state no-broadcasting theorems for correlation proposed by Piani et al. and Luo
etal.

Theorem 2. The correlation in a bipartite state can be locally broadcast if and only if the state is classical.

Theorem 3. The correlation in the bipartite state p® can be locally broadcast by party a if and only if p® is classical-quantum.

2.4. A unified no-cloning theorem from information theoretical point of view

Now we shall build equivalence among the theorems according to the method proposed by Luo (2010b), Luo and Sun
(2010), that is,

Theorem 1 < Theorem 2 <> Theorem 3.

First we shall establish a lemma.

Lemma 1. Any bipartite state can be decomposed as
Y ex
k
where each X} is non-negative and {X,’j} forms a linearly independent set.

Proof. Let { Yj“} be a linearly independent set for party a, {Z,’j} a linearly independent set for party b. Then any bipartite state
p® can be decomposed in the basis {Yj" ® Z,?}, that is

=D Y @

Jjk
Obviously we can let Z{ = } _; A;Y;" and obtain
=> 7oz (38)
k
Notice that Z; need not to be non-negative, so we have not arrived at Lemma 1 yet. Starting from (38), we take a fixed
ly) € H? such that
= iZ7ly) # 0,

let cx = (y|ZP|y), we can write p®

® = ZZ/?@ZI?
= sz ®Z +Z Cka ®z -z ® - Z1

k1 =5
Ci b b Ck _p
Zt + —Z Z; Z Z, — —272
SCINIEED WLICEES
i1 € A1

=X{®Z)+) Z®Z,
kZ1
b _ b b
where X{ =Z{ + 37, #Z{ and Zy = Z; — 27

Because for any k,

~ Cx (&)
VIZy) = (| (Z;f - ?Zf> ly) =a— ;‘61 =0,
1 1
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together with the non-negative property of density operator p?°, we have for any |x) € H?

x®ylp® Ik ®y) = KIX{ X YIZYlY) + D (KIZEX) YIZP1y)
k#1
= c1{xIX71x)
> 0.
Since c; # 0, we see X{ or —X{ is non-negative depending on the sign of c;. Without loss of generality, we can always

assume X{ to be non-negative, because the negative sign can be absorbed by Z{’ . Further we see the set {Z?, Z,’j} still forms a
linearly independent set.

Now all the Z{(i < 2) and Z{’ remain unchanged, and replace Z{ with X{, Zjb(j > 2) with Zj”, we can find a [y) € H? such

that (?lZf [y) # 0, continue the above process, we would have got X3 which is non-negative. Finally we can replace all the
Z{"'s with X{"’s and thus the proof is completed.

Next we prove Theorem 1 = Theorem 3.

Proof. (“if” part) Since p is a classical-quantum state, it can be rewritten as
b oy b
P = "pili) (il ® pf.
i

where {]i)} is a linearly independent set, we can further assume it to be an orthonormal base, otherwise we may need to
append some zero p;. For any state o € S(H?), construct a quantum map &° : S(H*) — S(H") ® S(H®) such that

&% o) = ZE,UEI-T (39)

where E; = |ii)(i]. Perform & on party a, then we have locally broadcast p% and of course the correlation in p® is locally
broadcast by party a as well.

(“only if” part) Suppose the correlation in p® is locally broadcast by party a through the operator &% : $(HY) —
S(H" ® H®), then

pht = €@ 1°(p™),
where 4 is the identity operator on H”. We have
1p"") = 1(p™") = 1(p").
Denote the operator 'J‘a‘;laz : 8(H" ® H2) — S(H") as the partial tracing operator by tracing out a,, thus
P11’ = (T2 ®@ 17 (p12P) = T2 67 @ 1°(p®).
According to the condition
1(p"") = 1(p™),

and notice that I(p®) = S(p®|p® ® p?), where S is the relative entropy, p¢ and p® stand for reduced states, we have

ST 6" ® 47 (p™)| T2 € ® 4°(p° ® p)) = S(p™1p* ® p"). (40)
Now we shall introduce a theorem stating that (Lindblad, 1975)
S(plo) = S(&(p)|&(0)) (41)

for any quantum state p and o, and any quantum map & : $(H) — $(K).
The equality holds if and only if there exists an operator & : §(K) — §(H) such that

FE&(p) =p, Fé&(o)=o0.
An explicit form of F is, see (Hayden et al., 2004),

Fr) =0"261((6(0) 1 (8(0) V?)e?, e s(K). (42)
Apply (41) to (40), we know there exists an operator %® such that

FP (T 26" ® 17)(p™) = p”,

FN T2 @ 1) (0" ® p") = p" ® p".
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Consider the explicit form of % from (42) and the product structure of p® ® p?, we can express £’ as F4 @ 1°, hence
(F9 ® lb)(rfal;wzga ® 49 (p) = pt.
Use Lemma 1, we obtain
PP = Xi@X],
i

where X/ is non-negative, {Xi”} constitutes a linearly independent set, thus

Z ‘?alrfagmz ga(xia) ®Xib — ina ®Xib’
i i

since {X,.b} is a linearly independent set, we have
FUTh2ENX) =X, Vk.

So {X{'} is broadcastable, due to Theorem 1, X{’s commute with each other, and hence can be diagonalized by the same basis
{li)}, now we obtain

p® = nlidil @YY,
i

it can be easily proved that Yl-b is non-negative, and hence p® is indeed a classical-quantum state.
Now we prove Theorem 3 = Theorem 2.

Proof. We shall prove only the non-trivial part. Suppose the correlation in p® can be locally broadcast by two operators
respectively performed on party a and b:

€% : §(H) — S(H" ® H®),
&b : 8(H”) — s(H" @ H™),
then we obtain
pheP — (g% @ &)p®
= (12 @ €")(E" ® 4")p™.

So we have decomposed the operation € ® &” into two steps, each of which only deals with a single party. Through step
one, we obtain

S(™1(p" ® p")) = SE(p™)E% (" ® p")),

thatis, [(p™) > I(p“192"), since I(p“192?) > I(Trq, p"1%2P) = I(p™P), we have
1(p™") < 1(0"") < 1(p™).

Similarly, through step two, we obtain
10" < 1(0"™"™) < 1(p™?).

With the condition I(p?1?1) = I(p®), we have I(p™?) = I(p®), which shows that the correlation in p® is broadcast by
party a, from Theorem 3, we know p“ is a classical-quantum state. Exchange a and b in the above discussion, it is obvious
that p® is also a quantum-—classical state. So p? is a classical state.

Next we prove Theorem 2 = Theorem 1.

Proof. Again we shall only prove the non-trivial part. Suppose there exists a quantum operation & which can broadcast a
set of states { ,oib}. We can find a orthonormal set {|i)} and construct a composite system

p™ =" pili)(il ® pf.
i

where {p;} is a probability distribution. The party a can be easily broadcast by the operator &% form (39), together with &°,
p® can be locally broadcast, so is the correlation. Thus from Theorem 2, p® is a classical state, then pf’ commutes with each
other.

From the above discussions, we have created a chain of equivalence among the three theorems: Theorem 1 < Theorem 2
< Theorem 3. This has provided us with a unified picture of the no-broadcasting theorem in quantum systems from the
information theoretical point of view.
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2.5. No-cloning and no-signaling

According to Einstein’s relativity theory, superluminal signaling cannot be physically realized. Yet due to the non-local
property of quantum entanglement, superluminal signaling is possible provided perfect cloning machine can be made. The
scheme has been well-known since Herbert (1982) first proposed his “FLASH” in 1982. The idea is as follows: suppose Alice
and Bob, at an arbitrary distance, share a pair of entangled qubits in the state /) = (1/«/5)(|01) —|10)). Alice can measure
her qubit by either oy or o,. If the measurement is o,, Alice’s qubit will collapse to the state |0) or |1), with probability
50%. Respectively, this prepares Bob’s qubit in the state |1) or |0). Without knowing the result of Alice’s measurement, the
density matrix of Bob’s qubit is %|0) 0] + %|1) (1] = %I. On the other hand, if Alice’s measurement is oy, Alice’s qubit will

collapse to the state |@y4) or |@x—), where |@y) = l/ﬁ(|0) + 1)), @) = 1/ﬁ(|0) — |1)), being eigenvectors of oy.
Thus Bob’s qubit is prepared in the state |p,_) or @y, ) respectively, in this case the density matrix of Bob’s qubit is still
1104 ) (@i | + 19— ) (x| = 1. Obviously, Bob gets no information about which measurement is made by Alice. While,
if perfect cloning is allowed, the scenario will change. Bob can use the cloning machine to make arbitrarily many copies of
his qubit, in which way he is able to determine the exact state of his qubit, that is, whether an eigenstate of o, or o,. With
this information, Bob knows the measurement Alice has taken. Fortunately, since no-cloning theorem has been proved,
the above superluminal signaling scheme cannot be realized, which leaves theory of relativity and quantum mechanics in
coexistence.

Up to now, there are many cloning schemes found, naturally one may ask, whether it is possible by using imperfect
cloning, to extract information about which measuring basis Alice has used. According to the property of quantum trans-
formation, the answer is no. To see this, we may first consider a simple scheme, that is, Bob can use the universal quantum
cloning machine (UQCM) proposed by BuZek and Hillery (1996) to process his qubit. The UQCM transformation reads,

0)1Q) —>\f|00|T [I+|¢
1)|Q>—>\£|11>|¢)+\/;I+)IT>,

where |Q) is the original state of the copying-machine, |4+) and |—) are two orthogonal states of the output, |[+) =
%(|01) + |10)), |—-) = %(|01) — |10)), and [1), |{) are the ancillary states which are orthogonal to each other. If Al-

ice chooses o, the density matrix of Bob’s qubit after the process is

— 1 (Z100) (00 + Y2+
Pb 5<§| ) |+§|+)<+|)+5(§| ) |+§|+)(+I>

1
3 (100){00 + M (AT] + [+) (+D.

If Alice chooses oy, it can be easily verified that the density matrix will not change, thus no information can be gained by Bob.
In fact, BruR et al. have pointed out in Bruf$ et al. (2000b) that the density matrix of Bob’s qubit will not change no matter
what operation is taken on it, as long as the operation is linear and trace-preserving. Suppose the original density matrix
shared between Alice and Bob is p?°, and Alice has done a measurement s, on her qubit, Bob makes a transformation B on
his, then the shared density matrix becomes A, ® B(p®), here m specifies which measurement Alice has taken. In Bob’s
view, with the linear and trace-preserving property of 4, the density matrix of his qubit is

tro(Am ® B(p™)) = Btrg(An ® 1(p™))
= Btra(p™).

Note that tr and Tr both denote trace similarly in this review. Here we see that the density matrix of Bob’s qubit has nothing
to do with Alice’s measurement +4,,, therefore no information is transferred to Bob. Note that to get the above conclusion,
we have only used the linear and trace-preserving property of +,,. Since any quantum operator is linear and completely
positive, no-signaling should always hold, thus providing a method to determine the fidelity limit of a cloning machine.

The situation might be more complicated when the no-signaling correlation is considered. It is found that, however, no-
signaling might be more non-local than that of quantum mechanics. Then it seems that besides of no-signaling, some extra
principle, like local orthogonality (Fritz et al., 2013), should be satisfied such that the no-signaling non-locality might be
realizable by quantum mechanics (Popescu, 2014).

Gisin studied the case of 1 — 2 qubit UQCM in Gisin (1998). We continue the scheme that Alice and Bob share a pair of
entangled states. Now Alice has done some measurement by oy or o, and thus Bob’s state has been prepared in a respect
mixed state. Let there be a UQCM, suppose the input density matrix is |¢) (¢| = %(I + m - o), with m being the Bloch vector

of |@), then after cloning the reduced state on party a and b should read, p® = p? = (1 + nm - &), yielding the fidelity to be
F = (14 1) /2. According to the form of p and p?, the composite output state of the cloning machine should be

1
pf’“f:4(14+n(m-a®1+1®m-0)+ Z ty0i®0j>-

ij=x.y.z
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The universality of UQCM requires

Poue(UM) = U ® U,Oaut("')UT ® ut. (43)
The no-signaling condition requires

] out 1 out 1 out 1 out

S0 + o () = 2 p () + 0™ (), (44)

where p°“(+2z) represents the output state of the UQCM under the condition that Alice has take the measurement oy and
got result +.

Also we should notice that 0 must be positive. Putting the positive condition together with (43) and (44), we shall get
n < %(F < %). Although we have found an upper bound of F, the question remains whether it can be reached. But we know
it can be, since a practical UQCM scheme with F = % has been proposed (BuZek and Hillery, 1996).

Navez et al. have derived the upper bound of fidelity for d-dimensional 1 — 2 UQCM using no-signaling condition
(Navez and Cerf, 2003), and the bound also has been proved to be tight. Simon et al. have shown how no-signaling condition
together with the static property of quantum mechanics can lead to properties of quantum dynamics (Simon et al., 2001).
By static properties we mean: (1) The states of quantum systems are described as vectors in Hilbert space. (2) The usual
observables are represented by projections in Hilbert space and the probabilities for measurement are described by the
usual trace rule. The two properties with no-signaling condition shall imply that any quantum map must be completely
positive and linear, which is what we already have in mind. This may help to understand why bound derived by no-signaling
condition is always tight. The experimental test of the no-signaling theorem is also performed in optical system (De Angelis
etal.,, 2007). From no-signaling condition, the monogamy relation of violation of Bell inequalities can be derived, and this can
be used to obtain the optimal fidelity for asymmetric cloning (Pawlowski and Brukner, 2009). And some general properties
of no-signaling theorem are presented in Masanes et al. (2006). The relationship between optimal cloning and no signaling
is presented in Ghosh et al. (1999). The no-signaling is shown to be related with optimal state estimation (Han et al., 2010).
Also the no-signaling is equivalent to the optimal condition in minimum-error quantum state discrimination (Bae et al.,
2011), more results of those topics can be found in Bae and Hwang (2012) for qubit case and (Bae, 2012b) for the general
case. The optimal cloning of arbitrary fidelity by using no-signaling is studied in Gedik and Cakmak (2012).

2.6. No-cloning for unitary operators

No-cloning is a fundamental theorem in quantum information science and quantum mechanics. It may be manifested in
various versions. Simply by calculation, and with the help of definition of CNOT gate, we may find the following relations,

CNOT(ox ® I)CNOT = oy ® oy,

CNOT(o; ® )CNOT = 0, ® I,

CNOT(I ® 0y)CNOT = I ® oy,

CNOT(I ® 6,)CNOT = 0, ® 0;. (45)

It implies that the bit flip operation is copied forwards (from first qubit to second qubit), while the phase flip operation is
copied backwards. But we cannot copy simultaneously the bit flip operation and phase flip operation. Those properties are
important for methods of quantum error correction and fault-tolerant quantum computation (Gottesman, 1998). This is a
kind of no-cloning theorem for unitary operators. The quantum cloning of unitary operators is investigated in Chiribella
et al. (2008).

2.7. Other developments and related topics

As a basic and fundamental theorem of quantum information and quantum mechanics, no-cloning is related with many
topics and has various applications. In the following, we try to list some of those developments and closely related topics.

e We may wonder what is the classical counterpart of no-cloning theorem in quantum world. Some results are available.
Different from quantum case, classical broadcasting is possible with arbitrary high resolution (Walker and Braunstein,
2007). The difference between quantum copying and classical copying is studied in Shen et al. (2011), see also Fenyes
(2012). The classical no-cloning is also discussed (Daffertshofer et al., 2002).

e The nonclassical correlations such as entanglement are also fundamental phenomena in the quantum world. They can
be related with no-cloning theorem. The no-cloning theorem for entangled states is shown in Koashi and Imoto (1998).
No-cloning theorem prohibits perfect copying of nonorthogonal states, but as to orthogonal ones, it says if we are allowed
to use arbitrary unitary transformations, cloning of them can be deterministically done. However, related with entan-
glement cloning, it is shown that even orthogonal states in composite systems cannot be cloned (Mor, 1998), related
results are also available in Goldenberg and Vaidman (1996) and Peres (1996a). It is also shown that no-cloning theorem
is, in principle, equivalent with no-increasing of entanglement (Horodecki and Horodecki, 1998). By studying quantum
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correlation beyond quantum entanglement, the equivalence between locally broadcastable and broadcastable is inves-
tigated in Wu and Guo (2011), see a review about quantumness of correlations (Modi et al., 2012). The combination of
no-cloning, no-broadcasting and monogamy of entanglement can be found in Leifer (2006).

e The no-cloning theorem can be described in other environments and can be applied to other cases. Some of those re-
sults are the following. The no-signaling principle and the state distinguishability is studied in Bae (2012a). The linear
assignment maps for correlated system-environment states is studied in Rodriguez-Rosario et al. (2010), the connection
between the violation of the positivity of this linear assignments and the no-broadcasting theorem is found. The transfor-
mations which preserve commutativity of quantum states are studied in Nagy (2009). Related with quantum cloning, the
quantum channels are studied in Bradler (2011). No-cloning theorem means that two copies cannot be obtained out of a
single copy, and if we study the information content measured by Holevo quantity of one copy and two copies, a condition
of states broadcasting can be obtained (Horodecki et al., 2006). No-cloning can also be related with bounds on quantum
capacity (Janzing and Steudel, 2007). The no-cloning studied by wave-packet collapse of quantum measurement is pre-
sented by Luo (2010a). It is also pointed out that no-cloning of non-orthogonal states does not necessarily mean that
inner product of quantum states should preserve (Li et al., 2005b). We remark that no-cloning theorem is also pioneered
in Dieks (1982), Yuen (1986), interested readers could check them for reference, see also Wootters and Zurek (2009).

o Since the first version of no-cloning theorem, either inspiration is drawn from it, or generalizations are made, some simi-
lar “no-" theorems come up, which we shall list as below. (1) No-deleting. Being a reverse process of quantum cloning, it is
pointed out that it is also impossible to delete an unknown quantum state (Pati and Braunstein, 2000). (2) No-imprinting.
See Bennett et al. (1992), related results can also be found in Koashi and Imoto (2002). (3) No-stretching, which is a geo-
metrical interpretation of no-cloning theorem (D’Ariano and Perinotti, 2009). (4) No-splitting, which states that quantum
information cannot be split into complementary parts (Zhou et al., 2006). The impossibility of reversing or complement-
ing an unknown quantum state is a generalization of no-cloning theorem (Li et al., 2005a).

o Finally, let us remark some applications of no-cloning theorem. We know that no-cloning theorem plays a key role in
quantum cryptography, which is close to practical industrialization. Quantum key distribution (QKD), such as the BB84
protocol (Bennett and Brassard, 1984), provides the unconditional security for secrete key sharing. The security of the
quantum key distribution is based on no-cloning theorem since if we can copy perfectly the transferred state, we can
always find its exact form by copying it to infinite copies so that its exact form can be found. For quantum cryptogra-
phy protocol E91 (Ekert, 1991), the security is based on the violation of Bell inequality (Bell, 1964). The unified picture
of no-broadcasting theorem unifies those theorems together. This result is also shown in Acin et al. (2004a). The study
of quantum cryptography, on the other hand, suggests that the ultimate physical limits of privacy might be possible
under very weak assumptions (Ekert and Renner, 2014). One recent development may include that probabilistic super-
replication of quantum information, a different version of quantum cloning with limited aim, is possible (Chiribella et al.,
2013). Remarkably, these phenomena can be applied to achieve the ultimate limit of precision in metrology provided by
quantum mechanics, which is the Heisenberg limit of quantum metrology. We would like to emphasize that the quantum
cloning can be applied in quantum computation (Galvao and Hardy, 2000).

3. Universal quantum cloning machines

As we have shown in last section, there are various no-cloning theorems implied by the law of quantum mechanics.
They imply that one cannot clone an arbitrary qubit perfectly. On the other hand, the approximate quantum cloning is not
prohibited. So it is possible that one can get several copies that approximate the original state, with fidelity F < 1. Hence
one naturally raises a question: can we achieve the same fidelity for any state on the Bloch sphere, for the qubit case, or
more generally, for any state in a d-dimensional Hilbert space? And what is the best fidelity we can get?

A cloning machine that achieves equal fidelity for every state is called a universal quantum cloning machine (UQCM).
This problem is equivalent to distribute information to different receivers, and it is natural to require the performance is
the same for every input state, since we do not have any specific information about the input state ahead. According to no-
cloning theorem, it is expected that the original input state will be destroyed and become as one of the output copies. For the
simplest case, one qubit is cloned to have two copies, those two copies can be identical to each other, i.e., they are symmetric
and of course they are different from the original input state. On the other hand, those two copies can also be different, both
of them are similar to the original input state but with different similarities, we mean that they are asymmetric. In this sense,
there are symmetric and asymmetric UQCMs.

3.1. Symmetric UQCM for qubit

Consider a quantum cloning from 1 qubit to 2 qubits, a trivial scheme can be simply constructed as following:
(1), Measure the input state |@) in a random base |b). Here the vectors are on the Bloch sphere S2. The probability of

obtaining result |£b) is p. = (1 +a- E) /2.

(2), Then duplicate the state |j:E) according to the measurement result. The fidelity is F, = |(d| —}—B) |2and F_ = |(d| —B) 12,
respectively.
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In an average sense, the fidelity is

1 1 L N2 - 2
Foriviat = / p+Fy +p F. = -+ f/ (a . b) db = —. (46)
S2 2 2 S2 3

The problem is: can we design a better cloning machine? BuZek and Hillery (1996) proposed an optimal UQCM, namely,
a unitary transformation on a larger Hilbert space:

2 1

U10)1]0)210)g = \/;|O>1|0>2|0>R + \/g(|0>1|1>z + [1)1]10)2) [ 1), (47)
2 1

U[1)1]0)2]0)r = \/;|1>1|1>2|1>R + \/g(|0)1|1)2 +11)1]0)2)[0)r. (48)

On the Lh.s of the equations, the first qubit 1 is the input state, the second is a blank state and the third with subindex R
is the ancillary state of the quantum cloning machine itself. By a unitary transformation which is demanded by quantum
mechanics, we find the output state on the r.h.s. of the equations. We may find that the original qubit is destroyed and
becomes as one of the output qubit in 1 while the blank state is now changed as another copy in party 2, the ancillary state
R may or may not be changed which will be traced out for the output. It is obvious that two output states are identical, so it
is a symmetric quantum cloning machine.

For an arbitrary normalized pure input state |¢) = a|0) + b|1), since quantum mechanics is linear, by applying U on the
state which is realized simply by following the above cloning transformation, we can find the copies. After tracing out the
ancillary state, the output density matrix take the form:

2 1 1 €L €L €L
pouc = YN Y)W |+ (W) + YN+ I D. (49)

Here |1) = b*|0) —a*|1) is orthogonal to |v/). We can further trace out one of the two states to get the single copy density
matrix

= 1I 50
pr=p2 =SV + <. (50)

Note this density matrix is of the form n|) (| + l%”I with 7 called the “shrinking factor”. This form is a linear combination
of the original density matrix |4 ) (¥ | and the identity I which corresponds to completely mixed state and it is like a white
noise.

In fact, in the original papers, the efficiency of the cloning machine is described by Hilbert-Schmidt norm d,is =
Tr[(pin — Pour) (Pin — pour)], Which also quantifies the distance of two quantum states. The fidelity is a general accepted
measure of merit of the quantum cloning (Kwek et al., 2000). We will generally use fidelity as the measure of the quality of
the copies in this review.

We can obtain the single copy fidelity

5
Fr=Wlmly) = 5 (51)
and the two copies fidelity (global fidelity),
2
B =22y |p|y)®* = 3 (52)

The single copy fidelity provides measure of similarity between state p; and the original input state. If it is one, those two
states are completely the same, while if it is zero, those two states are orthogonal. One point may be noticed is that, the
fidelity between a completely mixed state with |y) is 1/2. We know that a completely mixed state contains nothing about
the input state, so fidelity 1/2 should be the farthest distance between two quantum states. Similarly, the global fidelity
quantifies the similarity between the two-qubit output state with the ideal cloning case. If it is one, we have two perfect
copies. We remark that the single copy fidelity does not depend on input state, so the quality of the copies has the state-
independent characteristic. In this sense, the corresponding cloning machine is “universal”. One may find that the above
presented cloning machine achieves higher fidelity than the trivial one, and it is proved to be optimal (Gisin and Massar,
1997; BrufS et al., 1998a; Gisin, 1998).

Gisin and Massar (1997) then generalize the cloning machine to N — M case, that is M copies are created from N
identical qubits. Their cloning machine is a transformation:

M—-N

INV)IR) — Y oM — )y, jyr ) IRy) (53)

j=0
where

o= [N+1 /(M—N)!(M—j)! (54)
M+1\ (M—N —jM!
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and |(M — j)¥, j*) denote the normalized symmetric state with M — j states |) and j states |1 *). Then the single copy
fidelity is

M(N + 1 N
_MON+D+N (55)
M(N + 2)
In Gisin and Massar (1997) the optimality of this cloning machine is proved for casesN = 1, 2, ..., 7. The complete proof

of the optimality is finished in BruR et al. (1998b) where the connection between optimal quantum cloning and optimal state
estimation is established. The upper bound of N to M UQCM is found to be exactly equal to (55), hence Gisin and Massar
UQCM is optimal.

3.2, Symmetric UQCM for qudit

For further generalization, we may seek cloning machine for d-level systems. BuZek and Hillery proposed a 1-2 d-
dimensional UQCM (BuZek and Hillery, 1999, 1998): for a basis state |i), the transformation is

1)|0)IR) — DR D ALY + IRy (56)

2 1
NAGES)) |0+«&w+1)%

Here |R;) is a set of orthogonal normalized ancillary state. The resultant one copy fidelity is, F = (d + 3)/(2d + 2).
Later, a general N to M UQCM is constructed in a concise way by Werner (1998), see also Zanardi (1998) for related
results. For N identical pure input state |y), the output density matrix is:

d[N]

v ®N ®(M—N)
d[M]SM ((|W)(W|) Q1 )SM (57)

Pout =

where d[N] = (dw*] ) (we also use notation d[N] = CéV+N_1), and sy is the projection onto the symmetric subspace of

H®M_ As an example,

s = [00)(00] + [11){11]| + %(IOl) +110))((01] 4 (10]). (58)

If we insert this expression into formula (57), we can get exactly the expression of output density matrix (49). So this UQCM
canrecoverthe N = 1,M = 2,d = 2 one.
For N to M case, the single copy fidelity is shown to be

d[N
F = ﬁTr[(IWWI @ IPM D) s () (W DEN @ 1PMNV) 53]
_ NM+d)+M—N (59)
o M(N + d)

In Werner (1998), this single copy fidelity is proved to be optimal under the restriction that the operation is a mapping into
the symmetric Hilbert space. Generally, there might exist a cloning machine performing better without this constraint. Keyl
and Werner studied the more general case and proved this cloning machine is indeed the unique optimal UQCM (Keyl and
Werner, 1999). As a special case, if we let N = 1, M = 2, the fidelity apparently reduces to the BuZek and Hillery 1-2 d-
dimensional UQCM: F = (d+3)/(2d+2). And if we take the M — oo limit, the fidelity turnsouttobe F = (N+1)/(N +d),
this agrees with the state estimation result by Massar and Popescu (1995).
We are also interested in the M copies fidelity (global fidelity), it can be found as follows (Werner, 1998),
d[N] _
Fy = mtr [ WD s () (WD @ 180V sy ]
d[N] oM
= tr

dIM] (AW hH®)
diN]  MI{N+d-—1!
diM]  N(M+d—1)!

The fidelity (59) quantifies the similarity between a single copy from the output state and one input state, while the global
fidelity (60) quantifies the similarity between the whole M copies of the output and the ideal M copies of the input state
|¥). More generally, we may consider to choose arbitrary L copies from the output state and quantify how closeness of this
state with L ideal copies of the input state |i). Recently, Wang et al. (2011b) proposed a more general definition “L copies
fidelity”: F; =% (Y| ooue.. |1 )®L where pyyc 1 is the L copies output reduced density matrix. The expression is calculated as,

p _ N = DIM = N)IM - D)! (M —my +d —2)(my!)?
LT (d+M — 1)IMIN! E:mr%Mm—NmmJWM—mﬂ

(60)

(61)

my
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For L = 1 and L = M, the expression will reduce to results presented above (59) and (60). For another special case N = 1,
expression of fidelity can be simplified by finding the explicit result of the summation, it reads,

Ld![L(d + M) + M — ]

FF(N=1)= . 62

1( ) dr DM (62)

Fan et al. (2001a) proposed another version of UQCM, written in more explicit form: letn = (ny, ..., ng) denote a d-
component vector. And |n) = |nq, ..., ng) is a completely symmetric and normalized state with n; states in |i). These states

is an orthogonal normalized basis of the symmetric Hilbert space J(’f’"" . Then for an arbitrary input state |{) = Z?:l xili),
the N-fold direct product |)®N could be expanded as:

N NI
N _ : n ng
_Xn: n1!...nd!x1 coxm). (63)
The cloning transformation takes the form,
— Y omjln+)IRy). (64)
i

The notation ZZ means summation over all possible vectors n with ny + - - - 4+ ng = N and the |R;) is a set of orthogonal
normalized ancillary states, as usual. The coefficients oy are:

(g =+ ji)!
o !

a"j:\/(M—N)!(N+d—l)! (©5)

M+d-1)!
This UQCM can achieve the same fidelities as the UQCM given by Werner (1998). It is optimal. Later Wang et al. (2011b)

proved that these two cloning machines are indeed equivalent by showing the output states are the same. First, divide the
symmetric state |m) of M qudits into two parts with N qudits and M — N qudits, respectively,

m — k)|k). (66)

The symmetry operator sy can be reformulated. After calculation, output density matrix in (57) is shown to be:

m] kj

*(m —k;)
NI(M — N)I(N +d — 1)! XTI fmjtmg!
>l Z [} Frrre - (67)

M~+d—1)! = — ky)lk;!

Pout =

For the cloning machine (64), we can get the output density matrix after tracing out the ancillary state:

nj *(n/
NI(M —N)I(N +d—1)! , X M=N x;’ [ (nj + k)1 (n + k;)!
P ( M( + ) ZZZ|n+kn+k|x l—[JJ

M+d-— n;!nlk;!

(68)
J
These two expressions are apparently equivalent.

In Wang et al. (2011b), a unified form of the symmetric UQCM is presented, up to an unimportant overall normalization
factor, the transformation is,

|¢)®N|¢+)®(M*N) — (SM ®I®(M*N) ®I®N) |w)®N|¢+)®(M*N). (69)

This cloning machine is realized by superposition of states in which some of the input states are permutated into one part of
the maximally entangled states. Since sy = sy (I®N ® sy_n), and the mapping of s,y on the M — N maximally entangled
states is: (sy_y ® IM™N)|@T)®M=N) the cloning transformation may be rewritten as:

(SM ®I®(M—N)) |ﬁ>|q§+>®(M—N)
M—N

= (su ® 1PV i) Y [k k)

(70)
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In fact this coincides with the UQCM (64). Here the complicated coefficients (65) proposed for optimal cloning machine
can be naturally obtained. Also it can be simply seen that the transformation (69) is equivalent to the construction (57) if
the ancillary states are traced out. So the UQCM can be simply constructed, we can symmetrize the N input pure states
and halves of some maximally entangled states, while other halves of the maximally entangled states are ancillary states.
This simplify dramatically the construction of the UQCM theoretically and its physical implementation becomes easier. If
maximally entangled states are available, the UQCM is to symmetrize the input pure states with one sides of the maximally
entangled states. Indeed, some experiments follow this scheme (Lamas-Linares et al., 2002) which we will review in physical
realization section.

3.3. Asymmetric quantum cloning

In the previous subsections we are considering symmetric cloning machines which provide identical output copies.
However, naturally we may try to distribute information unequally among the copies. The 1 to 2 optimal asymmetric qubit
cloner is found by Niu and Griffiths (1998), Cerf (2000b) and BuZek et al. (1998). Their formalisms are slightly different, but
they lead to a same relation between A’s fidelity F4 and B’s fidelity Fp:

V(A —=F)( —F) >F+F —g. (71)

So a tradeoff relation exists for the two fidelities, if one fidelity is large, correspondingly another fidelity will become small.
This will be presented further in the following.
The transformation can be written in the following form according to BuZek et al. (1998):

[¥)a(al®* e + bl0)(10)r + | 1)r)/V/2) — al¥r)al @™ )ar + blys)sld* )ar. (72)

Here R is an ancillary state, [®*) = (|00) + |11))/+/2 is a Bell state. And the normalization condition of input state requires
a? + ab + b* = 1, which is an ellipse equation. The reduced density matrix of A and B are: pag = Fapl|¥)(¥| + (1 —
Fap)l¥ ) (¥, here

Fa=1—0%2, F=1-d/2, (73)

which is just the fidelity of A and B, respectively. It is easy to check (73) satisfy the inequality (71). And as special cases, we
can see ifa = 0, then Fy = 1, F3 = 1/2, hence the information all goes to A, and for B it is all the same. If a®> = b> = 1/3,
then it reduces to symmetric UQCM case, with fidelity F, = Fg = 5/6.

For completeness, here we would like to present a slightly different form for the asymmetric quantum cloning which is
named by Cerf as a Pauli channel (Cerf, 2000b). We start from qubit case. An arbitrary quantum pure state takes the form,

W) =x%l0) +xl1), Y IxPF=1. (74)
J
A maximally entangled state is written as
) = —=(100) +|11)) (75)
7 .

We can write the complete quantum state of three particles as

1
[Y)al® )pe = §[|‘1/+)AB|W>C + A QXN )XV + U D)W ) apZ W) e + (I @ XZ)|W ) aXZ )], (76)

where [ is the identity, X, Z are two Pauli matrices and XZ is another Pauli matrix up to a whole factor i.
Denote the unitary transformation Up, , = X™Z", where m, n = 0, 1, and the relation (76) can be rewritten as

1
V)al% )ac = 2 3 0 @ Un @ Un) ¥ sl ). (77)

Here we remark that Z~! = Z for 2-level system. We write it in this form since this relation can be generalized directly to
the general d-dimension system.
Now, suppose we do unitary transformation in the following form

> apUap ® Un,—p @ DIY)al¥ s
a.p

1
=35 2 Wap®Ue pUnn ®Unn)l¥ asl¥r)c

a,B,m,n

= bual ® Up o ® Un )| *)asl¥)c, (78)
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where we defined
1
bnn =5 ) (=D Mag p. (79)
a.f

The amplitudes should be normalized Za,ﬂ |ag,p |2 = Zm’n |bm.n|? = 1. This is actually the asymmetric quantum cloning
machine introduced by Cerf (2000b). We can find the quantum states of A and C now take the form

pa = |0upUa pl¥) (WU . (80)
o.p
pc =Y Ibmnl*Unnl¥r) (YU}, .. (81)

The quantum state of A is related with the quantum state C by relationship between a, g and by, .
The quantum state py is the original quantum state after the quantum cloning. The quantum state pc is the copy.
Now, let us see a special case,

boo =1, bo,1 = b1,0 =b1,1 =0. (82)

Correspondingly, we can choose

1
Qo0 = 0p,1 = d10 = A1,1 = 2 (83)
So, we know the quantum states of A and C have the form
1
pa = 51’ pc =Y )yl (84)

As a quantum cloning machine, this means the original quantum state in A, |¥), is completely destroyed,
These results can be generalized to d-dimension system directly.

The asymmetric cloning machine was generalized to d-dimensional case by Braunstein et al. (2001b). The setup is almost
1

the same with |® ™) instead defined in higher-dimension, |®1) = 7 Z]‘.j:] lif), and hence the normalization relation is

a? + b?> + 2ab/d = 1. The output reduced density matrices are written in the form with shrinking factor:

2 21 2 )1
pa =1 =b)|Y)(¢¥[+Db 7 pp=0—a)|Y) Y| +a 7 (85)
Hence the fidelities are:
d—1 d—1
FA:l—sz, Fs=1-2a° T (86)

If > = b?> = d/(2d + 2), it reduces to the symmetric 1-2 d-dimensional UQCM case, with fidelity (d + 3)/(2d + 2). A
trade-off relation between F4 and Fy can be found as follows (Jiang and Yu, 2010a):

WA+ DR —T+V@+ DR -1 A+ DR-T-V@+ D -1 _
2(d+1) 2d-1) B

Optimality is satisfied when the inequality is saturated. They also give a similar inequality for 1 — 1+ 1+ 1 case.
Cerf obtained the same result in a different way, here we present the d-dimensional case (Cerf, 2000a; Cerf et al.,

2002a). This result can be reformulated for other cases such as for state-dependent case presented in next sections. The
transformation is:

1. (87)

d—1

|W)A - Z am,nUm,n|w>A|Bm.—n>BR- (88)

m,n=0

Here Up, , is “generalized Pauli matrix™:

27 kni

Unn= ) e @ |k+m)k| (89)

Bun) = —= Y e 4" |k [k + m). (90)
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The resultant reduced density matrix
d—1
pa= Y lamnl*Unal ¥} (WIU] .- (91)
m,n=0

Hence the fidelity F;, = Z o 1a0.q|?. For B, we replace ay, , by its Fourier transform by, , = 3 Zm = o exram —mmi/dg .
To clone all states equally well, the matrix a can be written in the following form:

U X .. X
a=1. . . . (92)

with normalization relation v? 4 2(d — 1)x2 + (d — 1)%2y? = 1.1In this form, F4 = v? + (d — 1)x? and the expression of b,
is justtoreplacexby ¥ = [v 4+ (d — 2)x+ (1 = d)yl/d,ybyy = (v —2x+y)/d, vby v/ = [v +2(d — Dx+ (d — 1)?>y]/d.
Optimal cloning requires y = 0, and if we let a = v — x, b = dx, these coincide with the parameters a and b in the first
formalism. Whenv = v/ = /2/(d + 1), x = X' = \/1/(2d + 2), it reduces to the symmetric case. These results generalized
the qutrit cloning presented by Durt and Gisin (Cerf et al., 2002b).

The optimality of these cloning machines were also proved by Iblisdir et al. (2005a), Fiurasek et al. (2005) and Iblisdir et al.
(2005b). They also generalize the 1-2 asymmetric cloning machine to more general cases. Here weuse N — My +- -+ M,
to denote such a problem: construct an asymmetric cloning machine resulting fidelity F; for M, copies, F, for M, copies, ...,
F, for M, copies.

The 1 — 1+ 1+ 1 d-dimensional cloning machine was constructed as following:

d
W) — 21 2[“|‘/’>A(|¢+)BR|¢+)CS + 12 )ps|PF)er) + BlY )P ) arl D )es + [P F)as| @) cr)

+y W) (D) arl P )ps + (D )as|@ ™) pr)] (93)

where A, B, C are three output states and R, S are ancillary states. |@T) = l/f Zk _o |kk) as usual. For normalization
purpose, o, B, y obey a® + B2 + y% + 2 (aﬂ + By + ay) = 1. The final one copy fidelities for A, B, C are:

FA_l—dT<ﬂ +y +ﬂ>

d+1
d—1 20y
Foe=1— —— 2 2
B d (Oé +)/ +d+1)
d-—1 208
Fe=1— ——|a?+ B2 ) 94
ot (e 2 o

In Iblisdir et al. (2005a) the 1 — 14 n cloning machine was found. The Hilbert space #®"*V is decomposed into two
symmetric subspace #, +1 &) Jf " ;- Lets,yq and s, denote the projection operator, respectively, the transformation can
be written as:

T:p— (@ spr1 + B Sn-1)(p @ 1) (@Sn1 + Bsn1). (95)

It is a generalization of the construction of symmetric UQCM (57). The resulting fidelityis F, = 1 — %yz for the ‘1’ side, and
Fp = 1 4+ 5-(v> + +/n(n+ 2)xy). Here x and y satisfy x* + y?> = 1. A more general case, N — My + Mp, is studied with
similar method in Iblisdir et al. (2005b).

In studying asymmetric quantum cloning, the region of possible output fidelities for one to three cloning is studied in
Jiang and Yu (2010a), the case of one to many case is studied in Cwiklinski et al. (2012), the general case is studied in Kay
etal. (2012).

3.4. A unified UQCM

Recently, Wang et al. proposed a unified way to construct general asymmetric UQCM (Wang et al., 2011b), see Fig. 2.
The essence is to replace the symmetric operator sy in construction (69) by a linear combination of identity I and many
permutation operators. Take the 1 to 2 qubit cloning case as the simplest example, s, = %(1®2 + &), where & = |00)(00| +
[11)(11] + |01)(10] + |10){(01] is a permutation(swap) operator (L|jl) = |lj)).If s, is replaced by aI®? + 8, the output
density matrix exactly coincides with the output density matrix in construction (72): |Y)a — a|¥)a|@ ) +b|¥ )| D) ar,
witha = La, g = Lp,
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In order to introduce this method, here we present two examples to show explicitly that it can be applied straightfor-
wardly for various occasions.
For 1 — 3 asymmetric qubit cloning case, we replace the symmetry operator s; by

al + BPp + y P13 + P23 + wPi23 + vPr3;. (96)

Note £, is the operator that swap the m qubit and the n qubit, and $,3 is a cyclic operator that move the first
qubit to the second place, the second qubit to the third place, and the third qubit to the first place. $;3; is its inverse
transformation. In fact these six components in (96) are just the elements of permutation group S3. The symmetry operator
53 = 2( 4+ P12 + P13 + Po3 + Pr23 + Pi32), is retrieved wheno = f = y = § = = v = ;. The 1 — 3 asymmetric
qubit cloning can be obtained by replacing s; by (96) and insert it to the cloning transformation (69). Here we would like
to remark that the number of essential permutations for the specific 1 — 3 case are actually three. There are only three
independent parameters corresponding to cases: the input state is in first, second, and third positions, respectively. This will
be shown explicitly later. Now, if we trace out the ancillary states, it is equivalent to modify (57). The final density operator
is:

1
p = 5(011 + BP12 + v P13+ 8P3 + uP13 + vP13) (YN (Y| QTR

x (al + BP1p + y P13 + 8Pz + P23 + vP132)

1
= E[OZWHW RII+ BUOY) (YOl + [Ty ) (Y1) ® I3 + y (109 ) (¥O| + [Ty ) (Y113 @ L
+38|¢¥) (¥l1 @ (100){00] + |11){11] + [01)(10] + [10){01]) + 1(|0y0){v 00|
+ 10} (01| + [0¥ 1) (¥ 10| + |1 1) (¥ 11))
+v(100¢) (00| + [01¢) (01| + [10¢) (¥ 10] + [11¢) (¥ 11])]
x (al + BP1p + y P13 + 8Po3 + P23 + vP132)
1
= @+ WY@+ (B + 1N @ I @1+ (" + V) @1 [¥) (V|

+ (@f + ud) (1Y 0)(0y | + [¥ 1) (1| + [09) (YOl + MY ) (V1D ® I3

+ (ay +v)(Y0) 0y | + [¥ 1) (1| + [09) (YOl + 1Y) (Y 1D13 @ I

+ (By + 1v)(100%) (090 + [019) (140 4 [109) (0¥ 1| + [11¢) (1 1] + trans.)

4+ (88 + o) (|0 0)300| 4 |0y 1)y 10| 4 |10) (01| + |1y 1) (Y 11| + trans.)

+38y (10¢0)(00¢| + [0% 1) (10| + [190)(01¢ | + [191[) (119 | + trans.)

+ BV +ywh @ (1Y0)(0y | + [Y 1) (1| + [0%) (0] + [19) (¥ 1])23

+av(|00y) (¥ 00| + |01y) (01| + [10v) (10| + |11y )Y 11| + trans.)

+2a8|¥) (|1 ® (100)(00] + [01)(10[ + [10)(01] + |11)(11])23

+2Bul¥) (¥l ® (100)(00] +[01)(10] +[10)(01] + [11)(11])13

+2yvy)(¥ls ® (100)(00] +[01)(10] 4+ [10)(01] 4 [11)(11])12. (97)

Here trans. denotes the transposition of previous terms, for example, term |00r) (00| is followed by its transposition
|0y,0) (00 |. Trace out the second and third qubits, we obtain the single qubit reduced density matrix,

p1 = [2( + 8> +ad) + 2B +2y + 1 +v) +8Qu +2v+ B+ ) + uv + By (Y|
+ BV Bu+ By yu+ yu)l (98)
Hence a normalization relation is easily obtained:

2+ 8 +ad) +aB+2y +n+v)+8Qu+2v+B+y) +uv+ By
+2B* + WP+ i+ v+ Bu+ By +yu+yv) = 1. (99)

Similarly we can find the reduced density matrices of the second and third copies, their fidelities are:
1
Fi=1-c[B+w*+ @+ + @ +m°+ & +v)]
_q1_1 2 2 2 2
F,=1 2[(a+8) +@+v) + W+ +(+v)]

F3=1—%[(a+5)2+(a+u)2+(ﬂ+8)2+(,3+M)2]~ (100)
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It reduces to the symmetric cloning case wheno = =y =8 = u =v = é, and the fidelity is 7/9, which exactly
coincide with the UQCM fidelity formula (59). To see its relation with the previous 1 — 3 asymmetric UQCM (93), we can
explicitly compute out the density matrix in (93):

1
Pout = 5{4(0/|W00> + B10y0) + y'[00y)) (' (00| + B0y 0| + (0¥ )
+2[a'(Jy01) + [¥10) + B'(10y1) + [190)) + ¥'(101¥) + [10¢))]
x [/ ((y01] + (¥10) + B'((0Y 1] + (1y0) + ¥' ({01 | + (10¥)]
+4@' Y1) + /11y 1) + ¥ 111y ) (@ (Y11 + By 1+ y' (119D} (101)

For clarity purpose we replace the coefficients «, 8, y in (93) with «’, 8, y’. Compare this expression with (97), we found
if the following equations are satisfied, they are equivalent:

O(/Z '3/2 y/2
¢ _ 5)2, ro_ 2, o _ 2
3 (@ +96) 3 B+ w 3 (y+v)
o = 1208, BP=128u, y'*=12yv. (102)

This implies @ = § = o’/(2+/3), B = n = B'/(2v/3), y = v = y'/(2+/3). And in this case the fidelity expressions (100)
exactly coincide with the previous result (94). The cloning machine here has six parameters, which indicates that it is a
general form of asymmetric UQCM, and we do not need to consider the specific input positions.

We can study the 2 — 3 case similarly. The resultant density matrix is:

1
o= 5(011 + BP1r2 + Yy P13+ 8P3 + uP123 + vP1) (YY) (| @)
x (ol + BPr2 + Yy P13 + 6Po3 + P23 + vP132)

1
= 5[(05 + B Y Y| @ L+ (v + ) (0¥ ) (Y0l + [Ty ) (Y1)
+ @+ V)Y 0y ) (YOl + [ 1y ) (Y 1D (el + BPio + Y Pi3 + 8Pa3 + uPra3 + vPr132)

1
= 5l B WY WY@ L+ (y + 10 h @ [Y) (Y| + G+ Y)Y @ L ® [Y) (Y]

+ (@ + ) (y + w10y ) (Y0l + [Ty ) (Y 1] + trans.)
+ (@ + B + )P0y ) (YOl + [ 1) (Y 1| + trans.)
+ ¥ + @ +)((YOY )0y Y| + [Y 1) (1| + trans.). (103)

We can see that there are only three independent parameters in the final expression: @ + 8, ¥ + 1, § + v, so we denote
them by A, B and C respectively. We trace out the other two states to obtain the following one copy reduced density matrices:

BZ
01 = (A* + C* + AB + AC + BO) |y ) (V| + -1

2

C
02 = (A* +B? + AB+ AC + BO)|yr) (y| + ?1

A2
,o3:(BZ+C2+AB+AC+BC)|W)(1/f|+31. (104)

The coefficients apparently satisfy a normalization relation: A% 4+ B? + C? 4+ AB+BC +CA = 1. From the one copy reduced
density matrices we simply read out the fidelities:
B? c? A?
FF=1——, FE=1-——, F3=1——. 105
1 5 2 5 3 > (105)
For symmetric cloning case, weletA =B =C = 1/«/6, then the fidelity is 11/12, which exactly coincide with the UQCM
fidelity formula (59).

3.5. Singlet monogamy and optimal cloning

In quantum information science, entanglement is a resource for various QIP applications. On the other hand, the
entanglement cannot be shared freely among multi-parties. For example, for a multipartite quantum state, one party cannot
be maximally entangled independently with other two parties simultaneously. It means that entanglement is monogamous.
There are some monogamy inequalities for entanglement sharing (Coffman et al., 2000; Osborne and Verstraete, 2006; Ou
and Fan, 2007; Ou et al., 2008).
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In this review, we consider the singlet monogamy in application of quantum cloning. We know that singlet is a natural
maximally entangled state, we use the name of singlet monogamy to describe the restrictions on entanglement sharing.
Quantitatively, the amount of entanglement between A and B can be defined as

pap = r{}e}/x(dbﬂU @ VoapUt @ Vi) (106)

where |@T) = Z?:_ol |ii)/\/a is the d-dimensional maximally entangled state, which is standard in this review. This
quantity describes, under local unitary operations, the fidelity between state p, 5 and the maximally entangled state. In Kay
et al. (2009), Kay, Kaszlikowski and Ramanathan discovered the relation between singlet monogamy and 1 — N optimal
asymmetric UQCM. In their approach, a setup proposed by Fiurasek (2001a) is used: Ay (V) is a reduced density matrix so
that the efficiency of this cloning machine F is measured by averaging Tr[\/ & Pin Aout Win) o/ Pin 1. Note this is a “average”
definition of fidelity. In Fiurasek (2001a) it is proved F < dA where A is the maximal eigenvalue of the matrix

R= / A¥inl [Vin) (Yl @ Aouc (Yin)]. (107)
For the specific 1 — N asymmetric cloning case, Ay (i) is defined to be
N
Aout (Yin) = Zaih Q@ ®lict & [Yin)(Vinli ®lit1®--- ® . (108)

i=1

Here «; is a set of parameters to describe the required asymmetry of output states, which satisfies vaz 1 a; = 1. Rewriting
|Yin) as U|0), where U is a unitary operator in d-dimensional Hilbert space, then from (107) we find

N
R= /dU > " aiU" ® U]00)(00]o,U* ® UT, (109)
i=1

where the subscript 0 denotes the port of state |} (|7 appeared in expression (107) which is now expressed as UT|0).
This equation is obtained by substituting Eq. (108) into Eq. (107), so subscript i corresponds to port of state |Vin) (Vinl
appeared in Eq. (108). The form of state transposition denoted as T is due to an identity Try(|vin){(Yin|1|@ ) (DT |0.1) =
%|1ﬁm) (Vin |(T). After calculation it turns out to be

N
- = ) + + .
R= d(d+1);a,(1+d|q> WD+ o (110)

To find out the eigenvalue of this matrix, an ansatz is proposed:

N
W) =D BIPND) 1 -1y, - (111)
i=1
Bi is parameters satisfy normalization condition (va:1 B+ (d—-1) Zf’zl B? = d, and |®) means a normalized
superposition of all permutation of |@+)®®N=1/2 for odd N and |®@+)®®N=2/2|0) for even N. It satisfies
(12 DT 0 ® DIP)0.il D)1 -1y it 1)..N = Vil o)1 —1)G+1)..N- (112)

Here y;; = [1+ §;;(d — 1)]/d and hence we know |¥) is a eigenvector of Rif o;d Zj[-\lzl vijBi = [d(d + 1) — A]pB; for every i.

Combine this constraint with the expression of singlet monogamy of |¥): po; = (Z}Ll Vij ,81)2, as well as the normalization
condition, we get the singlet monogamy relation for 1 — N asymmetric cloning machine:

N d—1 1 N 2
i< . 113
;Po, =— +N+d—1 ;\/po,z (113)

It is straightforward to find the one copy fidelity F; = (po id + 1)/(d + 1). For symmetric UQCM case, one let all pg ; to be
equal to (N +d — 1)/dN and then the previous result F = (2N +d — 1) /[N(d + 1)] is regenerated. In Kay et al. (2009) it is
also shown that the previous 1 — 14 1+ 1 asymmetric cloning and 1 — 1 4+ N asymmetric cloning cases are consistent
with this approach.

The 1 — 4 asymmetric cloning can be similarly studied (Ren et al., 2011). The normalization condition in this specific
case turns out to be:

Bt + B + B3 + B + %(,31132 + B1Bs + BiBa+ PaBs + B2Pa+ P3fa) = 1 (114)
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and the fidelity of these four copies are:

Fm1- T g g gy ZREL PRI (115)
F2=1—d;1:ﬂf+/3§+ﬁi+z(ﬁ‘ﬁ3+ff{‘+ﬁ3ﬂ4):, (116)
FF]_% :ﬂf+ﬁ§+ﬁi+2(ﬁ1ﬁ2 +dﬁ;ﬂf+ﬂ2ﬁ4):’ (117)
F4=1—d;1:ﬂf+ﬁ§+ﬁ§+z(ﬁlﬁﬁdﬁffﬂzm:. (118)

With general asymmetric quantum cloning machine available, we can expect that the corresponding relationship between
quantum cloning and entanglement monogamy can be constructed.

3.6. Mixed-state quantum cloning

In the previous discussions of quantum cloning, the input state is assumed to be pure. What if the input state is mixed
state p? Sometimes since we only look at the resulted local one-copy reduced density matrix, this procedure is named
“broadcasting” (Barnum et al., 1996; D’Ariano et al., 2005b), as we already presented in this review. In Barnum et al. (1996),
Barnum et al. proved the 1 — 2 no cloning theorem can be extended to mixed state case, that is, for two non-commuting
input density matrices, the cloning machine cannot copy both perfectly, as we have already shown in previous sections.
Then D’Ariano, Macchiavello and Perinotti studied the extended N — M case and constructed the optimal UQCM (D’Ariano
et al., 2005b). They found a non-trivial result that the no-broadcasting theorem cannot be generalized to more than one
input case. Specifically, for UQCM, it is even possible to purify the input states when N > 4, this phenomenon is called
“superbroadcasting”. Note here UQCM does not mean constant fidelity reached for every mixed state, since the existence
of such cloning machine (1 — M) was nullified by Chen and Chen (2007b). For mixed state cloning, it seems reasonable
to use the shrinking factor as the measure of merit for the quantum cloning machine. This is for cloning of mixed states in
symmetric subspace (Fan, 2003). The property of “universal” for mixed cloning machine is in the sense that the shrinking
factor of the single output is independent of the input mixed state.

In this subsection, we try to review some explicit results of mixed state cloning studied in Dang and Fan (2007), Fan et al.
(2007) and Yang et al. (2007). The UQCM for pure state (57) and (64) can be applied apparently to one input mixed state.
But if we input the direct product of two identical p, direct application of (57) cannot give the optimal output. This can be
easily figured out if we consider the 2 — 2 case. The optimal transformation is just leaving it unchanged, but if we apply
the symmetrization projection, since p @ p contains an asymmetric part, this part is deleted so the final state changes. So
we need to find out other ways to achieve maximal fidelity.

We suppose the input state is identical copies of p = 2zp|0)(0| + z1]0)(1] + z2|1)(0] + z3|1)(1], and we use the
notation |m, n) to denote the totally symmetric state with m |0)s and n |1)s. Additionally we introduce |m, n) which is
constructed by multiplying each components in |m, n) by a different power of w = exp[2wim!n!/(m + n)!] ranging from 0
to (m+ n)‘/(m'n') — 1. For example, |2 1) = (|001) + w|010) + w?|100) )/f 3, with w = exp[2mi/3]. Obviously |m, n) is
orthogonal to |m, n).

Then the 2 — 3 transformation is written as:

12, 0)|R) — \/%3, 0)[Ro) + /;2, 1)|R1)
1, 1)|R) — \/g|271>|R0)+\/g|172>|R1)
0, 2)|R) — \/TIL 2)[Ro) + \/§|0, 3)IR1)
4 4
— 1 — 1~
1, )|R) — \/;|2,1>|Ro>+\/;|1,2>|R1)- (119)

It can be verified that the output single copy reduced density matrix is % P+ 1'—2 The shrinking factor 5/6, apparently coincide
with the maximal shrinking factor of 2 — 3 UQCM in pure state case. The more general 2 — M mixed state cloner is
constructed in similar way:

M-2

12, 0)[R) — > aolM — k. K)[Re)
k=0
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M-2
11, )IR) = ) aulM —k—1,k+ 1)|Ry)
k=0
M-2
0,2)IR) — > aalM —k —2,k+ 2)|Ry)
k=0
11, DIR) = ) oM —k—1,k+ 1)|Ry) (120)
k=0

where

(121)

o] B = 2)MM —j — k)G + k!
=A@ =DM + DIM — 2 — k)ljik!

By calculations, it can also be shown that the shrinking factor leads to previous results (59) corresponding for pure state
case, hence it is optimal.
In (Dang and Fan, 2007) this construction is generalized to N — M case:

M—-N

IN = m, m)R) = Y BuklM — m — k, m + k)[R y—i), (122)
k=0

the coefficients are:
,Bmkz\/(M_N)!(N+1)!\/ (M —m —k)! _ /(m—l—k)!. (123)
M+ 1)! (N—m)!(M — N — k)! m!k!

3.7. Universal NOT gate

Similar to the quantum cloning problem, one can ask if there is some transformation U that convert an arbitrary state
[¥) = «|0) 4 B|1) to its conjugate state [/ ~) = B*|0) —a*|1). For two states |v/;) = «|0) + B|1) and |y») = y|0) + 8|1),
we have (Y |Y1) = y*a + §*B = ((1/f2|UTU|1//1))*, hence U is an anti-unitary operator. And it is not completely positive
hence cannot be applied to a small system, as argued by BuZek, Hillery and Werner in BuZek et al. (1999).

Then it is a question whether we can have a universal NOT gate approximately. A general N — M universal NOT gate is
constructed by using the universal cloning machine. The final single copy output density matrix is ooy 1 = NL+2 [yt +

NLHI , regardless of M. In fact, this is exactly the reduced density matrix of the ancilla in the UQCM. This is an interesting
result since it shows the ancilla has the “anti-clone” meaning. The optimality of this universal NOT gate is also proved (BuZek
and Hillery, 2000). The universal NOT gate or anti-cloning is the same as the universal spin flip machine (Gisin and Popescu,
1999). Related, it is found that a pair of antiparallel spins can contain more information than that of parallel spins. The
universal NOT gate is studied for continuous variable system in Cerf and Iblisdir (2001a). The experimental implementation
of universal NOT gate in optical system is reported in De Martini et al. (2002). The universal controlled-NOT gate is studied
in Siomau and Fritzsche (2010b).

3.8. Minimal input set, six-state cryptography and other results

Bruf showed that the 1 — 2 optimal cloning of the following six states with equal fidelity for each state is equivalent to
the qubit UQCM (Bruf3, 1998),

(10). 1))
{}zum 1)), %ﬁum - |1>)} :
1 . 1 .
{ﬁ(|0>+z|1>),ﬁ(|0>—z|1>)}. (124)

These six states can be represented on Bloch sphere as Fig. 3.

These six states are exactly the three basis used in the six-state QKD protocol, and indeed the UQCM can be regarded as the
optimal way to attack the quantum channel in this protocol (Bechmann-Pasquinucci and Gisin, 1999). This is an interesting
phenomenon, it means that the optimal cloning machine for those six states can actually clone arbitrary qubits optimally.
On the other hand, it also means that we cannot clone six states better than a UQCM does.
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Fig. 2. Schematic N — M qudit UQCM. For initial states, there are N identical pure states |¢/) and M — N maximally entangled states. One part of these
entangled states are processed by a symmetric operator sy together with the N input states, see Ref. Wang et al. (2011b).
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Fig. 3. The six states used in quantum key distribution, the optimal cloning machine to clone those six states is a UQCM.

A reverse question might be interesting: how many states are enough to define a UQCM? More explicitly, what is the
minimal number of the states in the input set, such that the optimal cloning machine that achieves equal fidelity for them
is equivalent to the UQCM? Jing et al. (2012) solved this problem in the 1 — 2 cloning case. The minimal set turns out to be
four states on the vertex of a tetrahedron:

[Y¥1) = 0),
[2) = cos(6/2)[0) + sin(6/2)[1),
|v3) = cos(6/2)|0) + sin(6/2)e*™*|1),
|¥a) = cos(6/2)[0) + sin(0/2)e*"*|1), (125)
where 6 satisfies cos(0/2) = ? see Fig. 4.

There is a similar phenomenon for states on the equator of the Bloch sphere, which will be demonstrated in the following
section.

3.9. Other developments and related topics

The quantum cloning machine is originally proposed by considering arbitrary input states, thus it in general has the
universal property (Buzek and Hillery, 1996, 1998). For qubit case, by mapping several identical pure states into the cloning
of output states assisted by ancillary states, the general universal cloning machine is realized (Gisin and Massar, 1997). The
optimality of the fidelity is later proved by considering that the case of infinite copies should be equivalent to quantum state
estimation (Bruf3 et al., 1998b). Along this line, the one to many universal cloning machine for higher-dimensional case is
also studied in Albeverio and Fei (2000). By using the symmetric projection on identical pure states and tensor product of the
identities, which are completely mixed states instead of the intuitively assumed blank states, Werner proposed the optimal
universal cloning (Werner, 1998). The fidelity between all copies of the output density operator with the ideal copies is used
as the figure of merit for this cloning machine. The optimal fidelity between single copy and a single input state is later
obtained (Keyl and Werner, 1999). The cloning of higher dimensional state is also studied independently in Zanardi (1998).
Equivalently but differently by explicit transformation method, the general many to many universal quantum cloning of
higher dimensional state is proposed in Fan et al. (2001a). The combination of this universal cloning machine with the one
by projection method (Werner, 1998) is proposed resulting in a unified universal cloning machine (Wang et al., 2011b).
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10)

Fig. 4. The four states on the vertex of a tetrahedron, which determines a UQCM in 1 — 2 cloning case.

o,the fidelities which range from cases of single copy to multiple copies are all obtained. Let us remark that the well-

accepted theory of fidelity for mixed states can be found in Josza (1994).

The topic of universal quantum cloning is well studied. Next, we try to list those closely related developments in two

directions. The first direction is in general about the concepts extension from universal quantum cloning. The second
direction is about the realization of quantum cloning by various schemes and with various noises.

Let us first list the topics which can be related with universal quantum cloning, some of those topics may leads to potential

applications.

State estimation. The state estimation is corresponding to one to infinity quantum cloning, and it roughly describes
how to find the exact form of an unknown state. Asymptotically, the quantum cloning machine corresponds to state
estimation (Bae and Acin, 2006; Bruf et al., 1998b; Bruf3 and Macchiavello, 1999; Derka et al., 1998). The state estimation
can be understood like the asymmetric quantum cloning which keeps one copy untouched and the rest infinite copies
are used to estimate the form of the input state. It can be expected that the precision of estimation and the fidelity of the
remained copy has a tradeoff relation. This relation means that the more information gained from the estimation, the
larger disturbance is induced to the remained copy. This phenomena is demonstrated by a tradeoff relation between the
information gain and the disturbance on the estimated state (Banaszek, 2001), also in Maccone (2006) and (Kretschmann
et al., 2008).

Measurement. The optimal minimal measurements of mixed states is studied in Vidal et al. (2003), which set the
limits to optimal cloning of mixed states. Two incompatible observables cannot be measured simultaneously for a
quantum system, the cloning schemes are studied for this task to accomplish it optimally (Brougham et al., 2006). The
trade-off relations between measurement accuracy of two or three non-commuting observables of a qubit system is
studied in Sagawa and Ueda (2008), this leads to the no-cloning inequality. The application of this method in quantum
communication and the separability of quantum and classical information is studied in Ricci et al. (2005).

Quantum key distributions. The security of QKD can be analyzed by using quantum cloning machine to attack the
protocol. This attack can be considered as a simple quantum attack used by the eavesdropper, usually named as Eve.
She can use a quantum cloning machine to keep a copy of the state and send another copy to the legitimated receiver.
The strength of the attack can be adjusted by using the asymmetric case of quantum cloning. After the announcing of
bases used by the sender and the receiver in the QKD protocol, Eve can decode her copy, which in general is not perfect,
to find the secrete key. In extreme case, Eve may have a perfect copy but the state in the legitimated receiver side will be
random and thus this attack can be easily detected. The universal quantum cloning machine is directly used to analyze
the security of six states QKD protocol (Bruf, 1998). It is shown that if we want to clone those six states equally well, we
cannot do better than the universal quantum cloning machine. Interestingly, is apparent that those six states is only a
subset of any arbitrary states. We can actually go step further, one may find that the universal quantum cloning machine
can be determined completely by only four input states located on the vertices of a tetrahedron inside the Bloch sphere
(Jing et al., 2012). The general d dimension QKD by using d + 1 mutually unbiased states is investigated by universal
cloning machine in Cerf et al. (2002a), see also a unified method in Xiong et al. (2012). One problem might be that what is
the minimal input set which can determine a universal cloning machine in higher dimensional case. On the other hand,
the figure of merit of quantum cloning machine is by the fidelity of input and output states. By applying the quantum
cloning machine in QKD, the mutual information between pair of the sender and the receiver in comparing with the pair
between the eavesdropper and the sender are used. The relationships between quantum cloning, eavesdropping of QKD
and the Bell inequalities are presented in Gisin and Huttner (1997).

Cloning other than identical pure states. The universal cloning is in general to study the quantum cloning of identical
pure states. The aim can be extended to other practical and interesting cases. The problem of learning an unknown
unitary transformation from a finite number of examples is related to, but different from cloning, which is studied in Bisio
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et al. (2010). The cloning of a quantum measurement is studied in Bisio et al. (2011). The repeatable quantum channels
with quantum memory is studied in Rybar and Ziman (2008), this topic is something like quantum cloning of quantum
channels. It is interestingly observed that a pair of qubits with anti-parallel spins may encode more quantum information
(Gisin and Popescu, 1999), collective and local measurements of them is studied in Massar (2000), the cloning of those
kind of states is studied in Fiurasek et al. (2002). The upper bound of global fidelity for mixed state universal cloning and
state-dependent cloning are obtained in Rastegin (2003b) and in Rastegin (2003a). In relativistical quantum information,
a trade-off relation is studied for universal cloning of qudit (Jochym-0O’Connor et al., 2011). The high fidelity copies from
asymmetric cloning machine are studied in Siomau and Fritzsche (2010a). The reverse of quantum cloning is also studied
in photon stimulated emission scheme (Raeisi et al., 2012) and in continuous variable system (Filip et al., 2004). Several
cases of qubit quantum cloning combinations are investigated in Wu and Wu (2012).

e Some applications of quantum cloning. The superbroadcasting, which combines broadcasting and simultaneous
purification of the local output states together, is investigated in Chiribella et al. (2007). The information transfer, and
the information in practical cloning machine are presented in Deuar and Munro (2000b; 2000c). The information flux
in many body system and in quantum cloning machine is studied in Di Franco et al. (2007). The measurements on
various subsystems of the cloning machine is studied in Bruf$ et al. (2001). The cloning is also related with optimizing the
completely maps using semidefinite programming (Audenaert and De Moor, 2002). Numerical calculations are performed
to study the relationships between fidelities of cloning machines and the entanglement (Durt and Van de Putte, 2011).
Related, the optimal realization of the transposition maps is studied in Buscemi et al. (2003). The UQCM is also adopted
to investigate the entanglement and the quantum coherence of the output field in the high-gain quantum injected
parametric amplification Caminati et al. (2006). The application of cloning machine to improve the detectors is in Deuar
and Munro (2000a). On the other hand, there are also some no-go theorems. Non-existence of a universal quantum
machine to examine the precision of unknown quantum states, which is related to UQCM, is investigated (Pang et al.,
2011).

Secondly, we present the results about the realization of universal quantum cloning.

e The optimal quantum cloning model is only proposed by considering ideal condition, but in order to make practical
cloning, we have to consider effects such as noise. The introduction of interference in UQCM is investigated, it is shown
that this interference does not diminish the optimal fidelity 5/6 for 1-2 qubit symmetric cloning (Roubert and Braun,
2008). If the ancillary state is not ideally initialed, its effect on the optimal UQCM is studied in Zhang et al. (2012). The
influence of temperature in quantum cloning is analyzed in Baghbanzadeh and Rezakhani (2009). The comparison of
fidelities of quantum cloning expressed in theory and under experimental conditions is investigated in Khan and Howell
(2004). The possibility to improve the fidelity of the UQCM in the photon stimulated emission scheme is studied in
Dasgupta and Agarwal (2001).

o The ultimate aim of QCM is to be physically implemented, and many proposals have been put up. The spin networks
is possible to realize the UQCM (De Chiara et al., 2004). The realization of UQCM is also proposed in optical system
(Filip, 2004a,b; Irvine et al., 2004). The Hamiltonian realization of UQCM via adiabatic evolution is proposed, the
maximal eigenvalue of this Hamiltonian matrix is the fidelity (Jiang and Yu, 2010b). The proposals to implement cloning
machines in separate cavities are in Fang et al. (2011), by superconducting quantum-interference device qubits in a
cavity is presented in Yang et al. (2008). The scheme for implementing a UQCM in cavity QED with atoms is studied in
Zheng (2004), by ion trap technique is proposed in Zheng (2005), by cavity-assisted atomic collisions is proposed in Zou
et al. (2003), via cavity-assisted interaction is studied in Fang et al. (2012a). The scheme of quantum cloning of atomic
state into two photonic states is presented in Song and Qin (2008). The broadband photon cloning and the entanglement
creation of atoms in waveguide is studied in Valente et al. (2012). As we can see, photonic system can play an important
role in implementing QCM, a recent review about photonic quantum information processing can be found in Martini and
Sciarrino (2012); Pan et al. (2012).

e Some experiments have realized successfully the universal quantum cloning. The universal cloning by entangled para-
metric amplification is studied in De Martini et al. (2000). The asymmetric UQCM is realized experimentally by partial
teleportation (Zhao et al., 2005). The asymmetric quantum cloning machine is realized experimentally by polarization
states of single photons (Cernoch et al., 2009). The experimental quantum cloning can also be realized by using photon’s
orbital angular momentum (Nagali et al., 2009). If both polarization and orbital angular momentum degrees of freedom of
photons are used, the four-dimensional quantum state can be encoded. The experimental cloning of four-dimension state
by this scheme is demonstrated in Nagali et al. (2010). The general UQCM realized by projective operators and stochastic
maps is investigated both theoretically and experimentally presented in Sciarrino et al. (2004b). By photon polarization
in optics system, the universal quantum cloning and universal NOT gate is implemented experimentally (Sciarrino et al.,
2004a).

4. Probabilistic quantum cloning

Concerning the B92 protocol which involves only two non-orthogonal states (Bennett, 1992), we can try to clone it with
the largest probability. That is, by measuring a detector, we can make sure that the involved state is cloned perfectly or we
know that the cloning process fails. The aim of this quantum cloning is to achieve the optimal probability.
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4.1. Probabilistic quantum cloning machine

While the previous mentioned quantum cloning machines can always succeed, on the same time, the copies cannot be
perfect. Duan and Guo (1998b, 1998a), Duan and Guo (1999) proposed a different quantum cloning machine: while the
coping task can succeed with probability, but if it is successful, we can always obtain perfect copies. This kind of quantum
cloning machine is called probabilistic quantum cloning machine.

This quantum cloning machine is useful, in particular, in studying the B92 quantum key distribution protocol (Bennett,
1992). In this QKD protocol, only two non-orthogonal states are used for key distribution so the attack is simply to use
a specified quantum cloning machine to clone those two non-orthogonal states. In fact, this is the simplest case for
probabilistic quantum cloning machine which is used to copy two linearly independent states S = {|¥y), |¥;)} (Duan and
Guo, 1998b). The cloning transformation can be proposed as:

U(1%0) | 2)1my)) = /10|%0) o) Imo) + /1 — 10| PRgp),
U1 2)Imp) = /mil®) 1) Ima) + /1 — 01| ®ag,), (126)

where |m,), |mo), [my) are ancillary states. The measurements are performed in these states. And the states |cI>ABP) and
|<DAB,,) are chosen so that the reduced state of P is orthogonal to |mp) and |m;). When the measurements are |mg) or |m),

we know the states S = {|W¥), |¥)} are copied perfectly. Otherwise, the cloning task fails. The probabilities of success are
no and n; for states |¥y) and |¥7), respectively. If we let no = n; = n, we know that

n= ;
1+ [{Wol|¥n)l
This is also a no-cloning theorem: only orthogonal states can be cloned perfectly. And the optimal probabilistic quantum
cloning is to let n = 1/(1 + |(¥|¥1)|). It is also related with the problem of how to distinguish non-orthogonal quantum
states.

The more complicated case is to copy a set of linearly independent states S = {|¥), |¥7) ..., |[¥,)}. The form of the
probabilistic cloning machine is:

(127)

n
U(1%)| ) IPo)) = /Wil¥) W) [Po) + > cijl ) P;). (128)
j=1
Py ... Py is aset of orthonormal ancilla states. Hence if the measurement result of the ancilla turns out to be Py, we know the
state |¥;) is perfectly cloned, with the probability y;. Taking the inner product of different i and j in (128), there is a matrix
equation

XV —/rx®Jr = cct (129)

where XI-;") = (WK, T = I't = diag{y:...ya}, G; = c;. If the input states |%)s are not linearly independent, XV is
not positive definite. And for generic positive definite matrix I", the right-handed side of (129) is not positive semidefinite,
hence the equation is not valid as the matrix CCT is positive semidefinite. Hence such probabilistic cloning machine only
exists for linearly independent states. (This result is also confirmed by Hardy and Song using the no-signaling argument
(Hardy and Song, 1999).) They then found the existence is equivalent to the positive semidefiniteness of X’ — I". The result
is called the Duan-Guo bound to distinguish linearly independent quantum states (Duan and Guo, 1998a). The 1 — M
cloning machine is also easy to formulate, just by adding the number of copies at the right-handed side of (128). Later Zhang
et al. (2000b) constructed a network using universal quantum logic states realizing this cloning machine.

Later, Azuma et al. (2005) studied the case with supplementary information, that is, the | X') at the left-handed side of
(128) is state dependent. Li and Qiu (2007 ) explored the case with two ancilla systems, but it is shown that the performance
cannot be improved.

4.2. A novel quantum cloning machine

For probabilistic cloning machine, Pati (1999) explored the possibility that the output state contains all possible copies
of the original state. That is, for a set of input states |¥7) . .. |¥;), does there exist a transformation U in the following form:

N/
U(|9)|2)|Po)) = Z eI M Py + Y R B P, (130)
k=M+1
|P1), ..., |Py) is a set of orthonormal ancilla states, as usual. In fact, this can be regarded as a superposition of the
1—2,...,1— (M + 1) cloning machines. From the unitarity constraint, we have

lllllll Z p’(: '1/|l1/ k+1 /p( + Z /f(l)f(]) (131)

I=M+1
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This equation can be rewritten as a equation of matrices

M N’
XD =3 "px*0p + Y FO. (132)
k=1 I=M+1

Here P, = P| = diag{p",...,p"}, X,.;k) = (|¥)* as usual and Fl;') = /£ From this relation, they proved if the
states are linearly independent, then the equation can be satisfied with positive definite Ps and F;s. It is also simple to
see the transformation does not exist if the set of input state contains a state that is a superposition of other states says
@) = Zj ¢j|¥;), since we can simply add the U(|¥)| X)|Py)) = chjU(|lI/j)|E)|P0)). And from the right-handed side of
(130) we can see that it is inconsistent.

Under this framework, the cloning machine of Duan and Guo can be viewed as a special case of M = 1, see (Duan and
Guo, 1998b).

Later, Qiu (2002) proposed a combination of Pati’s probabilistic cloning machine and the approximate cloning machine
in the usual sense, which is a more general framework. The condition with supplementary information is also explored, that
is, the | X') at the input side is state dependent. It is found that the probability of success may increase (Qiu, 2006).

4.3. Probabilistic quantum anti-cloning and NOT gate

Similar to the approximate universal NOT gate in the UQCM section of this review, we can also construct a probabilistic
quantum anti-cloning and NOT gate in the framework of probabilistic cloning. Our aim for probabilistic quantum anti-
cloning and NOT gate is that we keep the input state unchanged, at the same time, we create additionally an anti-cloning
state which corresponds to the NOT gate. Actually, this task can only be fulfilled probabilistically. A 1 — 2 probabilistic
quantum anti-cloning and NOT gate is proposed by Hardy and Song in Hardy and Song (1999):

n
U 2)1Po)) = VI 1) 9 ) IPo) + > ¢l @ag) P). (133)
j=1
By measuring the probe states |Py) and |P;) which are orthonormal, we know whether the realization of anti-cloning and
NOT gate is successful or not. On the other hand, we already know that the perfect universal NOT gate is impossible
(BuZek et al., 1999), the realization of only the NOT gate probabilistically seems an interesting question, |¥;) — |lI/il).
The input states are |¥;), ..., [¥,), as usual. Taking the inner product of different i, j, we get

x® :fX/ +cct (134)

where ng‘ = (l1/f|l11j)(11/ﬁ|l1/f) and other notation is same as above. If the input states are linearly independent, then the
Gram matrix at the left-handed side of above equation is positive definite. Hence for a sufficiently small f, we can guarantee
CCt is also positive semidefinite. So such a cloning machine always exists. As a simple example, we consider the case
n=2,a; =a; =+/1—f,a;p; = ay = 0, then (133) can be written as:

[W1) — VI W) [Po) + /1 — f1Pag) [P1)

[¥2) = VF192) 955 |Po) + /1 — F|®ag) P1). (135)
In this case, we have a constraint of f:
1— (¥ | 1
f< [{(¥1]¥2) (136)

1= (e 1w~ 1+ [(9]9s)]

which is identical to the Duan and Guo case (Duan and Guo, 1998b). Li et al. (2007) extended the above case to the case
where the output state contains all of |¥)|wL), |@) w82 | |w)|gl)eM,

4.4. Other developments and related topics

The probabilistic quantum cloning (Duan and Guo, 1998b; 1998a) was initiated to study the attack on a QKD protocol
proposed by Bennett (B92) which can exploits any two nonorthogonal states for key distribution (Bennett, 1992). Different
from the approximate quantum cloning, the probabilistic cloning aims to have perfect copies by sacrificing the success
probability, i.e., in case of failing, the state owned by eavesdropper is useless, but in case of success, the eavesdropper will
have perfect copies. The aim of the probabilistic quantum cloning is equivalent to discriminate probabilistically different
quantum states such as the two nonorthogonal states in B92. Then we next try to list three directions of research in studying
probabilistic quantum cloning.

e The probabilistic quantum cloning is equivalent the quantum states discrimination. Along this line, the relation between
the cloning machine and states discrimination can be found, for example, in Chefles and Barnett (1998); Feng et al.
(2005); Zhang et al. (2010b). The minimum-error discrimination ambiguously of mixed states is studied in Qiu (2008).
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The optimal unambiguous discrimination of two density matrices is studied in Raynal and Lutkenhaus (2005). The
optimal observables for minimum-error state discrimination is studied in Nuida et al. (2010). By homodyne detection,
distinguishing two single-mode Gaussian states is studied in Nha and Carmichael (2005). It is also shown that according to
Wigner-Araki-Yanase theorem that the repeatability and distinguishability cannot be reached simultaneously (Miyadera
and Imai, 2006b). In order to distribute a quantum state to a coupled two subsystems, the strength of interaction
should be above a threshold (Miyadera and Imai, 2006a). The unambiguous discrimination of two squeezed states using
probabilistic cloning is investigated in Mishra (2012).

e Probabilistic quantum cloning of various states and different methods have been presented. Fiurasek (2004) used the
technique described in the “Singlet Monogamy” subsection in the UQCM part to analyze the optimality of probabilistic
cloning machine. The study of probabilistic cloning of qubits with real parameters is shown in Zhang et al. (2010a)
The assisted probabilistic quantum cloning is proposed by Pati in Pati (2000). The broadcasting of mixed state using
probabilistic cloning machine is shown in Li et al. (2009). The optimal probabilistic ancilla-free, which is economic,
phase-covariant qudit telecloning machine is presented in Wang and Yang (2009b). The probabilistic cloning of three
symmetric states (Jimenez et al., 2010a) and equidistant states (Jimenez et al., 2010b) are also studied.

e The implementation, both theoretically and probabilistically, of probabilistic quantum cloning is also an important
subject. The scheme to implement probabilistic cloning of qubits via twin photons is proposed in Araneda et al. (2012).
The scheme by GHZ states is proposed in Zhang et al. (2000a).

Experimentally, the accuracy of quantum state estimation is studied (Usami et al., 2003), this accuracy is also
compared with asymptotic lower bound obtained theoretically by Cramér-Rao inequality. The probabilistic quantum
cloning experimentally realized in NMR system is reported in Chen et al. (2011). By generalizing the probabilistic
cloning to state amplification, the experimental heralded amplification of the photon polarized state and entanglement
distillation are reported in Xiang et al. (2010) and (Kocsis et al., 2013).

5. Phase-covariant and state-dependent quantum cloning

In last section, we studied the quantum cloning machines which are universal. That is the case that the input states are
arbitrary or we know nothing about the input state. Practically, it is possible that we already know partial information of the
input state. The point is whether this partial information is helpful or not for us to obtain a better fidelity in quantum cloning.
In this section, we will show that depending on specified input states, we can design some quantum cloning machines which
perform better for those restricted input states than that the universal cloning machines.

On the other hand, one of the most important applications of quantum cloning is to analyze the security of quantum
key distribution protocols. In security analysis, the quantum states transfer through a quantum channel. We suppose that
this quantum channel is controlled by the eavesdropper who is generally named as Eve. Eve can perform any operations
which is allowed by quantum mechanics. One direct attack is the “receive-measure-resend” attack where “measure” can
be supposed to be a quantum operation. However, quantum mechanics states that non-orthogonal quantum states cannot
be distinguished perfectly. So the measured results will in general not be perfect and thus the obtained measurement result
is not the original sent state. This will induce inevitable errors which can be detected by public discussions between the
legitimated sender and receiver, Alice and Bob, in QKD.

Eve can choose freely her attack schemes. The quantum cloning machines provide a quantum scheme of eavesdropping
attack. We just assume that the Eve has an appropriate quantum cloning machine. By quantum cloning, Eve can keep one
copy of the transferring state and send another copy to the legitimate receiver, Bob. Now Eve and Bob both have copies of
the sending state. By this process, we can find how much information can be obtained by Eve, and on the other hand, how
much errors are induced by this attack. This provides a security analysis of QKD. In this eavesdropping, Eve intends to get
some information secretly between Alice and Bob’s communication and wish to make the least possibility to be detected. So
the optimal quantum cloning machine is required. Based on different QKD protocols, various cloning machines are designed
specially. The universal quantum cloning machines studied in the previous sections themselves might be optimal. But it
may not be optimal for the quantum states involved in a special QKD protocol. So the state-dependent quantum cloning
machines are necessary. In this section, we will give all the examples of state-dependent cloning.

5.1. Quantum key distribution protocols

In this subsection, we intend to refer some quantum key distribution protocols and show how the eavesdropper attacks
them. Each protocol may lead to a special kind state-dependent cloning machine. Initial protocols are based simply on 2-
dimension system and later they are generalized to higher-dimension. Next, we present in detail the well-known BB84
protocol (Bennett and Brassard, 1984) and briefly its generalizations. An earlier review of QKD is in Gisin et al. (2002).

1. BB84 protocol (Bennett and Brassard, 1984) uses two sets of orthogonal 2-level states and intersection angle in Bloch-
sphere between different sets is 90°. They can be written as following, see Fig. 3,

10). [1).
Lo+ 11, = qoy — 1) (137)
V2 V2 )
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Note that by operating a unitary transformation, characteristics of these states remain unchanged. Therefore, we
may also use the following four states in BB84 protocol which are still two sets of orthogonal 2-level states with 90°
intersection angle, also see all those states in Fig. 3.

1
—(l0) £11)),

fz(H 1))

1

—(l0) £i[1)). 138
ﬁ(l)ll)) (138)

In BB84 protocol, Alice sends one of these four qubits to Bob through a certain quantum channel which is controlled
by Eve. After receiving the qubit, Bob measures the obtained qubit with one of the two bases randomly. After Bob has
finished his measurement, Alice would announce the bases of each qubits. If their bases coincidence, Bob’s measurement
result is surely correct. Alice and Bob will share a common secrete key. If sending basis and the measurement basis are
different, they simply discord this bit of information. Also they may use some qubits as the checking qubits to find out
the error rate introduced by the quantum channel. They can suppose that all errors are caused by Eve’s attack.

The eavesdropper, Eve, will capture the qubits in the quantum channel and clone them. She remains one part to copies
and still sends the other part to Bob in the quantum channel. As soon as Alice broadcasts the bases, Eve measures her
own qubits sequentially to derive the information sent between Alice and Bob.

This BB84 protocol is proved to be unconditional secure and the security is based on principles of quantum mechanics.
The security proofs of BB84 protocol are given by several groups, for example Mayer (2001), Lo and Chau (1999), Shor and
Preskill (2000). We remark that Ekert proposed a QKD strategy based on the non-locality of quantum mechanics (Ekert,
1991) which is the same of the BB84 protocol.

2. B92 (Bennett, 1992) is a protocol which uses any two non-orthogonal states. Tamaki et al. (2003) provide the security
proof of this protocol. In this review, we suppose those two states take the form,

%z(loHei"’kll)), k=1,2. (139)

3. BB84 protocol can be generalized to 6-state protocol (Bruf3, 1998). The six states involved in this protocol are BB84 states
plus two more states as shown in Eq. (124). Interestingly, the optimal cloning of those six states is the universal quantum
cloning machine as already shown in previous sections.

4. For higher-dimensional case, the QKD protocols can use 2-basis or d + 1-basis in a d-level system as studied by Cerf et al.
(2002a).

5. In d-dimension, there are altogether d 4+ 1 mutually unbiased bases (MUB), provided d is prime. Any (g + 1)-basis from
those MUBs, g = 1,2, ..., d, can actually be used for QKD (Xiong et al., 2012). Here, we briefly give the definition of
MUB, {|i)} and {|i®}} (k =0, 1, ..., d — 1), they are expressed as:

d—

1<") Z i(d—j)— ksjU (140)

=0

withs; =j+ -+ (d—1)andw = €' * . These states satisfy the condition, |(i® [[0}| = Skidit +

different set of bases are mutually unbiased.

6. Basing on the characteristics of MUB, we can design a retrodiction protocol using method of mean king game. This spe-
cial protocol, different from BB84 or other QKD protocols, shows that Bob has a 100% successful measurement scheme
in comparison with the 1/(g + 1) successful measurement in such as BB84 protocols. Here we remark that quantum
memory is not available for Bob. We will present a detailed analysis of this retrodiction protocol.

[ (1 — &). States in

5.2. General state-dependent quantum cloning

As to the above QKD protocols, universal quantum cloning machine is sure to work well, but not surely to be the optimal
one. Thus if we need a higher quality of the output from the cloning machine, a state-dependent cloning machine is needed.
In fact, each protocol corresponds to a special kind of state-dependent cloning machine based on the given ensembles of
states.

Let us firstly consider a general case based on two equatorial states. Obviously, it is equivalent to the B92 protocol
(Bennett, 1992). To be non-trivial and satisfy the B92 protocol, these states are nonorthogonal. The cloning machine is
designed to clone only these two states optimally and equally well without considering other states on the Bloch sphere.
This problem is studied in Bruf8 et al. (1998a).

The quantum cloning machine takes a completely unknown 2-level state |¢r) and makes two output qubits. Each output
state is described by a reduced density matrix with the following form,

I
p=n|1ﬁ>(1ﬁ|+(1—n)5. (141)
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Here, n described the shrinking of the initial Bloch vector s corresponding to the density matrix |v/) (v |. In other words, the
output state is

I+ 77§ .o
2
with the input state being
Wl = =
2
We assume that any quantum cloning machine satisfies the following reasonable conditions according to requirement
of all QKD protocols: First, p1 = p, which is called symmetry condition. Second, F = Tr(py p1) = const., which is called
isotropy condition meaning that the fidelity between each output and the input does not depend on the specified form of
the input. Stronger condition §7 = 7y, fb is required by orientation invariance of the Bloch vector. It is obvious that when the
last condition is satisfied, the second will be satisfied.

Next let us investigate the explicit form of the quantum cloning machine. BruR et al. (1998a) make a general ansatz for
the unitary transformation U performed by the cloning machine. They are,

)

(142)

U|0}]0)1X) = a|00}|A) + b1|01)[B1) + b2]10}|B2) + c|11}|C), (143)
U[1)|0)|X) = al11)|A) + b1|10)[B1) + b|01)|B) + €|00)|C) (144)
where |X) is an input ancilla. And |A), |B;), ... denote output ancilla states. Ancilla states may have any dimension but

are required to be normalized. There are several constraints for these parameters. Thanks to the unitarity of the cloning
transformation, the complex parameters a, b;, c . . . satisfy the normalization conditions:

lal> + |bi[* + b2 + [c|* = 1,
|al® + |b1)* + |b2)* + €7 = 1, (145)

and the orthogonality condition:

a*E(AIC) + b3b1 (B|B1) + biba (B1|By) + c*a(C|A) = 0. (146)
Assume that the cloning machine works in symmetric subspace, more relations are derived

bil = 1bal. b1l = |bal,

|(B11B2)| = |(B21B1)I.  1{B1|B1)| = |(B21B2)l. (147)

and
ab’s (B1|A) + ¢*by(C|By) = ab}(B2|A) + c*by (C|By),
ba(B1]A) + a*by (AIBy) = bya(Bs|A) + @b, (A|B,),

bYZ(B1|C) + ¢*b1(C|B1) = b3C(B|C) + ¢*by(C|By). (148)
Moreover, letting shrink factor remaining constant ratio within each direction in Bloch sphere, one has,
S1, _ 51 51,

Syx Sy Sy
Applied in the transformation, we may derive further constraints:
la)* — |c|* = [a* — |¢|?

|a|2—| c|> = Re[b; a<B”1|A>+a*b1<A|B]>]
)

Im[b; " a(By|A) + @by (A[By)] =
biE(B1|C) + c*b1(C|By) =0,
b3a(By|A) + c*b1(C|By) = 0,

(B
af
} a(B,|A) + ¢*b1(C|B1) = 0,
*a(C|A) — @*c(A|C) = 0,
and symmetrically,1 < 2. (150)

Here, notation 1 <> 2 indicates the above constraints changing indices 1 with 2 according to the symmetry condition.
Our task is to maximize the shrinking factor n with its explicit form taken as,

n=laf® — [c]*. (151)
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The fidelity which is defined as

1 .
F=Tr(p:l¥) (¥ ) = 5(1 +51-5y) (152)

is related to the shrinking factor as

F:%(1+n). (153)

Note that this relationship between fidelity and shrinking factor holds only for pure states. The study of mixed state has
already been presented in the previous sections. The above discussions are regardless of the specified QKD protocols.

5.3. Quantum cloning of two non-orthogonal states

Next, we will consider the situation of B92 protocol in which only two qubits are required to be cloned. Now, we firstly
prove that ancilla is necessary in our cloning machine. Without ancilla, we could write down constraints as: |a|*> — |c|? =
@2 — €2, lal®* — |c|*> = Re[b; a + @bi], bja + c*by = 0, and by'@ + ¢*b; = 0. Adding symmetric ansatz, we have
|b1] = |b2| = |b| and |b1| = |bz| = |b|. ~

From these constraints we would have four possible results: (a), |a] = |c| and |a] = |c|, (b), |a] = |c| and |b] = 0, (c),
|b| = 0and |a] = |¢|, and (d), |b| = 0, and |5| = 0. For each case, we have n = 0 which seems meaningless. Consequently,
it is impossible to generate a symmetric quantum cloning machine without ancilla.

In the following, we will explicitly give the form of the quantum cloning machine and the fidelity in this case. Assume
two pure states in a two-dimensional Hilbert space with expressions:

la) = cos0]0) + sinf|1), (154)

|b) = sin6@|1) 4 cos 0|0), (155)
where 6 varying from 0 to 77 /4. Define S = (a|b) = sin 260. We may imagine that the fidelity only dependents on S because
we could transform every 2 states into the above form by only unitary operation without influence the fidelity.

Since there are too many constraints to give strict algebraic calculations, we utilize the symmetry in the B92 protocol to
simplify the calculations. Performing an unitary operator U on the input states, we define final states |o) and |8) as

la) = Ula)[0), |B) = U|b)|0). (156)
Since U is an unitary transformation, we could derive
(@|B) = (alb) =sin20 =S. (157)

Using global fidelity F, to evaluate the quantum cloning, which is defined as

1 2 2
Fg = 5 (l{erlaa)|” + [{B|bb)[*) (158)

Certainly, optimal cloning machine needs that both |«) and | 8) lying in the space spanned by vectors |aa) and |bb). Without
complicated calculations, we would obtain maximal global fidelity as

1
Fp =4 (V1 + sin? 20+/1 + sin 26 + cos 26+/1 — sin 26)%. (159)
Additionally, we are also interested with the local fidelity of each output qubit with the input one, which is defined as
Fy = Tr[py|a){al]. (160)

The explicit result is,

1 1-5%  S*)(1+S5)
Fl,l = -1+ —+ .
V1482 1452

2
We may notice that it is larger than 5/6. That is to say, for this protocol, state-dependent cloning machine works better than
UQCM as expected. It is also noticed that the Bloch vector not only shrinks but also makes a rotation with a state-dependent
angle v:

1 cos 26
¥ = arccos m —26. (162)

V1+sin?26

This is caused by that one constraint presented previously is released.

(161)
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Fig. 5. The equatorial qubits are qubits which are located on the equator of the Bloch sphere. The optimal cloning machine for those states is the phase-
covariant quantum cloning machine. This machine is also optimal for cloning BB84 like states.

We should emphasize that this result is derived under the request of maximum global fidelity rather than maximum
local fidelity. When we only need a better state-dependent cloning machine locally, we may have different consequences.
And the fidelity is given by:

1 V2
F3= 5 —l-ﬁ(l +5) 3B —35++1—2S+95?%) x \/—1+25+352—|—(1 —S)v/1—25 4952 (163)
Moreover, it could be tested that the minimum value F; 3 ~ 0.987 is derived when S = 1/2. And whenS = 0and S =1,
one finds F = 1 as expected.

In addition, we should note that different concerning in the eavesdropping would lead to variant results. In B92 protocol,
direct cloning is not the most advisable action for Eve if she wishes to be most surreptitious. In fact, Eve’s main purpose is
not to clone the quantum information which is embodied in the two nonorthogonal quantum states, but rather to optimize
the trade-off between obtaining most classical information versus making the least disturbance on the original qubit Fuchs
and Peres (1996). We may name it the optimal eavesdropping which is different from optimal cloning. In (BruR et al., 1998a),
fidelity for optimal eavesdropping is expressed as

Flp= % + ?\/(1 — 252 4253+ 54 + (1 —52)y/(1+5)(1—S + 352 — $3). (164)

Note that, forall S, F; > F 3.

Here we have a short summary, the general state-dependent cloning machine works better than UQCM when applied
to a certain number of states. We give the special case of two nonorthogonal pure states. It is obviously that, if we know
the ensemble of states used in one QKD protocol, state-dependent cloning machine can be designed accordingly. Besides for
QKD protocols, various quantum machines themselves are of fundamental interests. As an extension of B92 protocol, Koashi
and Imoto considered the quantum cryptography by two mixed states (Koashi and Imoto, 1996).

5.4. Phase-covariant quantum cloning: economic quantum cloning for equatorial qubits

In this subsection, we will discuss quantum cloning machine for BB84 states, which is first studied in Bruf3 et al. (2000a).
For convenience, we will also refer those four states {(]0) % | l))/«/i, (]0) %] l))/«/i} as the BB84 states. In fact, the cloning
machine of BB84 states is proved to be able to copy all equatorial states optimally. It has a higher fidelity than that of the
UQCM. Moreover, this kind of quantum cloning machine is able to work without the help of the ancilla states. It is thus the
economic quantum cloning.

It is interesting to find that any quantum cloning machine that clones BB84 states equally well will also clone equatorial
states with the same fidelity. We know that the equatorial qubits are located on the equator of the Bloch sphere which take
the form, |y (¢)) = (]0) + ei¢|l))/ﬁ see Fig. 5. Since each output qubit can be represented as the mixture of input state
and the completely mixed state and the corresponding fidelity does not depend on the phase ¢, this kind of cloning machine
is “phase covariant”. It is named generally as the phase-covariant quantum cloning machine.

Consider a completely positive map T that could clone optimally the four states of BB84. Perform T on those states would
lead to approximate result:

I

T £ x)(£x[] = n| £ x){£x| + (1 - 7))5, (165)
I

Tl £y)(EyT=nl £y £yl + T —n)=. (166)

2
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On the other hand, equatorial states could be written as

1
V(@) (¥ (#)] = 5 I+ cos doy + sin pay). (167)

This is the qubits in x-y equator. Similarly we have qubits in x-z equator such as BB84 states and in y-z equator. Perform
linear operation T on it and consider T (I) = I, we derive

Tl @)Y (@) = nly (@) (¥ ()] + (1 - n)g (168)

The shrinking factor n remains unchanged. Therefore, we could conclude that optimal cloning machine performed for the
BB84 states is equivalent to phase covariant cloning machine.

Next, we release the above constraint that the single output qubit takes the scalar form (168). We only need that the
fidelity does not depend on the phase parameter ¢ in quantum cloning. We first consider the economic case, which is
accomplished without ancilla. Phase-covariant quantum cloning machine is presented in the following as proposed by Niu
and Griffiths (1999),

10}[0) — [0)0),

[1}]0) — cosn|1)[0) + sinn[0)[1), (169)
where n € [0, 7 /2] means the asymmetry between the two output states. And when n = /4 the two output states are
equivalent, corresponding to the symmetric case.

For any equatorial state |y (¢)) = %2(|0) + ¢|1)) which is the input state, we have

[ (4))]0) — %(|00> + cos ne'?|10) 4 sin ne'|01)). (170)

So we could easily obtain the reduced matrix of each states,

pa = Trg(IY () (¥ ()]
pg = Tra(|Y () (¥ (P)D). (171)
Then, as to any equatorial state |y (¢)), we have fidelity defined as F = (y|p|¥):

1
Fa = 5(1+cosn), (172)

1
Fg = 5(1+sinn). (173)

Obviously, fidelities are independent of ¢ as expected. Particularly, for symmetric case n = /4, the fidelity is

5
F=1/2+1//8~0.85355 > G ~ 0833333, (174)

In other words, phase covariant cloning machine behaves better than UQCM in cloning equatorial states. Phase-covariant
quantum cloning machine can also be realized with ancillary states in a different form. The related results of phase cloning
can be found in Acin et al. (2004b); Bruf et al. (2000a); Durt and Du (2004); Griffiths and Niu (1997). The experimental
implementation of this scheme is reported in optics system and nuclear magnetic resonance system (Cernoch et al., 2006;
Du et al., 2005).

5.5. One to many phase-covariant quantum cloning machine for equatorial qubits

For quantum cloning, we are always interested in the case that multi-copies created from some fewer identical input
states. The simplest extension of 1 — 2 is one to many quantum cloning, i.e. 1 — M phase-covariant quantum
cloning. Based on the cloning transformations similar to the UQCM (Gisin and Massar, 1997), for arbitrary equatorial qubits,
@) = (|1) + €?]}))/+/2, it is assumed that the cloning transformations take the following form (Fan et al., 2001b),

M-1
Uimlt) ® R=")_ o5l(M —)1,j}) ®R;,
j=0
M—-1
Uml) ® R="Y_am1I(M —1=)1, i+ D)) ®R;, (175)
j=0

where R denotes the initial state of the copy machine and M — 1 blank copies, R; are orthogonal normalized states of the
ancillary (ancilla), and |(M — j)v, j)¥1 ) denotes the symmetric and normalized state with M — j qubits in state ¢ and j
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qubits in state v/, . We already know the result of universal case: For arbitrary input state, the case oj = 2M) s the

M(M+1)
optimal 1 — M universal quantum cloning (Gisin and Massar, 1997).

Next we consider the case that the input states being restricted to the equatorial qubits. It is assumed that phase-covariant
transformations satisfy some properties: it possesses the orientation invariance of the Bloch vector and that the output
states are in symmetric subspace which naturally ensure that we have identical copies. The unitarity and the normalization
is satisfied by Z 0 oc] = 1. We now wish that the optimal phase-covariant cloning machine can be achieved. Let us see
fidelity which is found to take the form,

1
F = 5[1 +n(1, M)], (176)
where

J
CM1

/Cj Cj+l

From this result, it is straightforward to examine two special cases, M = 2,3.For M = 2, we have ¢f + @ = 1and

n(1,M) = «/iaooq. Incase g = a1 = l/ﬁ, the fidelity achieves the maximum. For M = 3, we have otg + oe% + oc% =1,
and

n(1, M) = Za,am S — (177)

(1,3) = 2a? 4+ = (178)
niL, o) = sa —F=0Qo>.

3V /3
Forog = a; = 0,1 = 1,we have (1, 3) = % which is the optimal value and it reproduces the case of quantum triplicator
for x — y equatorial qubits as presented below,

1
It — \f@(ITTU + I+ ),

N) — \%(INT) + D)+ 11D, (179)

Note that the fidelity of this quantum triplicator is 5/6 which is the same as the 1 — 2 UQCM.

We next review the result of 1 to M phase-covariant quantum cloning transformations. When M is even, we suppose

= ﬁ/Z,j =M/2 —1,M/2 and o; = 0, otherwise. When M is odd, we can suppose aj=1,j=M —1)/2and o; = 0,
otherwise. The corresponding fidelities are F = % + 7%% for M is even, and F = —|— (M“) for M is odd. The explicit
cloning transformations have already been presented in (175).

The above fidelities for M = 2, 3 cases can be found easily being optimal. We next prove that for general M, the fidelities
shown above achieve the maximum as well (Fan et al., 2001b). As we just reviewed, the method introduced in Gisin and
Massar (1997) for UQCM can also be applied in this phase-covariant case. Here, we try to present a more general formula
by considering N to M cloning transformation. This formula incorporates the coefficients in the unitary transformation to
the un-normalized ancillary states. We expect that this formula can be used to study the general optimal N — M phase-
covariant quantum cloning which is still an open question. We then will reduce from the general formula to the simple case
N = 1 to reach our conclusion.

By expansion, the N identical input states for equatorial qubits can be written as,

N
N ="\ =)L) (180)
j=0
The most general N to M quantum cloning machine for equatorial qubits is expressed as

M
(N =D i) @R — Y 1M = k)1, k) ® IRy, (181)
k=0

where R still denotes the M — N blank copies and the initial state of the cloning machine, and |Rj) are unnormalized final
states of the ancilla. By using the unitarity condition, we know that the ancillary states should satisfy the following condition,

M

> (RyelRie) = 8. (182)

k=0

Substitute the input state (180) into the cloning transformation (181), we obtain the whole output state with ancillary state,

N . - M
N Z}ew,/q, kX; |(M — k)1, ki) ® |Ri). (183)
Jj= =
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By tracing out the ancillary state, the output state of M-qubit takes the form,

pt =Y €T\ O Ry IRi) [ (M — K) 1, k) (M — k), K L. (184)
K gk
The one-qubit reduced density operators are the same which is ensured by the symmetric space representation. The fidelity
between input and output of one-qubit can then be calculated as

F=(Wpa|¥) =Y (RowlRidAwe (185)
7K gk

where p%% is the density operator of each output qubit by taking partial trace over M — 1 output qubits with only one qubit

left. We impose the condition that the output density operator has the property of Bloch vector invariance, and also we next
consider the simple case N = 1,

1 VM —=k)(k+1) M—K)K + 1)
Ajwje = 1 {5j’j5ldk +(1—4y) |:5k’,(k+1)M + Sk, +1) m , (186)
where j,j’ = 0, 1 for case N = 1. The optimal fidelity of this cloning machine for equatorial qubits corresponds to the

maximal eigenvalue A, of matrix A by F = 2A,4x (Gisin and Massar, 1997). The matrix A (186) is a block diagonal matrix
with block B given by,

1 : JM—Bk+1)

B=- M . 187
1| VM —R&+D 1 (187)
M
Thus we now can confirm that the optimal fidelities of 1 to M cloning machine for equatorial qubits takes the form,

1 VMM +2) _
-4+ —, Miseven,

F = 2oy = % " ;”‘1/’) (188)
— s M is odd.
2 4aM

Explicitly, the corresponding 1 — M optimal phase-covariant quantum cloning can be written as:

1. M is even, suppose M = 2L, we have

2 2
) — §|(L+ DAL= 1)) ®Ro+ %m,m ® Ry,
2 2
) — §|LT,L¢)®R0+§|(L—1)Ta(L+1)¢>®R1~ (189)

2. M is odd, suppose M = 2L + 1, we have

1) = [L+ D1, L),
)= Lt L+ D). (190)

Note that those transformations (189) have ancillary states Ry, R1. The simplest economic case without these ancillary states
has been presented in (169). The general economic case equivalent with Eq. (189) can be written as,

1) = [C+ D1, L= D)
) — LT, LY). (191)

The optimal phase-covariant quantum cloning for the general N — M case still seems elusive, some related results and
the phase-cloning of qutrits can be found in D’Ariano and Macchiavello (2003). The one to three phase-covariant quantum
cloning is realized in optics system (Sciarrino and De Martini, 2005).

5.6. Phase quantum cloning: comparison between economic and non-economic

It seems that phase quantum cloning with input |y) = %(lO) + €|1)) can be realized by both economic and non-

economic transformations with completely the same optimal fidelity. We suppose that qubit implemented by quantum
device is precious, so we should prefer to economic phase cloning.

On the other hand, there exist some subtle differences between those two cases which are not generally noticed. For
convenience, let us present explicitly those transformations. From the general results in Eq. (189), the optimal phase-
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covariant cloning transformation takes the form,

1 1
10) — 72|OO)|O)a + 5 (101) +110)) [T)a,

%

1 1
1) — 72|11)|1>a + 5 (101) +110)) [0)a, (192)

5

where the subindex a denotes the ancillary state. With the help of Eq. (191), the economic phase-covariant cloning takes
the following form, which is also presented in Eq. (169) and here we choose asymmetric parameter n = 7 /4,

10) — 10)[0),

1
1) —> —(1)]0) + [0)|1)). 193
|)—>\/§(|>|>+|>|>) (193)

We already know that the fidelities of both economic and non-economic are the same and optimal, see Eq. (174),

1 1
Foptimal = 5 + g (194)
The single qubit reduced density matrix of output from (192) can be calculated as,
1 %e—w
1 1 1 2 3
_ b /2 1= . 195

Pred. ﬁ|w><w|+ (2 8) 1, 1 (195)

V82

It takes the scalar form, i.e., the single output can be written as a mixture of input qubit and a completely mixed state I/2.
In comparison, the single qubit reduced density matrix of output from economic case is,

D e
8

reecg: - 1 i 1 (196)
761 p—
V8 4

This form does not satisfy the scalar form. It also means relation T(I) = I is not satisfied.

In eavesdropping of well known BB84 QKD, because all four states |0), |1), ]/«/5(|0) + [1)), 1/ﬁ(|0) — |1)) can be
described by |¥) = cos 6|0) 4 sin8|1). So, instead of the UQCM, we should at least use the cloning machine for equatorial
qubits in eavesdropping. Actually in individual attack, we cannot do better than the cloning machine for equatorial qubits
(Bruf et al., 2000a). The cloning machine presented in Egs. (193) and (192) can be used in analyzing the eavesdropping of

other two mutually unbiased bases 1/+/2(]0) — 1)), 1/+/2(]0) + |1)), 1/4/2(]0) +|1)), 1/+/2(]0) — i|1)) which belong to
[¥) = (10) +e?[1))/+/2.

5.7. Phase-covariant quantum cloning for qudits

The phase quantum cloning can be applied to higher dimensional system. For qutrit case, the optimal fidelity was
obtained by D’Ariano and Lo Presti (2001) and Cerf et al. (2002b);

5+ /17
12

In this review, we consider the general case in d-dimension (Fan et al., 2003).
The input state is restricted to have the sample amplitude parameter but have arbitrary phases

ford = 3. (197)

1 421
ly) = —= ) €4, (198)
Vi
where phases ¢; € [0, 27),j =0, ..., d — 1. Awhole phase is not important, so we can assume ¢y = 0. For comparing the

input and the single qudit output, here we write the density operator of input as p™ = % ij e!@i=90|j) (k|. Our aim is to
find the optimal quantum cloning transformations so that each output qudit is close to this input density operator.
Considering the symmetries, we can propose the following simple transformations,

/3 d—1
Dl + )R, (199)

U 0) = alib R 4+ —P
N1Q) = eli)R;) NCERR
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where «, 8 are real numbers, and o> + 82 = 1. Actually letting «, B to be complex numbers does not improve the fidelity.
[R;) are orthonormal ancillary states.

Substituting the input state (198) into the cloning transformation and tracing out the ancillary states, the output state
takes the form

(out)

i(¢j—¢D
ZLU OJ|+dJ2(ci——1;e () (Gl + 16D =+ () + 1)) (]

D02 I + )+ G- (200)

+
Zd(d_ D i A

Then, we can obtain the single qudit reduced density matrix of output

(Out) /3 /3 (d - 2) i(6j—d0) |7
= k|. 201
Pred Zuow( +2d(d_1) ;e ) (k| (201)
The fidelity can be calculated as
1 2@—1)  ,d—2
F=- . 202
Fina af i + B 7 (202)

Now, we need to optimize the fidelity under the restriction o> + 2 = 1. We can find the optimal fidelity of 1 to 2 phase-
covariant quantum cloning machine can be written as

1 1 e a—
Fop[imal = a + @(d —2+d>+4d — 4). (203)

The optimal fidelity is achieved when «, 8 take the following values,

(1 d—2 )f
a=-—-— ,
2 2J/@+4d—4

D=

1 d—2
(o222 ). 204
g <2 - 2«/d2+4d—4> (204)

In case d = 2, 3, this results reduce to previous known results (174), (197), respectively. As expected, this optimal fidelity
of phase-covariant quantum cloning machine is higher than the corresponding optimal fidelity of UQCM,

Foptimal > Funiversat = (d + 3)/2(d + 1). (205)
These are the optimal phase-covariant quantum cloning machine for qudits (199), (204) and the optimal fidelity (203).

5.8. Symmetry condition and minimal sets in determining quantum cloning machines

In this subsection, we will mainly discuss how symmetry condition determines the form of quantum cloning machine.
We will also consider the minimal sets in determining those quantum cloning machines.

As we shown, the number of BB84 states is four. The optimal cloning of those four states actually can clone optimally
arbitrary corresponding equatorial qubits. This means that BB84 states are enough in determining the phase-covariant
quantum cloning machine. We would come up with a question that whether they are the minimal input sets necessarily for
the phase-covariant cloning. It is revealed that the set of BB84 states is not the minimal input set. The minimal set which
determines the phase cloning machine is supposed to possess the highest symmetry in Bloch sphere with the number three.
Here, we give a brief proof.

Consider three input states %UO) + ¢/?|1)) where ¢ = 0, 27 /3, 47 /3 which are finite numbers. We suppose that the

quantum cloning machine works in symmetric subspace and is economic. The most general form can be written as,
|0) — a|00) + b|01) 4 c|10) 4 d|11),
[1) — e|00) +f|01) + g[10) + h[11), (206)

where a to h are complex numbers which satisfy constrains |a|®> + |b|> + [c|? + |d]? = 1, |e]> + |f]> + |g]*> + |h* = 1
and ae* 4 bf* 4 cg* 4+ dh* = 0 due to orthogonal and normalizing conditions. Because the machine works in symmetric
subspace, we have b = c and f = g. It is easily calculated that the fidelity for arbitrary input equatorial state is,

11 , . . . , .
Fa(@) = 5 + ERe[ac*e("”) + ag* + ec*e®® + eg*e™ + bd*e™ + fh*e'® + fd*e®?) + bh*]. (207)
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Simplify the expression by utilizing constrains above, we find
Fa(¢) = A1 cos(2¢ + Y1) + Az cos(@ + ¥2) + A3, (208)
where A, i = 1, 2, 3, are real numbers. Explicit expressions of these parameters are: A; = %lec* +fd*|, ¥y = arg(ec* +fd*),
Yo = 1lac* + eg* + bd* + fh*|, Y, = arg(ac* + eg* + bd* + fh*), and A3 = 1 + IRe(ag* + bh*).
Additionally, we let the cloning fidelities for those three states being the same: F(0) = F(27/3) = F(4m/3). Thus,
we will obtain two more constraints: A sin ¥y = A sinyr, Ay cos ¥; + A, cos ¥, = 0. With the help of some algebraic

inequalities, one would find that F reaches its maximum value if and only if A; = A, = 0. Now we are ready to find a simple
form of the fidelity for the three input states,

Fa = As. (209)

Remarkably, this result demonstrates that for any ¢, F, is independent of the phase parameter ¢. This cloning machine
becomes the standard phase-covariant quantum cloning machine. Note that three states constituting the minimal input
set have been studied from the viewpoint of designing quantum measurement technique for optimal quantum information
detection (Peres and Wootters, 1991).

We have just shown that the phase-covariant quantum cloning machine can be determined completely by a minimal
input set with only three symmetric states. Here we would like to remark two points: (i) We know that the phase cloning
may take two different forms with or without the ancillary states. The minimal input set is studied for the economic case
in the above, we would like to point out that the cloning fidelity cannot be increased with the help of the ancillary states.
Thus, the conclusion that this minimal input set can determine the phase-covariant quantum cloning are for both economic
and non-economic cases. (ii) We have just reviewed the 1-2 cloning. If we would like to clone equally well these three
states presented above to M copies, the 1 — M phase-covariant quantum cloning machine is the optimal one. So this
minimal input set can also determine completely the 1 — M phase-covariant cloning machine. Those two conclusions can
be obtained by similar investigations as just reviewed.

We may find that the minimal input set contains three states which have a geometric symmetry in two dimension Hilbert
space. It seems not obvious what kind of symmetry should be possessed for the minimal input set for phase-covariant
quantum cloning in higher dimensional system. This is an open question and might be explored further. Not only for the
case of phase-covariant quantum cloning, the UQCM has similar question. We already know that the minimal input set for
UQCM of two dimension is constituted by four states forming a tetrahedron on Bloch sphere, see Fig. 4. It is not clear what
is the minimal input set of UQCM in higher dimensional system.

We know that the fidelity of 1 — oo phase quantum cloning is corresponding to quantum phase estimation
(Derka et al., 1998). The result, that the quantum phase cloning of states with arbitrary phase is equivalent to the cloning of a
finite ensemble including only three special states, may shed light on the quantum state estimation of some fixed ensembles.
Besides the case that input states are restricted to the equator of the Bloch sphere, there are some other cases where the
input states may be located on a belt of the Bloch sphere (Hu et al., 2009), or with other distributions. It will interesting to
study the minimal input sets for those quantum cloning machines.

5.9. Quantum cloning machines of arbitrary set of MUBs

Here, we discussed the higher dimension quantum cloning of the mutual unbiased basis(MUB). It is known that a Hilbert
space of d dimension contains d+ 1 sets of MUB, provided d is prime. In this review, when MUBs are used, we will restrict our
attentions on case d is prime. We can design QKD protocols by using arbitrary sets of MUBs. For example, in 2 dimensional
system, we have two well accepted QKD protocols, six-state protocol means 3 sets of MUBs and BB84 protocol means 2 sets.
In higher dimension, we can also propose corresponding cloning machines for those sets of MUBs.

Let us first present some characteristics of MUBs. In a system of dimension d, there are d + 1 MUBs (Bandyopadhyay
etal,, 2002), namely {|i)} and {|i®)}(k =0, 1,...,d — 1), are expressed as,

- 1 &
|i(k)> - a)l(d_l)_ksj U)’ (210)
Vd ];

withsi = j+---+(@d—-1Dandw = e’ Any states in the same set are orthogonal (i®|I®) = §;, and any states in
different sets satisfying |(i®|I?)| = ﬁ, k # j, that is their overlaps are the same. Define the generalized Pauli matrices
oy and oy as, 0x)j) = |j + 1) and o,|j) = &/|j). Note that, as usual, we omit module d in equations. Then there are d* — 1

independent Pauli matrices Uy, = (0y)™(0,)" and Upy|j) = @™|j+m). Those MUBs are eigenvectors of operators o, oy(o;)¥,
k=0,1,...,d—1,
ox(0)"i¥) = &[i). (211)

The result of MUBs can also be found in Wootters and Fields (1989).
A straightforward generalization of BB84 states in d-dimension is two sets of bases from those d + 1 MUBs, and the
generalization of six-state protocol is to use all d + 1 mutually unbiased bases (Cerf et al., 2002a). Suppose two MUBs are
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{lk)},k=0,1,2,...,d— 1and its dual under a Fourier transformation,

d—
L 2i(kl/ ) oy (212)
"=

wherel =0, 1, 2, ..., d— 1. We follow the standard QKD, Alice initially sends the state |v), Eve can use her quantum clone
machine to copy the state and the transferring state is disturbed which is later still sent to Bob. Eve has a non-perfect copy
of the sending state and the ancillary state of her quantum cloning machine. The whole system is written as,

d—1

)4 = Y GnaUnal¥)slBn n)er, (213)

m,n=0
where A, B, E, and E’ represent Alice’s qudit, Bob’s clone, Eve’s clone, and the cloning machine. Obviously, parameters d, »

satisfy def;:o |am.n|*> = 1. As we already know, |B,, _,)g stands for d-dimensional Bell states which is the maximally
entangled states of two qubits with explicit form:

|Bm,n)ee = e D kY [k 4+ m)g, (214)
. ﬁz;
wherem,n =0, 1,...,d— 1. Note that the operators U, , can be expressed as,
-1
= Zezﬂ'“‘"/dnk + m) (k|. (215)

k=0
They actually form a group of qudit error operations where m represents the shift errors and n is related with the phase
errors. Trace off the joint states within Eve, Bob’s clone will be a mixed state, it is the same as the state |v) passing through
a quantum channel which will cause decoherence,

d—1
P =Y |Gmal*Unnlt) (¥ |U] . (216)

m,n=0

Therefore, when Alice sends states |k), Bob’s fidelity is

F = (k|pslk) = Z|a0n| (217)

Also, when Alice sends states |1}, Bob’s fidelity is
S d=
F={lopllh = lamol*. (218)
m=0
Consider the requirement that the cloner works equally well with these states, we must choose the amplitude matrix as the
following form,

voX X
X y .. y
@nn)=1. . . . (219)
x y P y
where x, y and v are real number satisfying v? + 2(d — 1)x* + (d — 1)%2y*> = 1. In this way, we find Bob’s fidelity is
F=v?+(d— DX (220)

Next let us consider the state of Eve’s side. Eve performs the unitary transformation on both the transferring state )
and a maximally entangled state,

d—1
U= Z Amn(Upin @ Um,—n X 1), (221)

m,n=0

as shown in Eq. (213). We can find that this transformation can be rewritten in a different form as follows,

d—1
U|‘//>A|¢O.0>E,E’ = Z am,nUm.n|w>B|Bm,fn>E,E’

m,n=0

> binl @) ® Unnltr)e. (222)

mn
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So coefficients a, , are related with another set of coefficients by, , as follows,

O
bm,n:* Z E,2:-rz(nm—mn)/clam,ﬂh (223)

m’,n’=0
By using coefficients by, , as shown in Eq. (222), the density operator of Eve takes a simple form as

d—1

pE =Y |bmal*Unal¥) (WU, . (224)

m,n=0
This density operator is similar as Bob’s density operator in (216) except that coefficients by, , are used. Further, we find that
the fidelity for Eve can be expressed as,
Fe=v?+(d—1x? (225)

where v/, x" and y’ corresponds to parameters of coefficients by, ,,, with similar structure as matrix in (219), which are related
with an, , by the Fourier transformations (223). Explicitly, those parameters can be written as,

X =[v+d—-2)x+ (1—dyl/d,
= (v—2x+y)/d,
vV =[v+2(d— Dx+ (d— 1)3y]/d. (226)

Now, both fidelities of Eve and Bob are represented by the same parameters v, x, y. Our purpose is to maximize Eve’s
fidelity Fz under a given value of Bob’s fidelity F. The trade-off relation can then be found as,

F d—-1)(1-F )
Ffp=-4+—"—"—"7— \/(d — 1)F(1 —=F). (227)
d d
Next, we consider another protocol using all available d + 1 bases. Similarly, by considering that the same fidelity is
necessary for all used bases since they are applied randomly, we derive that amplitude matrix presented in Eq. (219) must
satisfy x = y. Hence, Bob’s fidelity is

F=v 4+d—-1Dx*=1—d(d— 1)x%, (228)
and Eve’s fidelity is,

Fr=v"+(d—1x*=1-dd— Dx? (229)
where v and X" are expressed as

X =@w-x)/d

v = [v+ (d* — 1)x]/d. (230)

The relations induce the trade-off between two fidelities of Bob and Eve.

For higher dimension case, we may have more choices for QKD. Besides by using only two bases or all d+ 1 bases, we may
choose any sets of mutually unbiased bases. Then corresponding cloning machines are necessary in analyzing the security.
Those general QKD protocols are studied recently in Xiong et al. (2012). By using the same arguments about the symmetry,
we can find,

d—1

pp =Y laml’li+m)(i+ml|, (231)
m,n=1

Py = Z |amn|* U [1%)8) (6 (01U, (232)
m,n=0
d—

_ L 2. .

pe =Y Ibmal*li +m)(i+ml, (233)
m,n=1

e = Z || (U [1*)6) (e (71U, (234)

m,n=0
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wherek =0, 1, ..., g — 1. Therefore, one may easily derive the fidelities,
Fy=Y_ laonl, (235)
n
B =" laminl’, (236)
m
1 2
Fe=2 D am| (237)
m n
1 2
FI;E{) = E Z Zam.n+km s (238)
n m

where k = 0, 1,...,g — 1. Assuming that Eve’s attack is balanced, or we say she induces an equal probability of error for
any one of the g + 1 MUBs, we have,

Fp=F"=...=F&". (239)

These constraints can determine the optimal cloner. Eve could maximize all these g + 1 fidelities simultaneously and let
them equal. This is can be realized by “vectorization” of the matrix elements of (a,,). Define,

& = (a1.1is - - -» Qg—1.@-131), (A=0,1,...,8 —1), (240)
A=A, ... A1), (241)
d=1
A= Y ai=1,2,....d-1), (242)
0,0 (g—1)i

and the rest elements are restricted by the following equations:

d—1
> lagl® = Fs — lagol*, (243)
j=1
laill* = Fp — lagol®>, (i=0,1,...,8—1). (244)

Finally, Eve’s fidelity can be expressed as

2

1 d—1 2 g-—1 .
Fe= Zaoj + Za,-+A (245)
j=0 i=0
By maximizing Eve’s fidelity, the above result can be further simplified by some algebraic considerations,
v, m=n=0,
amn = 3%, m=0,n#0orm# 0,n=km, (246)
y, otherwise,
wherek =0, ...,g — 1,and v is a real number to be determined and x = \/F'f:]’z e \/14“(%”721_)%2))&. Now we reach our
conclusion that the fidelity of Eve is,
1
Fe = a{[v + (d — Dx* + (d — Dlgx + (d — QyI*}. (247)

The only undetermined variable is v, we can change it so that the fidelity of Eve Fr reaches the maximum depending on the
fixed fidelity of Bob. The fidelities of Bob and Eve are presented in Fig. 6 for some special cases (Xiong et al., 2012).

From this conclusion, we may easily find out the results for g = 1 and g = d which lead to results in Cerf et al. (2002a).
Also we are interested in the condition that Fg = Fr which is the symmetric cloning, and the remained variable v is fixed in
this case which actually takes a rather complicated form, we finally have,

2 d—g
Tg+3) - /g +32 - gleerd

As we know, the optimal cloner for d + 1 MUBs is actually equivalent to universal quantum cloning machine. It is
interesting to know which of the above quantum cloning machine is equivalent to the phase-covariant quantum cloning

F =

(248)
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Fig. 6. The fidelities of Bob and Eve for dimension d = 5. The number of mutually unbiased bases runs from 2 to 6. These results are presented in Xiong
etal. (2012).

machine. Stimulated by the fact that d MUBs presented in Eq. (210) only contain phase parameters but the amplitude
parameters are fixed, we may suppose that the d-dimension phase-covariant quantum cloning should be equal to the cloning
of d MUBs. Indeed, let g = d — 1, the fidelity (248) coincides with the phase-covariant fidelity in (203). To further check that
those two cloning machines are the same, we need also consider the asymmetric case.

Let us consider the equatorial qudit as, |) = [ Z e'%i|j), where ¢; are phase parameters. One can assume that the

asymmetric cloning transformation is given as,

i) — alii)]i cos 0|ij) + sin B[ji)]j)), 249
i) — alii)]i \/df;( i) i) i) (249)
where 0 is the asymmetric parameter. Therefore one can derive two fidelities for Bob and Eve, respectively,
1 2 2d-2
F1:E+i'3«/d—1c p (d )c0529, (250)
1 2 2d-2
Fzza+%ﬁ«/d—1sin9+¥smze, (251)

where we still have o> + 82 = 1. Here we would like to emphasize, the exact value of o, 8 should depend on the parameter
6. For symmetric case, 6 = 1 /4, their values can be found in Eqgs. (204). When 6 changes, the values of «, § also change.
Numerical evidences show that those fidelities are the same with the fidelities in Eq. (247).

We know that MUBs may determine some specified quantum cloning machines which in general are better than the
universal cloning machine which admits arbitrary input states. On the other hand, we may wonder whether those MUBs are
the minimal input sets which can be copied optimally by the corresponding cloning machines. In qubit case, we know that
the number of states in the minimal input set can be reduced (Jing et al., 2012). It is not clear what are the minimal input
sets for the optimal cloning machines of those MUBs in general d dimension.

5.10. Quantum cloning in mean king problem as a quantum key distribution protocol

Quantum key distribution (QKD) protocols allow two parties, called Alice (the sender) and Bob (the receiver)
conventionally, to generate shared secret keys for them to communicate securely. In BB84 protocol Bennett and Brassard
(1984), we send states by exploiting two mutually unbiased bases of qubit. Ekert proposed a QKD protocol based on Bell
theorem by using the entangled pairs in 1991 (E91) (Ekert, 1991). As we already know that the BB84 protocol can also
be generalized by using a six-state protocol (Bruf, 1998). It is also possible to propose a QKD protocol by combination of
BB84 protocol and é1 protocol. This protocol is based on the so-called mean king problem (Vaidman et al., 1987) since its
description is usually like a tale (Englert and Aharonov, 2001).

The protocol of mean king problem, can be considered as two steps: The first step is the same as é1 protocol except
without classical announcement of measurement bases and the second step is like BB84 protocol. In this protocol, Bob needs
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Fig. 7. (Color online) Fg,e Vs Fgop curve for d = 2. In our scenario, the mean king retrodiction QKD has higher security than both BB84 and six-state
protocols.

to retrodict the outcome of a projective measurement by Alice without knowing the bases she used. For qubit first (Vaidman
et al.,, 1987) and higher dimension latter (Hayashi et al., 2005; Kimura et al., 2006), it is shown that Bob has a 100% winning
strategy. So it is realized that this quantum retrodiction protocol might be applied as a QKD in quantum cryptography (Bub,
2001; Werner et al., 2009; Yoshida et al., 2010).

In this protocol, Alice may exploit bases in a “meaner” way by utilizing biased (nondegenerate) bases (Reimpell and
Werner, 2007). The security of the QKD protocol is analyzed by considering a full coherent attack on both quantum channels
(Werner et al., 2009). To be explicit, Eve controls completely the preparation of entangled pairs, which are used by Bob before
sending one part of them to Alice, as well as the feedback channel which is used for transmitting back the quantum state
after a measurement by Alice. To specify the attack, in the former scenario, Eve initially prepares a maximally entangled state
|@™) gy which will be shared for Alice and Bob. But she adversarial prepares another completely same entangled pair |® ") g/,
partially swaps her qubit with the providing entangled pair. Consequently, Alice and Bob both are partially entangled with
Eve, in contrast, they are maximally entangled with each other if no Eve exists. So the whole system with Alice, Bob and Eve
possesses a superposition of two pairs maximally entangled states. For the second channel, Eve is confined to only perform
a cloning-based individual attack on the particle Alice sends to Bob after her projective measurement (Bruf3, 1998; Cerf,
1998; Cerf et al., 2002a; Xiong et al., 2012). The attack on this retrodiction protocol on both steps of the entangled pair
preparation and quantum state transmission can be understood from a general viewpoint by the unified quantum cloning
machine (Wang et al., 2011b). A QKD protocol is secure when mutual information between Alice and Bob is larger than
that between Alice and Eve, under this condition can Alice and Bob use classical error correction and privacy amplification
methods (Cerf et al., 2002a; Gisin et al., 2002) to guarantee a secure communication. Alternatively, we may also compare
the fidelity between Eve and Bob to see which one is closer with the ideal case.

Here let us review the comparison between different protocols in Fig. 7 which includes four cases, the standard QKD by
BB84 states and six-state, and their correspondences by retrodiction protocol. Interestingly, it is clear that the retrodiction
QKD protocol presented here is more secure than BB84 protocol and six-state protocol, i.e., with fixed disturbance (Fg, is
fixed), Eve’s probability to figure out the correct result is lower. And using 3 bases (g = 2) is even more secure than 2 bases
(g=1).

The efficiency of the mean king retrodiction has the advantage of generating a raw key in every single run no matter how
many mutually unbiased bases are utilized. For comparison, in standard QKD by exploiting g 4+ 1 mutually unbiased bases,
there would only have a raw key in g + 1 runs on average for Alice and Bob.

5.11. Other developments and related topics

No-cloning is a fundamental principle of quantum mechanics. On the other hand, the quantum cloning machine is
concerned about to clone quantum states, approximately or probabilistically with both cases not violating the principle
of quantum mechanics, but with the highest quality measured by different figures of merit. If we know nothing about the
input quantum states, the cloning machine should be in the sense of universal as we have reviewed in last section. In case
we know partial information of the input states, we can use state-dependent cloning which performs, at least, as good as
the universal cloning machine. It is naturally expected that we can do better in most cases. The phase-covariant cloning



288 H. Fan et al. / Physics Reports 544 (2014) 241-322

machine belongs to the class of state-dependent cloning, however, we usually listed it independently. The phase-covariant
is in the sense that the density matrix of single output copy has the same form of phase with the input state density matrix,
to be more explicit, the difference of those two density matrices is a mixture of identity with a probability. This property
ensures that the fidelity of this cloning machine is independent of input states which differs only in phase parameters.

The phase-covariant quantum cloning was initiated by BruR et al. for considering the 1-2 cloning of equatorial qubit,
which is a qubit located in the equator of the Bloch sphere (Bruf8 et al., 2000a). It is also shown that the cloning of equatorial
qubits is optimal if the input is restricted to only four states corresponding to BB84 states. The minimal input set which
can determine completely this optimal quantum cloning machine includes only three states located symmetrically on the
equator of the Bloch sphere (Jing et al., 2012). The more general 1-3 phase cloning case (D’Ariano and Lo Presti, 2001) and 1
to many case are also studied (Fan et al., 2001b). For higher dimensional case, the three-dimension phase-covariant quantum
cloning is studied in Cerf et al. (2002b); D’Ariano and Lo Presti (2001), the general d-dimension phase cloning is presented
in Fan et al. (2003). Various kinds of phase-covariant and state-dependent cloning are proposed. Next, we list some of those
developments below.

e The input states for cloning are limited to some conditions, which in general can be described by some symmetries. The
cloning of states in higher-dimension, but with only real parameters is studied in Navez and Cerf (2003). The asymmetric
qudit phase-covariant quantum cloning is studied in Lamoureux and Cerf (2005). The quantum cloning of set of states
which is invariant under the Weyl-Heisenberg group is studied by the extremal cloning machine (Chiribella et al., 2005).
The quantum cloning of states with fixed amplitudes but arbitrary phase is studied in Karimipour and Rezakhani (2002),
which is suboptimal while the experimental scheme uses the optimal one (Du et al., 2005). The cloning of states in a belt of
Bloch sphere is studied in Hu et al. (2009). The case of distribution with mirror like symmetry, i.e., with known modulus of
expectation of Pauli o, matrix is studied in Bartkiewicz et al. (2009), the case of arbitrary axisymmetric distribution on the
Bloch sphere is studied in Bartkiewicz and Miranowicz (2010), see also (Bartkiewicz and Miranowicz, 2012). The cloning
of a pair of orthogonally polarized photons is studied in Fiurasek and Cerf (2008). The optimal broadcasting of mixed
equatorial qubits is studied in Yu (2009). A hybrid quantum cloning machine combines universal and state-dependent
cases together is presented in Adhikari et al. (2007).

e The estimation of states or phases for finite quantum states. We have known that UQCM and phase-covariant cloning
machine are for states with some parameters, amplitude or phase, which can be assumed to be continuous. On the other
hand, we already know that we cannot do better for cases even the number of input states are finite, for example for
some sets of MUBs. We remark that the quantum cloning of sets of MUBs should be related with state estimation. The
results of arbitrary state estimation and phase estimation are available which correspond to g = d, d — 1, however, the
general g + 1 MUBs estimations are not yet studied. The phase estimation of qubits is studied in Derka et al. (1998), the
case of qubits in mixed states is presented in D’Ariano et al. (2005a). The phase estimation of multiple phases is studied
in Macchiavello (2003). The criterion for estimation and the quality of state-dependent cloning is analyzed in Rastegin
(2002).

e State-dependent cloning related with QKD protocols. We should note that the security of QKD is generally defined by
various criteria (Gisin et al., 2002), in this review, we consider the attack by the scheme of quantum cloning. Quantum
copying of two states is studied in Hillery and BuZek (1997). The QKD in three dimensions is studied in Bruf and
Macchiavello (2002). The four-dimensional case is studied in Bechmann-Pasquinucci and Tittel (2000); Durt and Nagler
(2003), The optimal eavesdropping of BB84 states is studied in Fuchs et al. (1997), higher-dimensional case and some
related results are presented by some other groups (Acin et al., 2003; Bae and Acin, 2007; Bourennane et al., 2001;
Karimipour et al., 2002; Kraus et al., 2005; Nikolopoulos and Alber, 2005; Nikolopoulos et al., 2006). The extension of
BB84 states for qubits is also studied as the spherical-code (Renes, 2004). The comparison between photon-number-
splitting attack and quantum cloning attack of BB84 states is studied in Niederberger et al. (2005). The extension of
phase-covariant cloning to multipartite quantum key distribution is studied in Scarani and Gisin (2001). The cloning
network of generalized BB84 states constituted by two pairs of orthogonal states is presented in Cao and Song (2004).

e Concepts related with phase-covariant and state-dependent cloning. The state-dependent cloning machine and the
relation with completely positive trace-preserving maps is studied in Carlini and Sasaki (2003). Relation of state-
dependent cloning with quantum tracking is studied in Mendonca et al. (2008). The assisted phase cloning of qudit
by remote state preparation is presented in Ma and Zhan (2009). The network of state-dependent quantum cloning
is studied in Chefles and Barnett (1999), see also (Zhou, 2011). The relations between teleportation and dissipative
channels with the universal and phase-covariant cloning machine are analyzed in Ozdemir et al. (2007). The phenomena
of superbroadcasting is also studied for phase-covariant case (Buscemi et al., 2006). The no-cloning theorem for a single
POVM is presented in Rastegin (2010). It is found that while equatorial qubit contains only one arbitrary parameter, the
phase information cannot be compressed (Wang et al., 2012).

Quantum cloning is generally not concerned with relativity. However with relativistic covariance requirement, the
state-dependent cloning of photons and the BB84 states are studied in Bradler and Jauregui (2008). It is shown by phase-
covariant quantum cloning that the cloned quantum states are not macroscopic in the spirit of Schrédinger’s cat (Frowis
and Diir, 2012).

e Implementation theoretically and experimentally. Various proposals of implementation have been put up. The economic
realization of phase-covariant devices in arbitrary dimension, where phase cloning as a special case, is studied in Buscemi
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etal. (2007). The scheme of one to three economic phase-covariant quantum cloning machine is proposed implementing
by linear optics system (Zou and Mathis, 2005). The one to many symmetric economic phase cloning is proposed in Zhang
etal.(2007), see also (Zhang and Ye, 2009). The scheme to realize economic one to many phase cloning for qubit and qutrit
is proposed in Zou et al. (2006). The realization of phase-covariant and real qubit states quantum cloning are presented
in Fang and Ye (2010). The phase cloning in spin networks is proposed in Chiara et al. (2004). The proposal of optical
implementation of phase cloning of qubits is presented in Fiurasek (2003), the cloning of real state is studied in Hu et al.
(2010). The one to many phase-covariant quantum cloning is also analyzed by the general angular momentum formalism
(Sciarrino and De Martini, 2007). Quantum circuits for both entanglement manipulation and asymmetric phase-covariant
cloning are studied in Levente et al. (2010).

Experimentally, the asymmetric phase cloning is realized in optical system (Bartuskova et al., 2007), and in Soubusta
et al. (2008). The ancilla-free phase-covariant cloning through Hong-Ou-Mandel interference is realized in experiment
by Khan and Howell (Khan and Howell, 2003). The one to three economic quantum cloning of equatorial qubits encoded
by polarization states of photons and the universal cloning are realized experimentally in Xu et al. (2008). Realization by
NMR system can be found in Du et al. (2005); Chen et al. (2007). In optical parametric amplification of a single photon in
the high gain-regime, experiment is performed to distribute the photon polarization state to a large number of particles
which corresponds to the phase-covariant quantum cloning (Nagali et al., 2007). The phase-covariant quantum cloning is
also implemented in nitrogen-vacancy center of diamond by using three energy levels (Pan et al., 2011), in nanodiamond
with full coherent control of phases is reported (Chang et al., 2013), this will be reviewed in detail later. The experimental
implementation of eavesdropping of BB84 states and trine states by optimal cloning is studied in Bartkiewicz et al. (2013).

6. Local cloning of entangled states, entanglement in quantum cloning

Quantum cloning is generally to find the quantum operations to realize the optimal cloning. The only restriction is
that the operations should satisfy quantum mechanics. We next study the local cloning of entangled states, in this case,
the operations are additionally restricted to be local. In principle, there is also a no-cloning theorem for entangled states
(Koashi and Imoto, 1998).

In addition, since the crucial role of quantum entanglement in quantum information, we will also study the entanglement
properties in quantum cloning machines.

6.1. Local cloning of Bell states

Quantum entanglement plays a key role in quantum computation and quantum information. It is the precious resource
in quantum information processing. Also entanglement is a unique property of quantum system which does not have
any classical correspondence. In this sense, quantum entanglement has already become a common concept and has many
applications in various quantum systems. The study of entanglement is generally under the condition of local (quantum)
operations and classical communication (LOCC). This is due to the consideration that entanglement does not increase under
LOCC.

The local cloning of entangled states is an interesting topic (Anselmi et al., 2004; BuZek et al., 1997b; Ghosh et al., 2004;
Owari and Hayashi, 2006). First let us raise the problem: Suppose two spatially separated parties, Alice (A) and Bob (B), share
some entangled states, by LOCC, they want to copy the shared entangled states. As an example, let us study the following
problem (Ghosh et al., 2004), the four Bell states are defined as usual as the following,

1

o1 = 00 11)),
|[®™) ﬁ(l ) +111)
1
@7) = —(100) — [11)) = (@ 2)|®*
|>ﬁ(|>|>)(®)| )
) = 01y + 110) = (@ X) @),
V2
1
v—) = 72(|01> —110). = I @ X2)|®™). (252)

Alice and Bob share one Bell states from a known subset, say {|{¥ ™), |® ™)}, they want to copy this state by LOCC. Several
problems should be considered before to study this problem: (1) The entanglement between A and B does not increase under
LOCC. So to copy locally this state, we generally assume that some known entangled states, for example |® ™), are shared
between A and B which can be used as ancilla. (2) The entanglement resource used by local copying should be minimum.
Otherwise, we can use the teleportation scheme Bennett et al. (1993), let Bob (Alice) obtain the full state {|&*), |®T)}, he
knows the state exactly by measurement, and copies of the entangled state between A and B can be obtained easily by local
unitary operations which are shown explicitly above in (252). Actually Alice and Bob can discriminate any two Bell states
by LOCC (Walgate et al., 2000; Walgate and Hardy, 2002; Ghosh et al., 2001).
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In these conditions, the problem can be explicitly stated as: Alice and Bob share either of two maximally entangled states
{|w*), |@*)}, but they do not know which one it is. Additionally, they share known maximally entangled states in form
|®@*) as the resource which are used as ancillary states. The question is: can they obtain the state |&+)®? or |@+)®2 by
LOCC? The answer is ‘yes’: both Alice and Bob do CNOT gate with the unknown qubit as the controlled qubit and the ancilla
as the target qubit, they can achieve their aim. We name this method as CNOT scheme. The key point here is that Alice and
Bob do not need to know which state they share, they can finally obtain two copies of this state, and only one known state
|® ) (resource) is consumed.

Let us next analyze the advantages of this scheme by comparing with the teleportation scheme. By using the available
resource |® ™) for teleportation, the unknown state, which is either | ™) or |@*), can be teleported to either Alice or Bob’s
side, here we suppose Alice receives this unknown state. Alice can find the exact form of this state by using Bell measurement.
Now according to the obtained information, Alice and Bob use additional two entangled resource, and can share two copies
of the previous unknown maximally entangled state. In this process, three maximally entangled state are consumed, where
one is for teleportation, and another two are used to share between Alice and Bob. Since three entanglement resource is used,
this scheme is not as efficient as the CNOT scheme. If we use the local discrimination scheme, i.e., by local measurement
in {|0), |1)} basis on the unknown entangled state, then with assistance of classical communication, we know the exact
form of the shared state (Ghosh et al., 2001; Walgate et al., 2000; Walgate and Hardy, 2002). Since resource of maximally
entangled states |@ ™) are available, by local unitary transformation, we can change two resource entangled states to the
detected known form. We still achieve the aim that two copies of an entangled state are shared between Alice and Bob. In
this scheme, two known Bell states (resource) are consumed which is not as efficiency as the CNOT scheme. On the other
hand, in order to obtain two copies of [¥ 1) or |@1), at least, one entangled state (resource) should be used. We already
know that the CNOT scheme uses only one entangled state (resource), it is thus optimal.

6.2. Local cloning and local discrimination

If a set of quantum states can be perfected discriminated, they can be copied perfectly since we can discriminate them
first, then prepare many copies of these states by using the available entanglement resource. For example, two orthogonal
states can be copied perfectly. We know that two Bell states can be locally discriminated, as shown in the last subsection,
they can be local cloned perfectly if a priori Bell state resource is available. Is it generally true that local discrimination means
local cloning being possible? In Owari and Hayashi (2006), it is stated that, in general, the local copying is more difficult than
local discrimination.

However, local cloning and local discrimination are closely related (Owari and Hayashi, 2006). The following result was
obtained in Owari and Hayashi (2006): For d-dimensional system, and suppose d is prime, a set of maximally entangled
states {|11/j)}]'-V:—01 are defined as

1) = (U @D|Pt), (253)
and
D—-1
U= k(K| (254)
j=0

then the set {|¥;)}}"5' can be locally copied.
Here let us point out that the states of this set can be local discriminated perfectly according to the criteria proposed in

Fan (2004). The scheme can be like the following. It is known that U; = o4, where the generalized Pauli matrix o, |k) = «*|k).
We define a class generalized Hadamard transformations as, up to an unimportant factor,

(Ho)jpe = 0 ™%, (255)
where sy = k+ - - -+ (d — 1). We remark that those transformations correspond to the d + 1 mutually unbiased states. By
applying those Hadamard transformations, the generalized Pauli matrices transform as,

Hyo"o'H} = o] g ™. (256)

Now we know that o, matrix can be transformed to o, matrix, U; — o3. Since (o3 @ I) > |kk) = > |k +j, k), that means
those states can be distinguished by LOCC, also the above transformations correspond to local unitary operations, we now
conclude that states in set {|¥;) }f’z’ol can be distinguished by LOCC.

We next see how those states can be cloned locally, define generalized CNOT gate as,

CNOT : |a)|b) — |a)|b + a), (257)

where |a + b) modula d is assumed. We suppose an ancilla state |®T) is shared between Alice and Bob. Let both Alice and
Bob perform the generalized CNOT gate, we obtain the perfect copies |l1/j)®2. This result can be derived as follows, according
the definition of the CNOT gate, we know that

CNOT' : |a)|b) — |a)|b — a), (258)
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It is straightforward to check that we have the following properties
|®+)12]@F)34 = CNOT]; ® CNOTS, | @) 15|@ )34

= CNOT;3 ® CNOT4|®@ ) 12|@ )14 (259)
Then we can find
CNOT;3 ® CNOT,4|¥)) 12|@+)34. = CNOT3 ® CNOT24(U; ® 1)13|@F) 12|@ )34

= CNOT;3(U; ® 1)13CN0T13|‘D+)12|¢+)34- (260)
And we know the following result:

CNOT(U; ® I)CNOT! = U; ® U;. (261)

The operator U; is copied. Thus by this method, a set of maximally entangled states { |lI/j)}jN: _01 are locally copied. This

interesting phenomenon means that some unitary operators can be cloned perfectly in the above framework.

In 2-dimensional system, we have presented relations (45) for CNOT gate previously (Gottesman, 1998), (oy ® I) —
0xQ0yx, (0, ) = 0,1, I R 0y) = | Q 0y, (I ® 0,) — 0, ® 0,. Those results imply that the bit flip errors are copied
forwards while the phase errors are copied backwards. But we cannot copy simultaneously the bit flip errors and phase flip
errors. This is a kind of no-cloning theorem.

Some other results about the cloning of entanglement are listed in the following. The local cloning of product states
without the shared entanglement ancilla is studied in Ji et al. (2005). Distinguishing states locally is also studied in Chen and
Yang (2001a,b); Walgate and Hardy (2002); Walgate et al. (2000). The entangled states studied are generally pure states,
however, it is shown that maximally entangled states can also be mixed which is constituted by very special structures. A
subset of those mixed maximally entangled states has similar properties as those of pure maximally entangled states, and
can be local distinguished perfectly (Li et al., 2012). The local cloning of other cases are also studied, including three-qubit
case (Adhikari and Choudhury, 2006), the continuous-variable case (Adhikari et al., 2008), orthogonal entangled states and
catalytic copying (Anselmi et al., 2004). The local cloning of partially entangled pure states in higher dimension is studied in
Li and Shen (2009). Some results of local cloning with entanglement resource are presented in Chefles et al. (2001); Collins
et al. (2001); Eisert et al. (2000).

Various schemes of quantum cloning of entanglement are studied in Karpov et al. (2005); Lamoureux et al. (2004).
Quantum cloning of continuous-variable entangled states is studied in Weedbrook et al. (2008). The cloning of entangled
photons to large scales which might be see by human eye is analyzed in Sekatski et al. (2010). The scheme of cloning
unknown entangled state and its orthogonal-complement state with some assistances is studied in Ma et al. (2009) and
also in Zhan (2005) and Fang et al. (2006), the case of arbitrary unknown two-qubit entangled state is studied in Niu
(2009). The partial quantum cloning of bipartite state, i.e., only part of the two-particle state is cloned, and the cloning
of mixed states are studied in Kazakov (2010). Coherent states cloning and local cloning are presented in Dong et al. (2008).
The disentanglement is to preserve the local properties of an entangled state but erase the entanglement between the
subsystems, it is closely related with quantum cloning and the broadcasting (Mor and Terno, 1999). The cloning machine
used as approximate disentanglement is presented in Yu et al. (2004). The two-qubit disentanglement and inseparability
correlation are presented in Zhou and Guo (2000).

6.3. Entanglement of quantum cloning

It is also of interest to know the entanglement structure of states in the quantum cloning machines. Potentially, those
properties can be used to distinguish quantum from classical since entanglement is considered to be one unique property
of quantum world.

There are much progress about the theory of entanglement, see (Horodecki et al., 2009) for a nice review. For example,
Peres-Horodecki’s criteria (Horodecki et al., 1996; Peres, 1996b) is simple to detect the entangled state. Since the output
states of the quantum cloning machines are generally available, we can use various techniques to study the entanglement
properties of the sole copies, or the whole output state of the cloning machine, or the copies with the ancillary states, etc.

In(Fanetal.,2001b), itis shown that for the 1 — 2 cloning machines, the two copies of the UQCM are entangled, while the
two copies for the phase-covariant cloning machine are separable. Further, we can use some measures of entanglement to
quantify the entanglement. The entanglement structure or separability of the asymmetric phase-covariant quantum cloning
is studied in Rezakhani et al. (2005). The bipartite and tripartite entanglement of the output state of cloning are studied in
Bruf§ and Macchiavello (2003).

7. Telecloning

Quantum telecloning, as its name suggests, combines teleportation and quantum cloning so that quantum states are
distributed to some more spatially separated parties. In the well-known teleportation scheme in Bennett et al. (1993),
quantum information of an unknown d-level system is completely transmitted from a sender Alice to a remote receiver
Bob by using the resource of a maximally entangled state. It is natural to consider “one-to-many” and “many-to-many”
communication via quantum channels. This is the generalized teleportation scheme discussed in Ghiu (2003); Murao et al.
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(2000). Of course, it is impossible to transmit quantum information with perfect fidelities for many copies, because the no-
cloning theorem (Wootters and Zurek, 1982) claims that an unknown quantum state cannot be cloned perfectly. However, as
we already shown, we can try to quantum clone those quantum states approximately or probabilistically which are allowed
by quantum mechanics.

As we already presented, there are various quantum cloning machines which create optimal copies. The aim of teleclone
is to create optimal copies which is the same as that of the cloning machines, in addition, we need to create optimal
copies remotely by teleportation. Those remote copies themselves may be spatially separated with each other. One may
imagine that we can use first quantum cloning machines to create optimal copies locally, then send those copies to their
destination points. The aim of teleclone can indeed be realized by this way. In this point, the importance of teleclone is like
teleportation. Instead of teleportation, we can surely use flying qubits for states transportation. However, teleportation in
the one hand provides an alternative method. On the other hand, in case the quantum channel is noisy, the flying qubits may
experience inevitable decoherence which will induce errors. The teleportation scheme can avoid this disadvantage by using
the maximally entangled state resource. Even when the entanglement resource is not perfect, the non-maximally entangled
states can be purified locally to create maximally entangled states. Now we are ready to study teleclone which combines
together the quantum cloning and the quantum teleportation. Still the resource of entanglement is necessary, however, its
exact form depends on our specially designed scheme.

Murao et al. studied the optimal telecloning of 1 qubit to M qubits by using maximally entangled state (Murao et al., 1999).
Telecloning which transmits an unknown d-level state to M spatially separated receivers is studied in Murao et al. (2000).
And the telecloning of N qubits to M qubits, M > N, that requires positive valued operator measure (POVM) was proposed in
Diir and Cirac (2000). These telecloning are also called reversible telecloning because there is no loss of quantum information.
The 1 — 2 telecloning which uses nonmaximum entanglement (it is named irreversible telecloning, in comparison), is
studied in BruB et al. (1998a), and the generalized case, 1 — M irreversible telecloning, is given in Diir (2001). Quantum
information can be encoded by states of continuous variables (CV) (Braunstein and van Loock, 2005). The teleportation of CV
is presented in van Loock and Braunstein (2000). The optimal 1 to M telecloning of CV coherent states using a (M + 1)-partite
entangled state as a multiuser quantum channel is shown in van Loock and Braunstein (2001). This optimal telecloning could
be achieved by exploiting nonmaximum entanglement between the sender and receivers. So this protocol was regarded as
a CVirreversible telecloning. A scheme of CV reversible N — M telecloning, M > N, which distributes information without
loss, is presented in Zhang et al. (2006). In this scheme, besides M clones, additional M — N anti-clones are obtained at the
same time by using 2M-partite entanglement generalizing the scheme presented in Ref. Murao et al. (1999).

7.1. Teleportation

Let us review the original teleportation protocol and its generalization, i.e., the many-to-many scheme for transmitting
quantum information. The teleportation scheme is proposed in Bennett et al. (1993). Alice wants to send an unknown state
of a d-level particle to a spatially separated observer Bob with the help of quantum channel and classical communication.
Alice’s initial unknown state is,

d—1
)= Zak|k>A, (262)

where Zk_o lox|> = 1 and {|k)} is a complete orthogonal basis. In order to achieve the teleportation, Alice and Bob are
assumed to share a prior maximally entangled state, |£) = |® ™),

1 4t
&) = — ) lieli}s. (263)
iy
The total system is, |[¥) = |¢) ® |&), which can be rewritten as,

¥) = 1¥)4 ® [§)rs Z |Prn) APZexp(_,

mnO

)ock|k+ m)s, (264)
where k + m is assumed to module d. As standard, the generalized Bell basis are,

Z exp(

Alice performs a joint Bell—type measurement on the input and port particles, sends the measurement result m, n to receiver
Bob via classical communication. The unitary transformation which brings Bob’s particle to the original state of Alice’s is

") ok + m). (265)

Upy = Zexp(z—) i) G+ ml. (266)

As we already know, they are the generalized Pauli matrices in d dimension.
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Next, we will review the generalized symmetric teleportation scheme of N senders and M, (M > N), receivers proposed

in Ghiu (2003). Assuming the senders X1, X5, ..., Xy share an unknown, but with fixed form of entangled state |/)x =
i é arl Vi x, Wi x, - - - 1Y) xy, where {|1)} is an orthonormal basis of d-dimensional space. This state is a generalization
of GHZ state. The quantum entangled state which is the resource, consisting of N “port” particles Py(k = 1,...,N) and M
receivers Cy(k = 1, ..., M), takes a special form which is a (N 4+ M)-partite state,
1 &=
6= Y 1 me, - )y i) iy (267)
j=0
where {|;)} denotes a d-dimensional orthonormal basis. The complete state of the system is,
d—1
[W)Ig) = f Z ol Y, 17270 1V, 170, =+ [y 175 oy 1) €3,
1 d—1 d—1 -
= e Z [Py N Pryny) -+ [Py ) @ Z exp[—l—(nl +ny+---+ nN)]ak|¢k+m>~ (268)
m,nqy,ny,....,nN

The following steps are involved in this protocol:
1. The senders perform a joint Bell-type measurement on particles X; and P] and get the outcomes, [P n, ), [Pmny)s - - - »
|®m,n, ). Here the generalized Bell states take the form |®y, ,) = f Zk ) (2’”"”) | Vi) | Tksm), where modulo d is

assumed.
2. The outcomes are sent to the receivers by using classical communication,

mo ot ) |1

Several remarks are here: (i) In case that local operations are allowed, state |1/)x can be transformed locally to just one
qudit, Zi;é ak|¥y). (i) The M receivers are located in spatially separated places, otherwise if they are in the same port,

local quantum operations can reversely change the qudit ZZ;& ak|Yk) to a generalized GHZ like state shared by M parties.
(iii) The scheme presented above combines the quantum information distribution and the teleportation together.

7.2. Symmetric 1 — M telecloning

In this subsection, we study the 1 — M generalized telecloning of qudit which is studied in Murao et al. (2000).
In that scenario, the quantum information of d-level particle is transmitted optimally from one sender X to M receivers

C1,Cy, ..., Cy. One “port” and (M — 1) ancillary particles were involved. The resource, including the port particle and
(2M — 1) output states (M receivers and (M — 1) ancillas), is the maximally entangled state,
1 Ml
&) =

&) pal€X")
T[M] ; k /PAISk /C

1 d—1 \/a dM]-1
iz ee <J(W D i li')c)
1 d—1
=—=> oI, (269)
Jaz e

J

|
JNED
the sum of all possible permutation of the elements {ag, a;,...,ay—1} forq; € {0,1,...,d — 1} and g1 > @),

where, d[M] = CI\’}’+d_1, we denote the normalized symmetric state as, |§,ﬂv’) = P(ag, ai, ..., ay_1)), (P denotes

{lgy) = «/dW Z‘”M] 1p(j|§,§/')m|§,’("’)c} is a basis of the output state. The LRUO that satisfies Unp|¢jtm) = B |@;) for
the output state {|¢;)} is
U = Up, ® - @ Up,, ® Uy, ® - @ Upyy,s (270)
M-1 M

where

Ze_'d )G+ ml, Zed i) (j + m. (271)
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The initial state |{)x = Z}i;ol ;lj) of the sender X is “encoded” to the separated output state |¢)x = Z]‘ZJ aj|¢;) held by

the (M — 1) ancillas and M receivers.

1
E) = ——I|P (0. a1.....ay_1)) = ———— Y _JNE" DIg)Er ), (272)
JHNED JHNED
where kK = fy(ao, ..., a1, qj, ..., ay_1). There is a relationship between index k and k’: k = g(a;, k'), then the total

system takes the form,

Jd M-
K s M—
) = e > RAESTNA®IEN 1))c (273)
k'=0
. / G . . . .
where we use the notation, RJ’F = N(S”‘(” . By tracing out the ancillary states A, we obtain the output state of M qudits,
83.k')

dM—1]-1

ralld) (@D = Y A& 1) (BIE" )

Pc

_ *pk' pk' | &M M
= — Othl]/Rj R]/ |§g(i,k’)>c<§g(i,k’)|

d[ ] jJj/=0 k'=0
d) A dM]—1
= QM—1) M\ /&M
= d[M]( Z &) (1) i @ 12V ) ( ’; 64 €x1)
d1 .
= ﬂ s (19) (W] @ TV D)5y = F(|yr) (). (274)

d[M

This reduced den51ty matrix of the receivers is consistent with the density matrix for 1 — M d-level optimal clones (Wang
et al,, 2011b; Werner, 1998). Let us emphasize that the output of M qudits are consistent with optimal cloning, moreover,
they are spatially separated in different places. The 1 — M telecloning is also related with programming protocol which is
studied in Ishizaka and Hiroshima (2008).

7.3. Economical phase-covariant telecloning

Quantum cloning machines have economic and non-economic cases. Similarly, we also have the economic telecloning
(Wang and Yang, 2009a,b). We know that phase-covariant cloning has been studied in BruR et al. (2000a); D’Ariano and
Macchiavello (2003); Fan et al. (2003, 2001b). The 1 — M optimal economical phase-covariant cloning for qubits was
proposed in Yu et al. (2007), and the 1 — 2 economic map (non-optimal) for qudits also was studied (Durt et al., 2005).
For special value M = kd + N, the optimal N — M economical cloning for qudits has been introduced (Buscemi et al.,
2005). A protocol for the 1 — M economical phase-covariant telecloning of qubits has been demonstrated in Wang and
Yang (2009a), and the 1 — 2 economical phase cloning of qudits has been derived in Wang and Yang (2009b).

We next see the 1 — M economical phase cloning of qubits, the input state is, |{/)x = cos % |O)X +e?sin ¢ 21 x:

U[0)1IRz..m) = I¢po) =100 - - - O}y

U 1IRym) = Ipy) = fDo -0).

We get the output state which is |¢)5" = cos §|¢o)x + e sin§|¢1)x, and fidelity F = x{(W|tr(|¥)ouc{¥ |V )x
ﬁ sin? % + cos* + sin? ¢ cos < NI + 7) Second, the telecloning scheme is that the sender X prepares the quantum

information channel |&)pc = (|0)p|¢0)c + [1)pl¢1)c). The total state can be expressed as
0 o . 0
[¥)xee = [¥)x|)pc = |:|q> xp @ (COS —|¢ho) + € sin — |¢1>> + 10" ® (COS §|¢0> — e sin 2|¢1))

+12%)x0 © (e sin - |¢>o) +cos - |¢1)> + 1070 ® <€’¢ sin ZI¢o) — cos *|¢1))] (275)

where {|®%) = |®7T), |®") = |®7), |P?) = |¥T), |®3) = |¥™)} are the Bell basis. The next steps have been reviewed
above in the generalized telecloning.
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For the input state |{/)x = f Z 1 it} li)x, the 1 — 2 economical phase-covariant cloning machine was demonstrated
in Durt et al. (2005). It takes the form,

U|0)x|R) = |¢o) = |00)

. 1 . . .
Uli)xIR) = |¢j) = E<u0> +10/)., (G #0).
The fidelity is Fecon = x{(V[tr(|¥)oue (W) |¥)x = 2dz[(d — 12+ (1 +2v/2)(d — 1) + 2]. However, the optimal fidelity

of 1 — 2 phase-covariant (with an ancilla) presented in Fan et al. (2003) is, Fopr = @(d + 2 + +/d? + 4d — 4). When
d = 2, Feeon = Fope and otherwise d > 2, Foeon < Fopy. It is possible to achieve with optimal fidelity F,; probabilistically

(Wang and Yang, 2009b). In this scheme, the entangled state used is |£)pc = Z]dfol xili)p|®;) c, where the coefficients x;, that

are assumed to be real numbers, satisfy the normalization condition Z x = 1. The quantum state of the whole system
is,

(276)

d—1 d—1 .
2mn i0:
[¥)xee = [¥)x ® |€)pc = Z |@mn)xe Y €XP (lT]> Xitm€" | Bim)c. (277)
=0

mnO

Only when the outcome of the Bell-type joint measurement is {m = 0, n} (with probability 1/ d) the receivers can obtain the

clones [{)our = Zj’;ol x;e'% |¢;) by using the LRUO U = U, ® I The fidelity of this clones is F.,, = ( + V2% ZJ o X+

o Z i1 xxj). We set {x;} as

— X(d) = 4d—-1)
=X =\ bora-o

Cun | @+d-2)D _
xj—Y(d)—\/D(D+d_2)(d_1), (G #0), (278)

where D = +/d? + 4d — 4. It is not difficult to verify that F., = F,p for any d. Actually, the output state of this telecloning
scheme is equivalent to the pom of the optimal phase-covariant cloning after tracing out of the ancilla (Fan et al., 2003). For
d > 2, the von Neumann entropy S(|£)(€|) = —X?(d) log, X2(d) — (d — 1)Y?(d) log, Y?(d) < log, d, which implies |£) is
only partially entangled. Thus, we can conclude that the suitable quantum entanglement in realizing the optimal 1 — 2
cloning of qudits with a certain probability 1/d are special configurations of nonmaximally entangled states rather than the
maximally entangled states.

7.4. Asymmetric telecloning

Quantum telecloning described in the previous section evenly distributes information of the unknown input state to the
distant receivers. However, it may be desirable to transmit information to several different receivers with different fidelities.
For example, the sender Alice trusts Bob more than Claire hope Bob’s fidelity is larger. These schemes are asymmetric
telecloning. The 1 to 2 optimal asymmetric quantum cloning of qubits was introduced in BuZek et al. (1998), Cerf, (1998;
2000b) and Niu and Griffiths (1998). The 1 to 2 asymmetric cloning machine was generalized to d-dimension case in
Braunstein et al. (2001b), Cerf (2000a), and recently in Wang et al. (2011b).

Here, we briefly review 1 — 2 asymmetric telecloning for qubits (Murao et al., 2000) as an example. The entanglement
state resource is, |§) = %2(|O)p|¢0) + |1)p|¢1)), where

1
o) = —=—=—=—===1(10){0)5|0)c + p[1)[0)5]1)c + q[1)[1)5[0)c)
1+p? +¢?
. (279)
lp1) = \/ﬁmmsm +p10)[1)5|0)c +ql0)[0)s]1)c) (P+q=1).

The LRUOs satisfy the conditions, 0, ® 0, ® 0;|doc1)) = (—)|Po1)), Ox ® 0x ® ox|Po1)) = |P1(0)). And the final output state
iS |V )our = atolho) + a1|¢p1) while the input state being |Y/)x = g|0) + «1|1). The fidelities of Bob and Claire, which satisfy
the trade-off relation, /(1 — Fg)(1 — F¢) = Fg + Fc — % respectively are

14+ p? E 14 ¢?

_ - T 280
1+p2+ ¢ C 1+p2+¢2 (280)
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Next, we show the results of 1 to 2 asymmetric telecloning of qudits. The asymmetric cloning machine is

-1
UU)C1|OO>C2A = |¢]> = Z ,Bm,n(vm,nl.i)c1) ® |¢m,fn>C2A (281)
m,n=0
-1
= Y busli+mleli+r)cli+m+ra, (282)
m,r=0
where V,,, = Z]d;(,] e?™n/d|j + m)(j| are generalized Pauli matrices and by, = f STl emizmn/dg | We have a

mathematical equation,

d—1 d—1

> Bual®Prndrc, [Pm-n)a = D Vil Pmn)rc, [P —n)cya (283)
m,n=0 m,n=0
where Zm o |Bmnl? = 1 Ymn = 3 ZX o el?rm—m)/dg . Then we project this equation on |j)r and get |¢;) =
Zin] o Ymn(Vmnli)e,) ® |®Pm —n)c,a. The input state )y = Z;I:_ol jj) is copied into the output states |y/)o, =

ijo aj|®j) c,c,a- This output states are described by the reduced density matrices, respectively,

pe; = trea(V)ou (V1) = Z Bennl Vi V) (W 1V (284)
m,n=0
d—1

pe, = trea(Wdou (WD = Y [Vl Vi ¥)x (P |V, o (285)
m,n=0

In order to generate the clones that are characterized by the optimal fidelities which are independent of the input state, the
following condition should be satisfied (Cerf, 2000a; Cerf et al., 2002b),

1
boo= 2+ @=Dul.  bno= Viu,
1
bor = Z20 =0, bnr=0. (m#0.r £0). (286)
And we get the fidelities of two clones
1+ (d— 1p? 14+ (d— 1g?
FC] = 2 N FC2 = 2 N (287)
1+ d—-D@*+4q*) 1+ d—-D@*+4q*)
where p = ﬁ, q = 1—p.When p = q = 1/2, the fidelities are in agreement with F = W(N =1,M=2)

obtained by Werner (Werner, 1998). The teleclonmg scheme requires the quantum entanglement, shared by the port, ancilla,
and the receivers Cq, Cy, is given as |€) Z —0 [] pl®j)c,c,a- After the sender performs a Bell-type joint measurement

on the input and port particles, and gets the result m, n, the ancilla and the receivers C;, C, perform the LRUO U"’C‘” =
Y iy €M G+ mlc, ® L) (i + mlc, ® Lis) (js + mla and gets the output state [¥)oue = Y 1o jldj)c,con-

7.5. General telecloning

In the general case (Zhang et al., 2013a), the sender hold the N identical input states |)®N = (Zj xj[j))®N at the same
location X, so we have the state, |1/)x = |¢)®". One may find that this state belongs to the symmetric subspace,

N af‘j
X:Z(W]j[\/;?) |7), (288)

where |_n>) are the basis of the symmetric subspace J(’ ®N in the standard representation, each element of vector
correspondmg to the number of state |i) as shown exp11c1tly in (63). For convenience, we introduce the notation y+

(fﬂ,f

N
=D yxli). (289)

) and the initial state in Eq. (288) can be rewritten as,
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The sender would like to distribute these states to spatially separated M receivers, M > N. Following the teleportation
procedure, the sender performs a joint measurement on input particles X1, X5, ..., Xy and port particles Py, P, ..., Py
which are acting as ancillary states, then announce the outcome to the M — N ancillas and M receivers via classical
communication. Next, the ancillas and receivers get the optimal clones after applying the specific Local Recovery Unitary
Operator (LRUO). In order to achieve this aim, instead of using ]Oll‘lt Bell-type measurement, the sender performs a more
general positive operator-valued measure (POVM) defined by | X( X)) on the system,

Vd[N]

We remark that the state | X( X)) in the projection corresponds to a bipartite maximally entangled state

1 N
X (X)) =N @ UR)HF] PSS (290)

rm >N T )x
| i )p with tensor product of N identical unitary operators on one party. This POVM can be confirmed by the following
property,

/d_x>F7 = /d?x(7)|x(?>><x<?)| =S¥ @5y, (291)

where SN ® SV is the identity in the space ij?” ® 2N, U(_x>) is an element of Lie group SU(d), and the vector x consisting
(d*> — 1) parameters which can determine the unitary operator. Next we show that the latter equation can be satisfied.
According to the theorem of Weyl Reciprocity (Ma, 2007), the unitary transformation U®N and permutation P, can be
exchanged. If yL” is a standard Young operator corresponding to the standard Young tableau with N boxes, the subspace

YIM #®N will be invariant under transformation U®". Considering that the symmetric projection S" is equal to the standard
Young operator 5 %™, we have

U(R)ENSN = sNu(R)HeN, (292)
ux)®Nm) = ZD,T; 7 ()m), (293)

“2

where D( X)isa representatlon of Lie group SU(d). A group theorem states that an irreducible representation of group
SU(d) will be induced when U(X)®N operates on invariant subspace YIH#®N when Y!* is a standard Young operator,

see (Ma, 2007). Thus D( X ) is an irreducible representation of group SU(d). Then according to Schur’s lemmas and the
orthogonality relations (Ma, 2007), we obtain,

1

aiN / dX M(R)Dg; 5 (D% (X)) = 8 i - (294)

This formula ensures that the integral of the projectors F+ is equal to the identity operator in the space J(’ N ® }f?f” which

should be satisfied for a POVM. In special case d =2, because we know the analytical expression of the unitary matrix

U ( X ) and its irreducible representation D( X ), an appropriate finite POVM can be constructed, then the integral reduces to

summation. The importance to construct finite POVM is that its explicit form is necessary for experimental implementation.
The total system can be expressed as

N M
V)xIE)mac = [ Z O OelUT GO @ UT (M) ,/ (Zy,p (O 1Tl )c)
= mZk(7>|x(7>>XP[U’°‘“’<7>]*|¢C>Ac. (295)

The LRUO is UP@(X) = UT(X)EM™ @ UT(X)EM. As we expect, the sender distributes the universal cloning state
[¥¢)ac to spatially separated M receivers assisted by (M — N) ancillas. The scheme of the telecloning can be represented in
Fig. 8.

The asymmetric quantum telecloning for multiqubit states with various figures of merit are investigated by Chen and
Chen (Chen and Chen, 2007a). The reverse processing of telecloning is the remote state concentration. Roughly speaking,
the final state of the information concentration is the initial state of the telecloning. It is shown that in the concentration
processing, the bound entangled state can be used as a resource (Murao and Vedral, 2001). The standard entangled
state possesses similar capability in the quantum information concentration (Zhang et al., 2013a). This remote quantum
information concentration is also studied in Wang et al. (2011a).

Telecloning is a combination of teleportation and quantum cloning, its reverse process is remote quantum information
concentration. The quantum information distribution and concentration are expected to be the fundamental functions of
quantum networks. Those functions can be potentially used for clocks synchronization with quantum advantage (Zhang
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uvtooutopt o ut ot

Fig. 8. Scheme of telecloning. The sender who may possess several ports share a maximally entangled state with several receivers who are spatially
separated, and possibly assisted with ancillary states. The sender (Cloud) performs a POVM and announces the measurement result, the receiver can
recover their states locally, see (Zhang et al., 2013a).

et al., 2013b). We can expect that the network quantum computation will be an important subject for further explorations.
Some experimental and implementation schemes of the telecloning are reported as in the following. The experimental
realization of telecloning is performed by partial teleportation scheme (Zhao et al., 2005). A proposal of distance cloning
is in Filip (2004b). The entanglement resource of up to six qubits of Dicke states is created experimentally (Prevedel et al.,
2009). The experimental implementation of telecloning of optical coherent states is demonstrated in Koike et al. (2006).
The experimental telecloning of phase-conjugate inputs is presented in Zhang et al. (2008). Telecloning of entanglement is
presented in Ghiu and Karlsson (2005), the telecloning of W state is studied in Yan et al. (2009). A scheme to implement an
economical phase-covariant quantum telecloning is separate cavities is proposed in Fang et al. (2012b). Implementation of
telecloning of economic phase-covariant about bipartite entangled state is studied in Meng and Zhu (2009). The continuous
variable telecloning with bright entangled beams is studied in Olivares and Paris (2008). The controlled telecloning and
teleflipping for one pure qubit is studied in Zhan et al. (2009).

8. Quantum cloning for continuous variable systems

This section is devoted to the issue of quantum cloning machine for continuous variable (CV) systems. The available re-
views of this topic can be found in Cerf and Grangier (2007); Scarani et al. (2005). The photonic state of optical system is
usually described by CV. Most schemes and protocols of quantum computation and quantum information can be realized
and demonstrated by photonic state of CV, it may possesses unique advantage other than other systems. The reviews of CV
quantum information can be found in Braunstein and van Loock (2005); Wang et al. (2007); Weedbrook et al. (2012), see
spin squeezing in Ma et al. (2011). An example of continuous systems is simply to consider the position and momentum of a
particle, or the two quadratures of a quantized electromagnetic field. Instead of universal cloning, we only study the case of
N — M Gaussian cloning for coherent states, whose precise definition will be given in the context below. We shall first get
the fidelity bound for N — M Gaussian cloning (Cerf and Iblisdir, 2000), and then give an explicit implementation using a lin-
ear amplifier and beam splitters (Braunstein et al., 2001a). Note that the same procedure is also suitable if the input states are
squeezed states, provided little change of parameters of the devices is made (Braunstein et al., 2001a; Cerf and Iblisdir, 2000).

8.1. Optimal bounds for Gaussian cloners of coherent states

We deal with a quantum system described in terms of two canonically conjugated operators X and p, which respectively
has a continuous spectra. Since X and p are conjugated, they cannot both be copied perfectly, so we hope to find a cloning
machine which makes an approximate cloning and obtain an “optimal” result. Corresponding to universal cloning, we here
focus on cloning transformations which take only coherent states as input. That is, the input states of the cloning machine
form a set &, which can be parametrized as,

_
-

where (@|X|a) = xand («@|p|a) = p. Moreover we shall only consider N — M symmetric Gaussian cloners (SGCs) which can
be defined as a linear completely positive map: Cy y : #®" — #®M, where # stands for an infinite-dimensional Hilbert

/S={|a):oc (x—i—ip),x,peR}, (296)
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space. So after the transformation we shall get oy = Cy.m (o) {|®V). To mean Gaussian, the reduced state of a single clone
needs to satisfy:

p1 = Try—1(om)

! / & Be /oMM D(B) o) (DT (B), (297)

2
TTON M

where the integral is performed over all values of 8 = (x + ip)/ /2 in the complex plane, note that we have set i = 1, and
D(B) = exp(Ba' — B*a) is a displacement operator which shifts a state of x in position and p in momentum, a and a* denote
annihilation and creation operators respectively. As a result, after cloning for each copy an extra noise 02 = opz = 0,3’ M
on the conjugate variables x and p are added. It is readily checked that the cloning fidelity fy y = (ct|p1]a) is the same
for any coherent input state |«), provided oy ) remains invariant, which means, our cloner is symmetric. Through simple

computation one finds,

= (U o) = ————. 298

fum = (a]p1]a) 1 +G[3,M ( )
Now we shall make the proposition that the lower bound of oy  is

2 = M-N (299)

0, = ,

MM MN
which implies the optimal fidelity for N — M cloning machine is
1 MN
oM (300)

1462, MN+M-—N’

Next we will prove (299). As first step we shall come up with a lemma.

Lemma 2. Cascadinga N — M cloner with an M — L cloner cannot be better than the optimal N — L cloner. In our case, two
cascading N — M and M — L SGCs result in a single N — L SGC whose variance is simply the sum of variances of the two
cascading SGCs. Hence we have

OGN < Onm + O (301)

where G , stands for the low variance bound of N — L cloner.

The proof for Lemma 1 can be found in Cerf and Iblisdir (2000). We will use Lemma 1 to reach (299). From (301), setting
L — oo we get

TN oo < O + Ot oo (302)

Then we can use quantum estimation theory to analyze &2 __, which is the variance of an optimal joint measurement of &

N,o00”
and p on N replicas of a system. We have (Holevo, 1982),

807 (1) + 8,07 (1) = g AR + g, AP + /2.8 (303)

for all values of the constants g, g, > 0, where aXz (1) and opz (1) denote the variance of the measured values of X and p, while

AX? and Ap? denote the intrinsic variance of observables & and p, respectively. For each value of g, and gp, we have a specific
positive-operator-valued measure (POVM) which achieves the bound. Also, as in classical statistics, we have (Holevo, 1982),

2 2

20y _ 9 (D 2y _ DD
FN) = 0L ol = (304)
where O'XZN or opzN is the measured variance of X or p if we perform the measurement on N independent and identical

systems. In the context of coherent states, AX* = Ap* = 1/2, if we further require 57 (N) = o7 (N), the tight bound of (303)
is reached for gy = g,. Then it yields from (303)

6y oo = 1/N. (305)
Combine (301) and (305), we have completed our proof.
8.2. Implementation of optimal Gaussian QCM with a linear amplifier and beam splitters

In this section, we shall give the explicit transformation for the optimal Gaussian N — M cloning of coherent states,
and show that the transformation can be implemented through the common devices used in quantum optics experiments:
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a phase-insensitive linear amplifier and a network of beam splitters (Braunstein et al., 2001a). Thus we can prove that the
optimal bounds of fidelity derived in the previous section can actually be achieved. Note also other implementations may
be possible as well, for example, a scheme using a circuit of CNOT gates is proposed to be an implementation for the 1 — 2
Gaussian cloning (Cerf et al., 2000).

Assume the state to be cloned is |«), we denote the initial input state of the cloning machine as [¥) = |o)®¥ ®|0)®M N g
|0),, where except the N input modes to be cloned, we have M —N blank modes and an ancillary mode z. The blank modes and
the ancilla are prepared initially in the vacuum state |0). Let {xx, px} denote the pair of quadrature operators associated with
each mode k involved in the cloning transformation, where k = 0, ..., M — 1 (for simplicity, we sometimes omit the hats for
operators when the context is unambiguous). As usual, for cloning we mean a quantum operation U : #®M~1 — g®M-1
performed on the initial state |¥), and the output state becomes |¥") = U|¥).

For simplicity of analysis and calculation which shall be shown below, we work in the Heisenberg picture, then U can be
described by a canonical transformation acting on the operators {xy, px}:

X =UU,  py=U'pU, (306)

while the state |¥) is left invariant. We will now impose several requirements for the transformation U which establish
some expected properties of the state after cloning:

1. The expected values of x and k for the M output modes be:

(Xe) = (elxolar),  (py) = {alpolar), (307)
which means the state of the clones is centered on the original coherent state.
2. Note that for a coherent state, we have 07 = pz = AX’, = % and also by a rotation in the phase space, we get the

operator v = cx + dp, (where ¢ and d are complex numbers satisfying |c|? + |d|> = 1), the error variance of which is the
same:

1
O‘UZ = O'XZ = sz = Ax?jac = 5 (308)

We then require that the invariance property under rotation is preserved by the transformation U, which yields

2 2
2 2 _ 2 _ c 2
Uv,’(’ - o'x,’(’ - Upl’{’ - (1 + N M) Axvau (309)

where v, = cx + dpy,.
3. U is unitary, which in the Heisenberg picture is equivalent to demand that the commutation relations are preserved
through the transformation:

[X]/'/, X;;] = [p]/’/a p;!] = 07 [X;/’ p;!] = i5j1<, (310)
forj,k=0,...,M — 1 and for the ancilla.
Based on the above requirements we shall then give the explicit implementation of the cloning machine.

8.3. Optimal 1 — 2 Gaussian QCM

We first consider the simple case of duplication (N = 1, M = 2). An explicit transformation can be found:

/ X1 Xz 1 D1 Pz
X/ =X+ —=+ —, Pop =D + —= - —,
LV RV A V. N
¥ = x X1 + Xz p// —p D1 Dz
— A0 T T = T = — PO~ T =T T =
! V22 ! V2 V2
X, = xo + V/2x,, p, = —po + v/2p,, (311)

for which one can check that all the three requirements are satisfied.
Next we proceed to see how to implement the above duplicator in practice. First interpret (310) as a sequence of two
canonical transformations:

ay=~2a+d, da =a++2q

1 1
—=(ay+a), df=—=(@—a), (312)
ﬁ 0 1 1 \/i 0 1
where a; = (x; + ipy)/ /2 and a,t = (xx —ipx)/ /2 denote the annihilation and creation operators for mode k. We then
can immediately come up with a practical scheme which has two steps to have the desired transformation realized. Step 1
is a phase-insensitive amplifier whose gain G is equal to 2, while step 2 is a phase-free 50:50 beam splitter (see Fig. 9). To

"o
ay =
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ancilla vacuum
v
input LA > clone 1
BS
anti—clone clone 2

Fig.9. Implementation of the optimal Gaussian 1 — 2 QCM for light modes. LA stands for linear amplifier and BS represents a balanced beam splitter, see
(Braunstein et al., 2001a).

see the cloner is optimal, we note from (Caves, 1982), for an amplifier of gain G, each quadrature’s excess noise variance is
bounded by

ol > (G—1)/2. (313)

Since we have chosen G to be 2, it yields O‘LZA = 1/2, which proves the optimality of the cloning transformation.

8.4. Optimal Gaussian N — M QCM

Now we continue to study the case of N — M Gaussian cloning, this time we shall again use linear amplifier to achieve
the transformation. Due to the relation of extra variance and gain from (313), we need to make G as low as possible in order
to reach the optimal limit of oN .m- The cloning procedure is as follows: (i) concentrate the N input modes to one single mode,
which is then amplified. (ii) distribute the concentrated mode symmetrically among the M output modes. Obviously an easy
method to realize the processes is through discrete Fourier transform (DFT), with which we can write out the detailed steps
of the cloning procedure.

Step 1: concentration of the N input modes by a DFT:

1 N
a, = — exp(ikl2w /N)a;, (314)
= T e

wherek = 0, ..., N— 1. After the concentration, the energy of the N input modes is put together on one single mode, which
we shall rename as ag, while every other mode becomes a vacuum state. To see this more clearly, we note that the energy of

one mode is E, = hw((a,tak) + %), k=0, ..., N —1.Since the input state is |o)®N, (aza,) = |o|? for all k and [, and the total

energy isE = Z’kv:_o] Ex = Nhow(Ja|® + %). On the other hand, after the DFT process, all modes except one become vacuum
states. From Eq. (314), for any k # 0, we have

1 N—1N-1
(@) v Z Z exp <1—(m — 1)) (@l am)

=0 m=0
1 N—1N-1
= |a*= ZZexp (l—(m - 1))
N 1=0 m=0
=0. (315)
So the new mode k # 0 is a vacuum state. On the other hand for k = 0, we have
N—1N—1
(afap) = ZZ alan) = Nla|*. (316)
1=0 m=0

Now we see energy is concentrated in the new mode 0.
Step 2: take the mode a, together with the ancilla as the input of a linear amplifier of gain G = M /N, which results,

ay = ,/ oo+ ,/ — —1dl,
M T M
== N - 100 + ﬁaz. (3]7)
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Fig. 10. Implementation of the optimal Gaussian N — M QCM for light modes. LA represents linear amplifier, DFT stands for discrete Fourier transform,
see (Braunstein et al., 2001a).

Step 3: distribute energy symmetrically onto the M outputs by performing a DFT on a and the M — 1 vacuum modes
produced in step 1:

v — 1
KT UM
It is readily checked that the procedure can meet our three requirements. Moreover if we choose aLZA = [M/N — 1]/2, the
optimality is then confirmed.

Like the case of 1 — 2 cloning, we shall also use a network of beam splitters to construct the required DFT. It is

shown that any discrete unitary operator can be experimentally realized by a sequence of beam splitters and phase shifters
(Reck et al., 1994). An explicit construction is given in Braunstein et al. (2001a) as shown in Fig. 10.

M-1
> " exp(iki2m /M)a;, (318)
1=0

8.5. Other developments and related topics

Similarities and differences exist between cloning in discrete space and CV space. Similar as in discrete space case, if
we know partial information of the input state in CV system, the fidelity can also be improved (Alexanian, 2006). Without
analog in discrete case, the quantum cloning with phase-conjugate input modes is studied in Cerf and Iblisdir (2001b).

One can expect that many proposals in discrete case can be extended to CV case. Next, we list those results in areas of
QKD, CV quantum cloning and implementation schemes in the following.

e In relation with QKD, the application of CV cloning machine in key distribution is studied in Cerf et al. (2001). By some
figure of merit, the optimal cloning of coherent states with non-Gaussian setting may be better than a Gaussian setting
(Cerf et al., 2005). This may pose a question about whether the security of a QKD can be challenged or not in a more
general condition. However, CV cryptography (Grosshans and Grangier, 2002) is shown to be still secure under non-
Gaussian attack (Grosshans and Cerf, 2004). The asymmetry CV cloning used for security analysis of cryptography is also
discussed in Cerf et al. (2002c). The review of CV cloning and QKD can be found in Cerf and Grangier (2007).

e The CV universal NOT gate is studied in Cerf and Iblisdir (2001a). The optimal cloning of mixed Gaussian states is studied in
Guta and Matsumoto (2006). The superbroadcasting of CV mixed states is studied in D’Ariano et al. (2006). The quantum
cloning limits for finite distributions of coherent states are studied in Cochrane et al. (2004), and also in Demkowicz-
Dobrzanski et al. (2004). A proposal to test quantum limits of a Gaussian-distributed set of coherent state related with
cloning is presented in Namiki (2011). The cloning of CV entangled state is studied in Weedbrook et al. (2008).

e The implementation of CV quantum cloning via various schemes is proposed in Braunstein et al. (2001a); D’Ariano et al.
(2001); Fiurasek (2001b). The multicopy Gaussian states is studied in Fiurasek and Cerf (2007). The Gaussian cloning of
coherent light states into an atomic quantum memory is presented in Fiurasek et al. (2004).

Experimentally, implementation of Gaussian cloning of coherent states with fidelity of about 65% by only linear optics
is shown in Andersen et al. (2005), the results are further analyzed in Olivares et al. (2006). Experimental realization
of CV cloning with phase-conjugate inputs is shown in Sabuncu et al. (2007) and also in Chen and Zhang (2007). The
experimental realization of both CV teleportation and cloning is reported in Zhang et al. (2005).

As one of the most basic protocols of quantum information processing, the CV teleportation is studied in Braunstein et al.
(2000). The criteria of CV cloning and teleportation are studied in Grosshans and Grangier (2001). We remark again that the
reviews of CV quantum information can be found in Braunstein and van Loock (2005); Wang et al. (2007); Weedbrook et al.
(2012).

9. Sequential universal quantum cloning
In past years, theoretical research on quantum cloning machines have progressed greatly. At the same time, various

cloning schemes have been realized experimentally, by using polarized photons (Irvine et al., 2004; Pelliccia et al., 2003;
Lamas-Linares et al., 2002; Ricci et al., 2004) or nuclear spins in NMR (Cummins et al., 2002; Du et al., 2005). However,



H. Fan et al. / Physics Reports 544 (2014) 241-322 303

these experiments are only restricted to 1 — 2 or 1 — 3 cloning machines, leaving the general case of N — M cloning
unsolved. The difficulty of realizing N — M cloning mainly arises in preparing multipartite entangled states, since it is very
difficult to perform a global unitary operation on large-dimensional systems to create multipartite entangled states. While
on the other hand, using the technique of sequential cloning, one may be able to divide the big global unitary operation
into small ones, each of which is only concerned with a small quantum system and as a result makes it possible to get
the desired entangled state. Several quantum cloning procedures for multipartite cloning were proposed, but they are not
in the sequential method Fan et al. (2003); Simon et al. (2000). In 2007, based on the work of Vidal (Vidal et al., 2003),
Delgado et al. proposed a scheme of a sequential 1 — M cloning machine (Delgado et al., 2007). Since the procedure is
sequential, it significantly reduces the difficulty of its realization. Later, a scheme of more general N — M sequential cloning
is presented (Dang and Fan, 2008). The case of N — M sequential cloning of qudits is also proposed briefly, yet the details
are not presented. The essential idea of sequential method is to express the desired state in the form of matrix product state
(MPS), and according to results in Schon et al. (2005), any MPS can be sequentially generated. On the other hand, it is also
pointed out that sequential unitary decompositions are not always successful for genuine entangling operations (Lamata
et al,, 2008). Here in this section, we will present in detail how the procedure of 1 — M and N — M sequential cloning can
work.

9.1. 1 — M sequential UQCM

According to the method of Delgado et al. (2007), we first need an ancilla system of dimension D. Let #, denotes the
D-dimensional Hilbert space of the ancilla system, and #g the 2-dimensional Hilbert space of one qubit. In every step of the
sequential cloning, we perform a quantum evolutional operator V on the product space of the ancilla and a single qubit. Here
we suppose that each qubit is initially state |0) which will not appear in the following equations. V then can be represented
by an isometric transformation: V : #, — J#,4 ® Hg, in whigh V = Zi‘a_ﬁ Vg(,ﬁ e, i) (B]. Let VI = Y.V s ﬁ |} (B], then
V'is a D x D matrix and satisfies the isometry condition ) Vitvi = I, Let the initial state of the ancilla be |¢;) € F#,. We
make the ancilla to interact with the qubits once a time and sequentially, after the unitary operation, we would not recover
the ancilla state. So when n operations have been done, the final output state of the ancilla and all the qubits take the form,
@) = v vRIyg)y where indices in squared brackets represent the steps of sequential generation. Now we need to
decouple the aniclla from the multi-entangled qubits, and then the n-qubit state shall be left:

W)= Y (el VI g iy ), (319)

where ¢r represents the final state of the ancilla. For 2-dimensional system {|0), |1)}, the cloning transformation of the
optimal 1 — M cloning machine is (Gisin and Massar, 1997):

M-1

0) @ R) — (¥ = Y BI(M =)0, j1) ® |(M — j — 1)1, jO)g, (320)
j=0
M-1

D@ R — %) =Y Buj-1l(M —j—1)0, i+ D1) @ |(M —j — D1, j0)g, (321)

j=0

-

inwhich g = V2(M — ))/M(M + 1), |(M —j— 1)1, jO)g is the final state of the cloning machine, and |(M — )0, j1) denotes
the normalized completely symmetric M-qubit state with (M — j) qubits in |0) and j qubits in |1). In order to clone a general

state |¢), it is necessary to know how to sequentially generate the states |t1/,\(/,0)) and |lI/,5,1)), as a result of which we need to
express these two states in the MPS form:

w0y = Z (@O vl o) i, (322)
ST in
oy = > (@ v Oyl ). (323)

i1, min

Now we aim to get the explicit expression of the matrices Vék]i" and Vl[k]i". A way to do so is by using Schmidt decomposition

(SD) (Vidal et al., 2003), see textbook (Nielsen and Chuang, 2000). Consider an arbitrary state |¢) in Hilbert space #%", the
SD of |¥) according to the bipartition A : B is

W) =" ral@l) g, (324)

where [®[41)(|®[B)) is an eigenvector of the reduced density matrix p!(p!®!) with eigenvalue |A,|*> > 0, and the Schmidt
coefficient A, satisfies (@A1|w) = A, |®E)).
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With the help of SD, we proceed the following protocol:

1. Compute the SD of |¥) according to the bipartite 1 : n — 1 splitting of the n-qubit system, which is
Z )\[11 [1] [2 ol (325)

Z F[llllk[ll“ >|q)£(21--~ﬂl>7 (326)

l] oq
where in the second line we have expressed the Schmidt vector |®[!l) in the computational basis {|0), |1)}: |®L!]) =
Yo, Ty i),
2. Expand |®[>-") in local basis for qubit 2,

3.
|2 Z lia) |70 ™). (327)
3. Express |'L'[3 "]) by at most x Schmidt vectors |®>-") (the eigenvectors of pP*-"!), where «; ranges from 1 to x and

X = maxy XA, here x4 denotes the rank of the reduced density matrix p4 for a particular partition A : B of the n-qubit
state:

o3 n] Z [2]'2A[2]|¢[3 nly (328)

01112 ajap”ran

where A‘[fz]'s are the corresponding Schmidt coefficients.
4, Substitute (327) and (328) into (325), we get
Z p[l]n)L[l]F[Z]lz)\[Z]“ i >|(p[3 My, (329)

oo o
i1,001,i2,02

Now it is easy to see if we repeat the steps 2-4, we get the expansion of |¥) in the computational basis:
=3 ) Cipiglin) - lin). (330)
i in

where the coefficients ¢;, _;, are

Ciyoin = Z F[1]11A[1]F[2112)\[2] . nlin (331)

a1 apoptan on—1

Through comparing Egs. (319) and (331), we are able to construct Vék]”‘ and V]”‘]'k explicitly. The detailed work is omitted
here since in next section about the more general N — M sequential cloning case, each step of getting the matrix is provided.

When the input state of the cloning machine is an arbitrary state [y} = xo|0)+x1|1) (normalization condition is satisfied:
|xo|> + |x1]> = 1), according to the linearity principle of quantum mechanics, the state after cloning transformation is
Xo| lI/,\S,O)) + X1 |lI/,\5,])), which can also be sequentially generated. First, view the arbitrary state |{) and the ancilla’s initial state
|0)p as a unified state: |¢;) = |¥) ® |0)p. Then use the qubit k, (k = 1, 2, ..., n), sequentially to interact with the ancilla
according to the 2D-dimensional isometric operators V¥ = [0) (0] ® Vi 4|1 (1) @ V¥, After all qubits have interacted
with the ancilla, perform a generalized Hadamard transformation to the ancilla

1

10)|¢”) — ﬁ[|0>|¢;°)>+|1>|¢;“>] (332)
1

1)) — ﬁ[|0>|¢£°)> 11) o). (333)

Now measure the ancilla with the basis {|0) |¢;0)), (1) |¢‘§1))}, either result occurs with probability 1/2. When the result is
|0)|¢;0)), we get the desired state xo|sl/,\§,0)) + X1 |lI/,\5,l)); while if the result is |1)|¢£1)), we need to perform a w-phase gate
upon each qubit, and the desired state will be obtained.

To realized the above 1 — M cloning scheme, an ancilla system of dimension 2M is needed, while if we take a global
unitary operation to accomplish the cloning, the dimension of the unitary operation will increase exponentially with M. So
we see sequential cloning is much easier to realize experimentally.
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9.2. N — M optimal sequential UQCM

In this section, we will discuss the more general case N — M optimal sequential UQCM. An arbitrary qubit is written
|¥) = x0|0) 4+ x1]1) (|x0]? + |yo|?> = 1), then N identical |¥) can be expressed as

Zx” mym [CM (N — m)0, m1), (334)

where (' = m, and |(N —m)0, m1) denotes the normalized completely symmetric N-qubit state with (N —m) qubits
in state |0) and m qubits in state |1).
It is well known that the optimal UQCM transformation for completely symmetric states (Gisin and Massar, 1997) is

M=N
|(N =m0, m1) ® [R) = [#") = > Bl (M — m = j)0, (m +))1) ® R), (335)

j=0
where B, = /Cy _m:]]Cfnﬂ/Cﬁﬂ, R; denotes the final states of the cloning machine, and for different j, |R;)’s are orthogonal

to each other. Here we can choose |R;) = |[(M — N — j)1, jO)r. Since we have found the cloning transformation of any state
in the form |(N — m)0, m1), according to the linearity principle of quantum mechanics, the transformation for N arbitrary
state |¥) is

W) & R) — W) = Zx” R G, (336)

here |¥,) is the final state of all the qubits and the cloning machine we hope to obtain, like the 1 — N sequential UQCM
case, we first need to show how |lI/,\§,m)) can be sequentially generated. Hence it is necessary to know the MPS form of | lI/,\f,m) ):

oy = Y (VNI T g iy iy ), (337)

i1...oM—N

where VI"n(1 < n < 2M — N) isa D x D dimensional matrix, and satisfies the isometry condition: ), (VI"n)tyitin =,
Now we shall follow the idea of SD, and give detailed elaboration on how to get the explicit form of V"lin,

1. Casen = 1.
Compute the SD of |l1/(m>) according to partition 1:2... (2M — N):

‘%}m)> Z Bmj M —m—7)0,(m+j1)Q R}
_ Z)“[Hl(p[l] ) ® |¢[2 .2M~— N)])

Z 1—1[]]11)\’[1] ) ® |¢[2 .(2M— N)])

a1,iq

= 10) @ 2! [ M) - 1) @ AL gl M), (338)

where through comparing the first and last lines, we get

m+k
gm0l = Z ﬁmk,/ m+,<|( —m—k—1)0, (m+k 1) ® R/,

k=—m
m+k
2...2M—-N
g Ml) = S e gt (M = m = k= D0, M+ 1) © [Res)/ 2
k=—m

Compare the last two lines, we also have
F0£11]0:80!1’1’ Faﬂ]l :8011,27 o =1,2.

Now use the condition of normalization, Schmidt coefficients could be calculated,

M—m—1 Cm+k M—m—1 Cm+k

(_ 1 _
A= Z ’Bmkcm+k’ Ay = Z ﬂm(k+1)cm+k+1

k=—m k=—m
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Then we have
1i 1li1 4 [1
Vo[q]l] — FJ]]H)J)[]]_

The explicit form of V{1 is given in the Appendix, so is other Vi,

Next, we will not present the detailed calculations for other cases since the method is almost the same, but only list
the results.

2. For1 < n <M — 1: We calculate the SD of |lI/,\5,m)) according to partitions. The results are:

[l M—m—n m+k (n-1] M—m—n+1 Cm+k
nl _ J n—1] __ J M—n+1
)‘J-H = |G Z ’Bm(lJrk) m+j+k )‘j+1 = |G Z ﬁm(IJrk) m+j+k :
k=—m k=—m
J /i
o s VGt pi o1
(G+Dan — 20+Dan = (+Dan — QG+2)an .
)"["_1] CJ k[n 1] Cj+l
j+1 n j+1 n
And for this case, the summarized form is V{"in = pinin 3,
n—1%n""on*

3. Casen = M: We have,

M M1 —m+1 Cm+k
J
A1 = Pmi—mys M = | Gua Z ﬁm(ﬂrk) m+j+k *
k=—m C
And also,
|~
rvo s Cu—
G+Day — PamG+1) =
A /a
j+1 M
j
s Cu—1
- Y,
G+ 1oy M 1) C’+1
j+1
similarly, for this case V¥ | = Fi™, A,
4. CaseM +1(1<I<M—N): Wehave
)\[M‘H] CJ m Zﬂ Cl
j+1 M—N—I m(j+k—m) C’Hk m*
-1
k[MH 11 _ cm Zﬁ C
j+1 - M—N—I+1 m(j-+k—m) j+k m’
k=0 C
Cj m—1
[M+1]0 MoN—l_ 5 [M+]
J+Dav+1 — C] m 04M+I >
M—N—I+1
Cj m
M o ) M—N—I /A A M)
(+Depyr — ComiG+D cm oMl
M—N—I+1
M+l (IMHlivr o [MA+)
Then we have Vo awii1 = oy, rom+1 a1

Up till now, we have calculated out the explicit form of every VIKik, and since V¥ depends on m, we denote it as V'

(m)
here after. Through computation, we can get the smallest dimension needed for the isometric operator V([,:?)'",

_JM—=N/2+1 if N is even;
D—{ —(N—1)/2+1 ifNisodd. (339)
So we see D increases linearly with M, which shall significantly ease the difficulty of sequential cloning.
Based on the above computation, we have known that the state |lI/,\§,m)) can be expressed in the MPS form, so the N-qubit

pure state |(N —m)0, m1) can be sequentially transformed to |lI/,\5,m)). Now in order to sequentially clone the N-qubit |¥)®N
to M qubits, the scheme is as follows Dang and Fan (2008).
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(1) encode the N-qubit |¥)®N in the ancilla, which makes the initial state of the united ancilla

l¢)) = Zx” mym JCI(N — m)0, m1) ® |0)p. (340)

(2) Build the operators

N
V[k]ik — Z( CI{]")ZM]’N (|O> (O|)®N7m(|l>(l|)®m ® V([;])ln (341)

m=0

(3) Let all the qubits interact sequentially with the united ancilla according to the operator V!X, we get the final state of
the whole system

Wour) = VNI v @ iy iy )

i1...l2M—N

Zx” " GRI0 P T @ g™ @ 19,7),

where |<p(m)) is the final state of the ancilla when the input state is |(N — m)0, m1).

(4) Perform a generalized Hadamard gate on the ancilla (quantum Fourier transformation)

1 i2rmm’ /
0)°V"1)°" @ ™) — Vg Ze THE jgyen—n' | 1yen’ g |y, (342)
after which the final state becomes
1
Wou) = N ESP. Z| YEN 1) @ 1) @ ), (343)
where
N i2rmm’
= Ze W xg T O ). (344)

(5) Make measurement on the whole ancilla with the basis {|0)®N~ m |1)®m ® |<p(m ))}2’1,:0. When the result ism’ = 0,

the desired state |¥y) = Zm:O o X/ G lI/,\S,m) ) is directly obtained. If the measured m’ # 0, then we need to act a local
phase gate Us on every qubit. Through computation, a proper phase gate is

= 10)(0] +€”|1)(1], (345)
where § = — 2”—’" . With the effect of the phase gate, the output state becomes
[¥a) = MM gy). (346)
M

Since the phase eM~M? will not affect, the output state is what we want. Now it can be seen we have realized the sequential

N — M UQCM. When N = 1, all the results coincide with the 1 — M case in last section.
Recently, the sequential cloning concerning about the real-life experimental condition is investigated in Saberi and
Mardoukhi (2012).

9.3. Sequential UQCM in d dimensions
We now further proceed to a more general case where qubit is extended to qudit. In the space of d dimensions, an arbitrary
quantum pure state can be expressed as

d

d—1 —1
w) =" xili), il = 1. (347)
i=0 i=0

Then N identical such qudits will be expanded in symmetric space as (Werner, 1998)

N
x0 Xy m), (348)
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Fig. 11. Quantum circuit implementing quantum cloning machines. This quantum circuit can realize both universal cloning machine and phase-covariant
quantum cloning machine by adjusting parameters in the single qubit rotation gates. This circuit is the same as the one in BuZek et al. (1997a).

where |m) denotes the symmetric state, whose form is

lm) = |m;0, my1, ..., mq(d — 1)), (349)

which means the symmetric state [m) has m; qudits in the computational base |i)(i = 1, ..., d), and the sum of qubits in
each base satisfies 3", m; = N.

Take the symmetric state |m) as the input state of the optimal d-level UQCM according to Fan et al.’s scheme (Fan et al.,
2001a), the corresponding M-qudit output state will be

M—-N
) = Bmjlm +j) ® [Ry), (350)
j=0

where the vectorj = (jq, ja2, . . . , ja) satisfies Z?:1ji = M — N, |Rj) = lj)r denotes the state of the cloning machine, and

Bmj = \/ ]'[?:1 C,;?i" i /Cyira1- The following steps are similar to the 2-level case presented previously. We still need to find

the MPS form of the state |l1/1\5,"') ), and the method is through SD as well. Express |lI/A§,'") ) in the computational basis

) = Y (e viM Ny i 0) @ iy L igw—) (351)
i1...IgM—N

Through computation, V¥lk can be obtained (Dang and Fan, 2008). The detailed process is just a direct extension of the
2-level case and shall be omitted here, see the Appendix for the details. Besides, we also know that the necessary dimension

S M- N4
of the ancilla is Dy = CMfL%J+d71

far smaller than dy,, that simplification shows the advantage of sequential cloning of qudits.

, where the symbol | X | denotes the floor function. So we may observe that d > 2D, is

10. Implementation of quantum cloning machines in physical systems

In general, the cloning machines can be realized by the corresponding quantum circuits constituted by single qubit
rotation gates and CNOT gates just like other quantum computations. This is guaranteed by the universal quantum
computation (Barenco et al., 1995) which can be realized by a complete set of universal gates.

10.1. A unified quantum cloning circuit

It is interesting that the UQCM and the phase-covariant QCM can be realized by a unified quantum cloning circuit by
adjusting angles in the single qubit rotation gates, as shown in Fig. 11 first presented by BuZek et al. (1997a). Let us consider
the definition of single qubit rotation gate (33) with a fixed phase parameter which can be omitted, it can be written in
matrix form as,

~ cos ¥ sin ¥
R@) = (— sin®  cos 19) . (352)

The form of CNOT gate is in (34). Here we use subindices in a CNOT gate, CNOTj,, to specify that the controlled qubit is j and
the target qubit is k. Following the copying scheme in BuZek et al. (1997a), the cloning procession is divided into two unitary
transformations,

1967 10)a, 0)as — IW)GV 19 — 19) 515, (353)

ay ayaz ayazas”
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The preparation state is constructed as follows,

W) PP = Ry (993)CNOT3R3 (1) CNOTa3R; (391)]0) g, [0) - (354)
The second step is as,

@)\ = CNOTqyq, CNOTg,q, CNOT, 4 CNOTqyq, [9) 7 1) 2P (355)
We may find that two copies are in a;, a3 qubits. For UQCM, the angles in the single qubit rotations are chosen as,

1/2
I S n(1_ Y2 (356)
= =—, = —arcsin| - — — .
T 2 2 3

This scheme is flexible and can be adjusted for phase-covariant quantum cloning. We only need to choose different angles
for the single qubit rotations, and those angles are shown to be as follows (Fan et al., 2001b),

1
/11 \? (1 )’
% =03 =arcsin| - — —— | , ¥ = —arcsin| - — — | . (357)
2 243 2 4
To be explicit, we may find that the preparation state takes the form,
(perp) 1 1
|‘I/>aza3 = ﬁ|00>0203 + 5(|0]>a2a3 + |]0)a2a3)- (358)

The second step for phase-covariant quantum cloning is the same as the that of the UQCM. So this cloning circuit is general
and can be applied for both universal cloning and phase-covariant cloning.

10.2. A simple scheme of realization of UQCM and Valence-Bond Solid state

We already know that the universal cloning machine can be realized by a symmetric projection. This fact can let us
find a simple scheme for the implementation of the universal cloning machine. The simplest universal cloning machine
can be obtained by a symmetric projection on the input qubit and one part of a maximally entangled state. This symmetric
projection can be naturally realized by bosonic operators in the Fock space representation. Suppose the input state is aH, the

available maximally entangled state is aHaH + avav, here H, V can be horizontal and vertical polarizations of a photon, or
any other degrees of freedom of the bosonic operator. We also suppose that those operators are acting on the vacuum state,
then we have,

2
aL (aLaL Vav [ (a”) H + \/>(a av)av} (359)

:
Now we consider that the last bosonic operators are acting as ancillary qubits, in Fock space representation, (af)
to two photons in horizontal polarization, while ai,af, is a symmetric state with one horizontal photon and one vertical
photon. By a whole normalization factor +/3, the above formula then takes the following form, with initial state |H),

H) — \E|2H>|H>a + \Ew, V)[V)q. (360)

Similarly for a vertical photon, we have

V) - @zvnvm + @H, V)[H)a. (361)

It is now clear that those two transformations constitute exactly a UQCM. This fact is noticed by Simon et al. Actually it also
provides a natural realization of the UQCM by photon stimulated emission. Based on the experiment of the preparation of
maximally entangled state, the UQCM can be realized by the above scheme which we will present later.

For no-cloning theorem, a frequently misunderstanding point may be that, it seems that “laser” itself can provide a perfect
cloning machine, one photon can be cloned perfectly to have many completely same photons. This seems contradict with
no-cloning theorem. The point is that we can for sure clone a photon to have may copies. However, the no-cloning theorem
states that if we clone horizontal and vertical photons perfectly, we cannot clone perfectly the photon superposition state
of horizontal and vertical. Thus “laser” does not conflict with no-cloning theorem.

When a maximally entangled state is available, it seems that a UQCM can be realized. In condensed matter physics, the
Valence-Bond Solid state is constructed by a series of singlet states, see for example (Fan et al., 2004),

corresponds

N
|VBS) = ]_[( Ibl,, —al,,b ) [vacuum), (362)
i=0
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where sites 0 and N + 1 are two ends. We remark that the sites in the bulk will be restricted to the symmetric subspace also
by the reason of Fock space representation as shown schematically in the following:
0 1 D eeerer eeeees eseee N N+1

oo —foo—lfod—fo—"Ga
U U U U

By the same consideration as presented above, since one singlet state is a maximally entangled state, the UQCM can be
realized if the input state is put in site 0, (aa(T) + ﬁbg) (agb]; - aﬁbg). Further one may notice we do not need to restrict

just a singlet state where only two sites are involved, a whole one-dimensional Valence-Bond Solid state can be dealt as a
maximally entangled state so that a UQCM can be realized like the following:

(aab + Bb})|VBS). (363)

The state of input ocag + ﬂbg is like the open boundary operator. One feature of this universal cloning machine may be that
the ancillary states are at one end of this 1D state, the two copies are located on another end. This system is like a Majorana
fermion quantum wire proposed by Kitaev (2001) where the encoded qubit is topologically protected. It is also pointed out
that the cloning machine can be realized by networks of spin chains (De Chiara et al., 2004).

10.3. UQCM realized by photon stimulated emission and the experiment

With the results in last section, one may realize that a maximally entanglement source may provide a mechanism for
quantum cloning. The corresponding fidelity is optimal. It seems that photon stimulated emission possesses such a property
and can give a realization of the UQCM. This is first proposed in Kempe et al. (2000), Simon et al. (2000) and realized
experimentally (Fasel et al., 2002; Lamas-Linares et al., 2002). In this scheme, certain types of three-level atoms can be used
to optimality clone qubit that is encoded as an arbitrary superposition of excitations in the photonic modes corresponding
to the atomic transitions. Next, we shall first review briefly the qubit case followed by a general d-dimensional result.

For qubit case (Kempe et al., 2000; Simon et al., 2000), we consider the inverted medium that consists of an ensemble
of A atoms with three energy levels. These three levels correspond to two degenerate ground states |g;) and |g>) and an
excited level |e). The ground states are coupled to the excited state by two modes of the electromagnetic field a; and a,,
respectively. The Hamiltonian of this system takes the form,

N N
H=y (al DolEEl +a ) |ek><g§|> +H.c. (364)
k=1 k=1

We then introduce the operator as b,c’ = ZL ) (gl< |, r = 1, 2, where c' is a creation operator of “e-type” excitation, b,
is a annihilation operator of g. ground states, r = 1, 2. Now the Hamiltonian (364) becomes as,

H = y(a;by + azby)c’ + H.c. (365)
Now we find that the source of maximally entangled states is available. The input state can be considered as the form
(aa{ + ﬁa§)|0, 0) = «|1, 0) + 8|0, 1). The number of copies in this cloning system is restricted by the number of atoms in
excited states ®Q’:1 |e¥) which are represented as (c")" /+/N!. We may consider that initially there are i 4 j qubits in a;r and
ag which corresponds to a completely symmetric state with i, j states in two different levels of qubits,
o @)@y et
Wi, (i) = ——Z——"—|0)
JiljIN!
= |i(117j02>|0b15 Obz)lNC>
= [i, j)al0, 0)5|N)c. (366)

With the Hamiltonian (365), the time evolution of the state starting from the initial state (366) becomes as follows,

W (©). (.J)) = e Wi, (1.))
N

= > (=iHOP /P!, (. )) = D fiOIF, (), (367)
p =0

where |¥;,, (i,j)) = |Fo, (i,j)), | is the additional photons emitted corresponding to additional copies, thus there are
altogether i 4 j 4 [ copies in the output which is expressed as |F;, (i, j)). In this process, the states with different copies are
actually superposed together. The amplitude parameter in the superposed state corresponds to the probability of finding !
additional copies which is [f;(t)|?.
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Fig. 12. Schematic of experimental universal quantum cloning, see Ref. (Lamas-Linares et al., 2002).

To show that this process is exactly the realization of the optimal UQCM, we can show that the corresponding cloning
transformation with [ additional copes can be calculated as,

1 . . . .

. . Ni+j+ D! [G+1T-RIG+ k)

[, 3)al0, 0 INYe — IFy, (1)) = Y[ = [
=\ @+ji+I1+1)! iljlk!(1 — k)!

i+ 1=k, j+K)all =k, k)pIN — D). (368)

This is indeed the UQCM. In addition, this provides an alternative method to find the optimal cloning transformations.

Experimentally, Lamas-Linares et al. successfully performed the universal quantum cloning by using the Hamiltonian
(365) shown above (Lamas-Linares et al., 2002). The operators af, b are creation operators of photons in the spatial modes
a, b marked in Fig. 12 corresponding to two different directions of emission after passing the non-linear crystal (BBO 2 mm).
Photons of mode at with subscript 1, 2 refer to vertical and horizontal polarization, respectively. In the state analyzer part
of the experimental setup, vertical and horizontal photons can be analyzed by polarizing beam splitter in front of photon
detectors D2 and D3.

In experiment, a laser produces light pulses of 120 fs duration (Fs pulse shown in Fig. 12). By beam splitter, a tiny part
of each pulse is split off and attenuated below the single-photon level resulting in probabilistically the input photon. The
polarization of the input photon can be adjusted in the state preparation part corresponding to arbitrary input pure qubit.
The major part of the pulse is frequency doubled (shown as 2w in Fig. 12) and used to pump the non-linear crystal (BBO
2 mm) where photon pairs entangled in polarization are created, as shown in Hamiltonian (365). The input photon and
the a photons with vertical and horizontal polarizations created are adjusted so that they can overlap perfectly and are
indistinguishable for quantum cloning. Photon of mode b severs as a trigger indicating whether the entangled state in
polarization by parametric down-conversion has created or not. For time evolution e~**! with small values of yt for initial
state aﬁ |0}, the first order term corresponds to three photon state (aibx + aibg)ai |0). Here we remark that the entangled
state in vertical and horizontal polarization usually takes the form af,b;, - aLb‘T, which is equivalent to what we write here.

The output state has the form, (aI)2 for bz and aiag for b; corresponding to two terms in the universal quantum cloning
transformation. By this method the information of the input photon polarization, a qubit, is quantum cloned by universal
cloning on the down-converted photon. This process of universal cloning is exactly what we have reviewed as symmetric
projection of identical input states and one half the maximally entangled states. We may expect that, if maximally entangled
states are available, the universal quantum cloning is possible if symmetric projection can be realized.

10.4. Higher dimension UQCM realized by photon stimulated emission

The higher dimensional case can be similarly studied (Fan et al., 2002). Now the atoms have one excited state |e) and d
(d > 2) ground states |g,),n = 1,2, ..., d, and each coupled to a different photons a, corresponding to modes of qudit.
The Hamiltonian can also be written as a generalized form,

Hg = y(arb1 +--- +agbg) + H.c. (369)
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The initial states which are symmetric states are,

(a*)f' cT)”
l_[

Wi, J) 10) = [1)al0)5IN)c, (370)

where]’ = (j1,j2, - - ., ja)- One can find that the time evolution of states foE qudits is_the same as that of qubits (367). So the
probability to obtain additional I copies is |f;(t)|?. We use the notation |Fy, j) = |Wi, j), >".Ji = M, and the output of cloning
with [ additional copies can be obtained as,

1 .
- > e (M+d— ])‘I’ (k,+],)'
[19a10)5IN)e — IFi, J) _;\/(M‘FH-d—l)’ 1‘[\/ ki

J + K)alk)pIN — e, (371)

where summation Zf{i runs for all variables with constraint, Zf k; = 1. We thus realize the optimal UQCM for qudits.
Explicitly, the action of Hamiltonian on the symmetric states takes the following form,

HalF ) = y U+ DN = DM + [+ d)[Fiyr, ) + VIN — [+ DM +1+d — DIF_1,)), I<I<N,
HalFo,J) = y+/N(M + d)|Fy, ),
HalFn,J) = y/N(M + N +d — 1)[Fy_1,]). (372)

To end this subsection, we present our familiar results of UQCM but in this photonic system. An arbitrary qudit takes the
form, [¥) = 3" | xaf|0), with Y2, |xi|> = 1. By expansion, it corresponds to state,

d oM
)M = (ina,f) 10)
i=1
: T
M'ZH (a )] (373)
i=1

1
Ji

With the help of cloning transformation (371), the output of cloning is,

M+d—-1DN
lI/®M lI/OUt—M‘
= = ZZ Lt+d—1)

ki

i [k + o) R
x]J]I' ( H)u + K)alRp, (374)

As we already know, this is the UQCM of qudits.

Quantum cloning itself is reversible since it is realized by unitary transformation. This does not necessarily mean that
the cloning realized by photon stimulated emission can be inverted. However, it is proposed that this inverting process can
succeed (Raeisi et al., 2012).

10.5. Experimental implementation of phase-covariant quantum cloning by nitrogen-vacancy defect center in diamond

The economic phase-covariant quantum cloning involves only three states of two-qubit system. Experimentally, we
can encode those three states by three energy levels in a specified physical system. The experimental implementation of
phase-covariant quantum cloning by this scheme is realized in solid state system (Pan et al., 2011). This solid system is the
nitrogen-vacancy (NV) defect center in diamond. The structure of NV center in diamond is that a carbon atom is replaced
by a nitrogen atom and additionally a vacancy is located in a nearby lattice site. The NV center is negative charged and can
provide three states of the electronic spin one. Those three states correspond to zero magnetic moment (ms; = 0) with
a 2.87 GHz zero field splitting, two magnetic sub-levels induced by external magnetic field corresponding to m; = =+1.
The experimental samples of diamond can be bulk or nanodiamond. The electronic spin in NV center of diamond can be
individually addressed by using confocal microscopy so that we can control it exactly, however, ensemble of NV centers can
also be well controlled. The NV center can be initialized to state m; = 0 polarization by a continuous 532 nm laser excitation.

The superposed states of m; = 0 with mg = =1 are prepared by resonating microwaves depending on the duration
time determined by their corresponding Rabi oscillations. The microwave radiation is sent out by a copper wire of 20 um
diameter placed with a distance of 20 pm from the NV center. The Rabi oscillations corresponding to different microwave
frequencies show that the prepared states are superposed states in quantum mechanics. The resonating frequencies of the
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controlling microwaves are determined by the electronic-spin-resonating (ESR) spectrum of the NV center obtained by
frequency continuously changing. The readout of the electronic state is by Rabi oscillation, the measured value depends
on the intensity of the florescence which corresponding to the amplitude of state m; = 0 in the superposed state. The
intensity of florescence is measured by single photon counting module connected with a multifunction data acquisition
device. The main advantage of the NV center in diamond is its long coherence time which is long enough for spin electronic
spin manipulation for various tasks in quantum information processing.

One key point in precisely control the electron spin state is that it does not interact with environmental spin bath mainly
constituted by nearby nuclear spins. The fact is that when the electron spin is in state with zero magnetic moment, ms; = 0,
it does not interact with the nuclear spin. If the electron spin is in either of the m; = =1 states, it is under the influence of
the nearby nuclear spin. We may, on the one hand, use this coherent coupling for quantum information purposes, such as
to generate entangled state or for quantum memory. On the other hand, it causes decoherence of the quantum state of the
electron spin in the NV center. The interaction between the electron spin and a nearby nuclear spin in the NV center can be
clearly shown by hyperfine structure in the ESR spectrum.

The general spin Hamiltonian of the NV center consisting of an electron spin, S, coupled with nearby nuclear spins, I, is
given as,

Hspin = Hzf + HeZeeman + th + Hq + HnZeemana (375)

where the terms in spin Hamiltonian describe: the electron spin zero field splitting, H; = SDS, the electron Zeeman
interaction, Hezeeman = BeBoZ.S, hyperfine interactions between the electron spin and nuclear spins Hyy = »_, SAclk, the
quadrupole interactions for nuclei with I > 1/2, H; = ZI,<>1 I.P¢l;, and the nuclear Zeeman interactions, Hpzeeman =

—Bn Zk gn,kf?olk, also g. and g, are the g factors for the electron and nuclei respectively, 8., B, are Bohr magnetons for

electron and nucleus, A and P are coupling tensors of hyperfine and quadrupole, and l§0 is the applied magnetic field.

In implementation of economic phase-covariant quantum cloning, we use four equatorial qubits equivalent to BB84
states. However, according to result of minimal input set, it is also possible to check just three equatorial qubits (Jing et al.,
2012). Since only three orthogonal states are involved in the economic phase-covariant cloning, the scheme is to use three
physical states my = 0, m; = %1 to represent logic states of qubits. In the experimental scheme, the encode scheme is that:
|10) — mg = 0, ]00) and |01) correspond to m; = +1 respectively.

The implementation of phase cloning is in two steps. The first step is the initial state preparation which includes the input
state preparation and cloning machine initialization. The experimental realization of this step is to prepare the logic qubits
%(|0) + ¢%]1))|0), which is to prepare physically a superposed state of two involved levels. It is realized by initializing

the NV center, applying a 7 /2 pulse microwave. The second step of the phase cloning is to realize the quantum cloning
transformation. According to the optimal transformation |00) — |00), |10) — % (]10)+101)), we canrealize it by applying

another 7t /2 pulse microwave. So now the phase quantum cloning is realized experimentally. To readout the result, we can
use the combination of two Rabi oscillations to find the exact value of the output state. Experimentally, it is shown that the
experimental results are very close with theoretical expectations. In average, the experimental fidelity is about 85.2% which
is very close to theoretical optimal bound 1/2 + /1/8 &~ 85.4% and is clearly better than the universal quantum cloning
(Panetal., 2011).

To run all values of the phase parameter, the active controlling of the phase of the input state should be performed in
experiment. This can also be realized experimentally by using two independently microwave sources. This experiment is
performed recently by using the nanodiamond (Chang et al., 2013). The advantage by using nanodiamond instead of the bulk
sample is its further integration property. Additionally, due to the sub-wavelength size of the nanodiamond, the fluorescence
collection efficiency can increase dramatically which provides a high quality signal. The experimental results are presented
in Fig. 13. We can find that the advantage of the phase cloning machine than the universal cloning machine can also be
demonstrated in this experiment by using the state tomography for readout.

10.6. Experimental developments

Quantum cloning process have been realized by various schemes experimentally as we already reviewed in the previous
sections. Here let us present some experiments in the following. By quantum circuit method as shown in Fig. 11, the uni-
versal cloning is realized by nuclear magnetic resonance (NMR) (Cummins et al., 2002). The phase-covariant cloning is also
realized in NMR system with input states ranging from the equator to the polar possessing an arbitrary phase parameter
(Du et al., 2005). The UQCM is realized experimentally by single photon with different degrees of freedoms (Huang et al.,
2001), stimulated emission with optical fiber amplifier (Fasel et al., 2002). Also in optical system, the UQCM and the NOT
gate are realized (Martini et al., 2004). Closely related with optical cloning, the experimental noiseless amplifier for quan-
tum light states is performed (Zavatta et al., 2011). The UQCM realization in cavity QED is proposed in Milman et al. (2003).
Experimental of various cloning machines in one set is performed recently in optics system (Lemr et al., 2012).

Quantum cloning machine can be used for metrology. It is proposed theoretically and shown experimentally with an
all-fiber experiment at telecommunications wavelengths that the optimal cloning machine can be used as a radiometer to
measure the amount of radiated power (Sanguinetti et al., 2010). The electro-optic quantum memory for light by atoms is
demonstrated experimentally and compared with the limit of no-cloning limit (Hetet et al., 2008).
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Fig. 13. Experimental results of phase-covariant quantum cloning in NV center of diamond at room temperature. The output states in experiment are
readout by state tomography. The fidelities for different input states are presented and are shown to be better than the bound 5/6 of the universal cloning
machine. The average fidelity is very close to theoretical expectation. This figure is presented in Chang et al. (2013).

11. Concluding remarks

The research of quantum cloning and the QIP are continuously developing. In preparing this review, some new results
may emerge which may not be summarized in this review. However, we still try to include some new results in the revision
process of this review. When this review was first posted in arXiv, a lot of colleagues informed us some related literatures
which might be missed in the previous versions. We would like to thank those responses. At the same time, their feedbacks
let us realize that such a review is indeed necessary. We are then encouraged to finish this review and the revision. The
anonymous referee also provided a lot of valuable suggestions for us to improve our presentation.

Acknowledgments

This work was supported by “973” program (2010CB922904), NSFC (11175248), NFFTBS (J1030310), and Level B
Primary Leading Project (through USTC) of Chinese Academy of Sciences. H.F. would like to thank useful discussions and
communications concerning about this topic with Luigi Amico, V. Buzék, Jun-Peng Cao, Kai Chen, Zeng-Bing Chen, 1. Cirac,
G. M. D’Ariano Jiang-Feng Du, Lu-Ming Duan, Shao-Ming Fei, ]. Fiurasek, N. Gisin, Guang-Can Guo, A. Hayashi, Yun-Feng
Huang, W. Y. Hwang, H. Imai, Vladimir Korepin, Le-Man Kuang, L. C. Kwek, Shu-Shen Li, Hai-Qing Lin, Nai-Le Liu, Seth Lloyd,
Gui-Lu Long, Li Lu, Shun-Long Luo, C. Macchiavello, K. Matsumoto, Xin-Yu Pan, Jian-Wei Pan, Martin Plenio, Xi-Jun Ren,
Vwani Roychowdhury, Chang-Pu Sun, Vlatko Vedral, Miki Wadati, Xiang-Bin Wang, Zi-Dan Wang, R. Werner, Ru-Quan Wang,
Sheng-Jun Wu, Zheng-Jun Xi, Tao Xiang, Zhao-Xi Xiong, Eli Yablonovitch, Si-Xia Yu, P. Zanardi, Jing Zhang, Zheng-Wei Zhou,
Xu-Bo Zou. He also would like to thank continuous support from En-Ge Wang, Yu-Peng Wang, Xin-Cheng Xie, Qi-Kun Xue
and Lu Yu. We thank Jun Feng and Xi Chen for their careful reading this review and for numerous suggestions. We thank
Ling-An Wu for helping us to fix the language problems. We thank Shuai Cui and Yu-Ran Zhang for drawing some pictures.

Appendix

For sequential quantum cloning machine of qudits, some detailed results are presented here. We shall provide the explicit
form of matrix VI"lin for different kinds of sequential UQCM.
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M—N-—Il—ayy_1+m+2
[M+1]1 _ M+I—1
Venom i = 50‘M+laM+l—l\/ M—N—1+1 . (A.385)
Forayy = M—N4+m—142),1 < oypm1 < M—N+m+1), VO%’L%H . = 0. Otherwise V&"A;’L’(L‘])M o=
E) 1

AM+HAM+I-1 /3 *
Here we have got all the operators V["]'n for0 < m < N—m.WhenN —m < m < N, one can find that V([;])'” = V([:,]'”m),
i, = i, + 1(mod2).

A.2. N - M sequential UQCM of qudits

1. Casen = 1.

M—N—j’

My g1 +Ji g + ki
M _ i1+1 i1+1 i1+
)\‘11 - Z ﬁm(] "+k) M )

k=—j’

M—N
where S = \/1_[1 1 m,+;, /Coisd—1-
FQE]]]H — 50111/
[1lip _ p[1digy (1]
vil = it
2.Casel<n<M-—1.
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[n] _ 2 i
kj’ - Z ﬁm(j’+k)l_[ :+k,+ml

k=—j' i=1

(n—1] _ & d

n— n—1

)‘1” Z 'Bm(l”k)l_[ ji K, +m /-
K =—j" i=1

2/
i _ g 1 it 1
jan — Con(’ +€in+1)k[n71] n .

"

2/
V[”]in [ P ]in+1 +1 )L ”+el +1
anj” T on (" +8ip1) n )\‘[n 1
j//
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3. Casen = M.

M
M = Bumgr—m-

Gt
Pgr-midy 0™

ip=0

M-1
a1

[Mliy __
1—}”‘11\/1 =34

am (G +8iy+1) T M=1]
A'J//

: AMI
yMiv _ g Tom
api” — CemU +eim+1)A[M—l]
j//
4, Casen=M + L.
M—N-+m—j’ d
[M+1] __ 2 ki .
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k=m—j’ i=1
M—N+m—j" d
[M+I-1] _ 5 % 1
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k=m—j" i=1 i i
M g 1
J"an = Can( 7ein+1)}t[M+l]
An

[nlin __ R
Vanj’7 - San(i//—ein+1)
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With the above information, one can build the explicit form of V[™in according to the 2-dimensional case, and the

extension is direct.
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