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§ 1. Introduction and history
1.1. The no-cloning theorem

The history of quantum cloning can be traced back to the controversial story of a
paper by Herbert [1982] entitled “FLASH — A superluminal communicator based
upon a new kind of measurement”. In this paper, submitted in early 1981 to Foun-
dations of Physics, Herbert was discussing an idealized laser gain tube which
would produce, via stimulated emission, macroscopically distinguishable states
of light from an incoming single photon in any polarization state. The claim was
that the noise in this process would, in principle, not prevent perfectly identifying
the polarization state of the photon. This process would supposedly open the way
to faster-than-light communication, a possibility with which any physicist feels
uncomfortable since it violates causality.

Today, more than twenty years later, it is publicly known that GianCarlo
Ghirardi and Asher Peres were requested to review this paper. The first of them
recommended its rejection, based on the argument that the linear nature of quan-
tum mechanics must prevent such a process to exist, see van der Merwe [2002].
The second referee wrote, see Peres [2002], that he had realized the paper was
wrong, but nevertheless recommended its publication because he expected that
finding the error would raise a considerable interest! Herbert’s paper was then
published, and, funnily enough, the prediction of Peres happened to be true.

Soon afterwards, Wootters and Zurek [1982] published a paper in Nature, enti-
tled “A single quantum cannot be cloned”, which arrived at essentially the same
conclusions as those drawn by Ghirardi in his anonymous referee report dated
April 1981, which itself was turned into a paper two years later, see Ghirardi and
Weber [1983]. Wootters and Zurek realized that, if one can build a “cloning ma-
chine” that produces several clones of the horizontal- and vertical-polarization
states of an incoming photon, then circularly polarized states cannot yield circu-
larly polarized clones. Instead, due to the linearity of quantum mechanics, one
gets a linear superposition of vertically polarized clones and horizontally polar-
ized clones. Indeed, if the cloning machine is such that

|H)|C) — |H, H)|CH), IVIIC) = [V, V)ICy), (1.1)
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458 Optical quantum cloning [6,§1

where |H) and | V') are horizontal- and vertical-polarization states of the original
photon, |C) is the initial state of the cloning machine, and |Cy) and |Cy) are the
(arbitrary) final states of the cloning machine, then the left- and right-circularly
polarized states, |[L) = 27 V/2(|H) +i|V)) and |R) = 27V2(|H) —i|V)), are
transformed as

IL)|C) — 27Y2(|H, H)|Ch) +ilV, V)ICy)) # L, L)|CL),
IR)|C) — 27'2(|H, H)|Cy) —ilV, V)|Cy)) # IR, R)|Cr), (1.2)

|CL) and |CR) being (arbitrary) final states of the cloning machine. As a conse-
quence, the cloning of circularly polarized states fails, even in the special case
where |Cg) = |Cy). This is the simplest explanation of what is known today as
the quantum no-cloning theorem.

Independently of this story, a related paper by Dieks [1982] was published al-
most simultaneously in Physics Letters, also showing that the “FLASH” proposal
by Herbert was flawed. Here, the proof relies on the existence of EPR states, see
Einstein, Podolsky and Rosen [1935], which give rise to quantum correlations
between spatially separated systems. If two photons are prepared in the EPR state

[EPR) = 27'2(|H, V) — |V, H)), (1.3)

it is well known that measuring the linear polarization of one of them in the
horizontal—vertical basis allows one to immediately predict the outcome of a mea-
surement of the linear polarization of the second one in the same basis, even if the
measurement events are separated by a space-like interval. For example, if the
first photon is found to be in the | H) state, then the second photon will necessar-
ily be observed in the |V) state. This property holds for any measurement basis.
It had been realized since the early times of quantum mechanics that this prop-
erty, called quantum entanglement, does not permit superluminal communication.
Indeed, the statistics of any measurement performed on one of the twin photons
remains unchanged irrespectively of the measurement (or, more generally, the op-
eration) applied on the second one. Dieks noticed, however, that if it was possible
to perfectly clone one of the twin photons when the other had been measured,
then superluminal communication would become possible; hence, cloning must
be impossible.

Assume that Alice measures the first photon either in the horizontal-vertical
linear polarization basis or in the left-right circular polarization basis depending
on whether she wants to transmit a 0 or a 1 to Bob. In the former case, the second
photon will be found by Bob to be in a balanced mixture of the | H) and | V') states,
while in the second case it will be in a balanced mixture of the |L) and |R) states.
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These two mixtures are indistinguishable (they are characterized by the same den-
sity operator, proportional to the identity I), which is why quantum mechanics is
said to “coexist peacefully” with special relativity. However, if the second pho-
ton could be cloned perfectly, Bob would then get either a balanced mixture of
|H, H) and |V, V), or a balanced mixture of |L, L) and |R, R). These mixtures
being distinguishable, Bob would have a way to infer Alice’s bit instantaneously
(with some error, which however can be made arbitrarily small as the number of
clones increases). Dieks concluded from this paradox that such a cloning trans-
formation cannot be consistent with quantum mechanics.

It appears that the quantum no-cloning theorem is thus one of those scien-
tific results that have been rediscovered several times, at least by Dieks, Ghirardi,
Wootters and Zurek. Actually, it can be argued that it was already implicitly used
by Stephen Wiesner in his famous paper entitled “Conjugate coding” written in
the 1970s but published only in the 1980s (Wiesner [1983]) which is sometimes
considered to be the founding paper of quantum information theory. In some
sense, the no-cloning theorem was already intrinsically contained in the roots of
quantum mechanics and is thus trivial; on the other hand, its discovery has con-
tributed to revisiting quantum mechanics in an information-theoretic language,
which has had a decisive influence on the dramatic development of quantum in-
formation science over the past decade.

1.2. Beyond the no-cloning theorem

Soon after the publication of the quantum no-cloning theorem, another paper ap-
peared in Nature, written by Mandel [1983]. In this paper, entitled “Is a photon
amplifier always polarization dependent?”, Mandel drew attention to the physi-
cal origin of the impossibility of making a perfect amplifying apparatus for light,
namely spontaneous emission. He showed that, if the amplifier is a single two-
level atom with a dipole moment j, then the amplification of an incoming photon
with polarization vector ¢ depends on the scalar product between u and ¢. If the
polarization vector ¢ of the incoming photon is parallel to the dipole moment g,
then the state |1), will, after some interaction time, evolve into a state containing
the desired two-photon state |2), due to stimulated emission. On the contrary, if
¢ is orthogonal to u, then the two-photon component of the resulting state corre-
sponds to |1).|1)z, where € is a polarization vector orthogonal to ¢. This is due to
spontaneous emission, which spoils the amplification since one of the two pho-
tons has the wrong polarization £. In other words, with such a simple one-atom
amplifier, the final state depends on the polarization of the incoming photon.
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Interestingly, Mandel noticed that if we consider a more elaborate amplifier
made of two such atoms with orthogonal dipole moments (1 and pu2), it does
become possible to amplify the photon independently of its polarization, al-
though this process suffers from the unavoidable noise originating from sponta-
neous emission. Assuming that the two atoms interact similarly with the incoming
photon, one understands intuitively that if one atom amplifies the photon “well”
(when ¢ is close to p1), then the second atom amplifies it “poorly” (because ¢ is
then approximately orthogonal to 17). The balance between these two effects re-
sults in an amplification that does not depend on ¢. By filtering out the resulting
two-photon component, one gets

2 1
[Del0)e = 12)e (21 @ 0)2 (01 + F 11D (11 @ [ D& (1] (1.4)

irrespective of ¢. In some sense, the perfect cloning of polarization via stimu-
lated emission works with probability 2/3, while spontaneous emission blurs the
polarization with probability 1/3.

Mandel’s paper remained mostly unnoticed and, remarkably, one had to wait
more than ten years before the notion of quantum cloning machine, which was
implicitly contained in this paper, became popular. In a seminal paper, BuZek and
Hillery [1996] realized that, although perfect quantum cloning is ruled out by
the no-cloning principle, some imperfect cloning may be possible. They found
out that a qubit (two-level quantum system) that is in an unknown state can be
approximately duplicated, resulting in two pretty good clones of the original state.
This result holds in full generality, regardless of the physical variable carrying the
qubit, so it goes much beyond the polarization-independent amplification of a
single photon considered before. This paper had a considerable impact at the time
because quantum information was born, and it had been realized how fruitful it is
to investigate quantum mechanics using an information language.

Consider a qubit in the state |y) = «|0) + B|1), where |0) and |1) form an
orthonormal basis of the Hilbert space, while « and g are arbitrary complex num-
bers satisfying |a|>+|8|> = 1. BuZek and Hillery [1996] addressed the following
formal problem: find a transformation acting on an original qubit in state |y)
together with an auxiliary system (commonly viewed as the cloning machine it-
self) that produces two clones with the same fidelity and is state-independent, or
universal. If the cloning machine is initially put in state |C), then

10)IC) — [ Z0), IC) = X)), (1.5)

with the final states | X) and | ¥|) belonging to the product Hilbert space H4 ®
Hp® Hc, where H 4 and H p denote the spaces of the two clones (called A and B)
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Fig. 1. Quantum cloning machine. The input of the transformation consists of the state [) to be cloned

and the initial state of the cloning machine |C). The two clones are contained in outputs A and B, while
C refers to an ancilla, commonly viewed as the cloning machine itself.

and H¢ denotes the space of the cloning machine C, see fig. 1. By linearity, an
arbitrary qubit state |1) is cloned as

WHIC) — alXo) + Bl X1) = [X). (1.6)

The fidelity of the clones, which measures the overlap between the input state and
each clone, is given by

fa@) = (Y| Trpe (D)), f() = (Y| Trac (2) 1Y), 1.7

where Tr denotes the trace and ¥ = |X)(X| is a short-hand notation for the
density operator of a pure state. BuZek and Hillery [1996] showed that, under the
constraint that f4 () = fp(¢) is independent of i, quantum mechanics permits
the existence of a cloning transformation which achieves a fidelity as high as

5
S =2 0833, (1.8)

This transformation, which is called a quantum cloning machine, is given by

2 U
0)IC) = 1Z0) =/ 510004510} c +1/ 3 ¥F) 5l e

2 1
nc) — |21>E\/;|11>AB|1)C+\/;|W+>AB|O)O (1.9)

where &) = 271/2(]01) 4 |10)) is one of the Bell states, while [0)c and |1)¢
denote two orthogonal states of the cloning machine. It is easy to check, by tracing
over the cloning machine, that the two clones of an input state |0) are left in the
joint state

2 1
pap =Tre(X) = §|00><00| + 5|t1/+)(l1/+| (1.10)
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which is equivalent to eq. (1.4) given the bosonic statistics of photons. More gen-
erally, if the input state is |/), the first term on the right-hand side of eq. (1.10)
becomes a projector onto |)®?, while the second term is some (-depending)
maximally-entangled state. Therefore, by tracing over one of the clones, the re-
sulting state of the other clone is

2 1
pa =Trpc(X) = ZW){UI+ 1,

2 1
PBZTTAC(2)=§|W><X0|+6L (1.11)

where I denotes the identity operator, confirming that the two clones are left in the
same state. They can be viewed each as emerging from a quantum depolarizing
channel: they are found in the right state |y) with probability 2/3, while they are
replaced by a random qubit / /2 with probability 1/3.

Soon after the publication of this paper, it was proved that this machine is actu-
ally the optimal universal cloning machine, that is, the highest fidelity of cloning
permitted by quantum mechanics is indeed 5/6, see Bruss, DiVincenzo, Ekert,
Fuchs, Macchiavello and Smolin [1998].

This discovery by BuZek and Hillery [1996] triggered an immense interest
and initiated an entire subfield of quantum information science devoted to quan-
tum cloning. In particular, further studies addressed cloning in dimensions larger
than 2, state-dependent cloning (considering a restricted set of input states), the
so-called N-to-M cloning (where one produces M identical clones out of N iden-
tical replicas of the original), asymmetric cloning (where the clones have unequal
fidelities), the cloning of orthogonal qubit states, the cloning of continuous-
variable states (such as coherent states), economical cloning (where no ancillary
space is necessary), probabilistic cloning (which is not deterministic, i.e., it does
not succeed with probability 100%), and even the cloning of quantum entangle-
ment (instead of quantum states). These numerous results will be reviewed in
Section 2.

Aside from its utmost importance for the foundations of quantum mechanics,
the study of quantum cloning has drawn a lot of interest probably also because it
is closely connected to quantum key distribution (QKD), see, e.g. the review by
Dusek, Lutkenhaus and Hendrych [2006]. Indeed, in many cases, the cloning ma-
chine is known to be the most powerful eavesdropping strategy against QKD pro-
tocols: the eavesdropper duplicates the quantum state and sends one clone to the
authorized party, while keeping the second clone for later measurement. The char-
acterization of cloning machines is therefore crucial for assessing the security of
these QKD protocols (this particular connection is outside the scope of the present
review, and will not be discussed any further).
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1.3. Quantum cloning without signaling

Before entering the detailed study of quantum cloning, it is interesting to back-
track for a moment and further discuss the proof of the quantum no-cloning the-
orem based on a pair of entangled photons due to Dieks [1982]. As explained
earlier, if Alice measures her photon either in the horizontal—vertical linear polar-
ization basis or in the left—right circular polarization basis, and if Bob is able to
clone his photon perfectly, then he obtains two distinguishable two-photon mix-
tures, which apparently makes superluminal signaling possible.

A natural idea, due to Gisin [1998], is to assume that Bob’s cloning machine
must necessarily introduce some intrinsic noise, and determine the minimum
amount of noise that must be added so that causality ceases to be violated. Re-
markably, it so happens that the minimum noise needed to comply with causality
exactly coincides with that of the optimal universal cloning machine. In other
words, the upper bound on quantum cloning can be derived from simple princi-
ples.

As shown earlier, the two clones of the universal machine emerge each from a
quantum depolarizing channel, see BuZek and Hillery [1996]. This channel can be
interpreted as giving rise to a shrinking of the vector representing the qubit state
in the Bloch sphere. Using the Bloch representation

I+m-o
p=—"—, (1.12)
2
where m is a vector isomorphic to state p and 0 = (oy, Oy, 07) is the vector

of Pauli matrices, we see from eq. (1.11) that a state associated with m yields
two clones which are in a state associated to 2m/3, independently of the orienta-
tion of m. Therefore, this universal cloning machine is sometimes also said to be
isotropic.

Following Gisin [1998], consider that the (pure) state of the original qubit is
associated with the (unit-norm) vector m, and let us restrict our search to cloning
machines that are symmetric and isotropic, that is, the clones are in the states

1+mm-o

2 9
where 7 is an unknown “shrinking factor” (0 < n < 1). It is easy to check that
n is related to the fidelity by

pa(m) = pp(m) = (1.13)

1
fa(m) = fp(m) = % (1.14)
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Using eq. (1.13), the Hilbert—Schmidt decomposition of the joint state of the two
clones can be written as

I+m-o@I+1®@mm-0+3} ;,1k0; 0k

2 )
where the matrix ¢; ; measures the quantum correlations between the clones. Gisin
[1998] went on to derive constraints on ¢; x that result from covariance and causal-
ity. The covariance property (which will be explained in detail later on) means,
physically, that rotating the original qubit around, say, the z-axis before cloning
must be equivalent to cloning the original qubit and then rotating each of the two
clones by the same amount around the z-axis. Following Dieks’ argument, the
causality condition is taken into account by imposing that

pap(m) = (1.15)

pap(my) + pap(—my) = pap(my) + pap(—my) (1.16)

which expresses the fact that the two-clone states corresponding to two indistin-
guishable mixtures of input states, {m;, —m;} and {mp, —m»}, are themselves
indistinguishable. Putting all these conditions on #; ; together, one can show that
the maximum value of 5 that preserves the positivity of the two-clone state,
pap(m) > 0,is n = 2/3; hence f4 = fp = 5/6. This provides an alternate
proof of the optimality of the qubit universal cloner of BuZek and Hillery [1996].

For completeness, let us mention that such a use of the no-signaling condi-
tion has been criticized in Bruss, D’Ariano, Macchiavello and Sacchi [2000],
the argument being that the linearity and trace-preservation properties of the
cloning map (which, combined, imply the no-signaling condition) are not suffi-
cient, strictly speaking, and need to be supplemented with the complete positivity
condition in order to bound the cloning fidelity. This simple technique, however,
has proved to be successful to recover conditions on probabilistic cloning, see
Hardy and Song [1999], on asymmetric universal cloning, see Ghosh, Kar and
Roy [1999], or even to find a new class of real cloning machines, see Navez and
Cerf [2003].

1.4. Content of this review

The rest of this review will be devoted to the study of quantum cloning machines,
as well as their optical realization. Let us sketch the content of the following
sections. Section 2 provides an overview of the main papers that have been written
in this context, focusing on the results but skipping the derivations. The numerous
classes of quantum cloning machines will be presented (universal cloners, Pauli
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or Heisenberg cloners, phase-covariant cloners, Fourier-covariant cloners, group-
covariant cloners, real cloners, entanglement cloners, continuous-variable cloners,
probabilistic cloners, or economical cloners).

In Section 3 we will consider the issue of quantum cloning from a formal point
of view, based on the description of the associated completely positive (CP) map
and the notion of covariance. This study will be restricted to 1-to-2 cloning, and
will focus on the isomorphism between CP maps and operators. It will be shown
that finding the optimal cloning map reduces to a semidefinite programming prob-
lem, which can be solved efficiently by numerical methods. It will also be shown
that the unitary realization of a cloning map based on the “double-Bell” ansatz
provides a simple and efficient tool to investigate cloning analytically. Some ex-
amples of d-dimensional 1-to-2 cloners will be provided.

This formal study will be extended in Section 4 to N-to-M cloning machines in
d dimensions, but will be restricted to the case of universal cloning. The deriva-
tion of the optimal cloning transformation as well as the optimality proof will be
detailed. In addition, the extension to asymmetric cloning machines and the no-
tion of universal-NOT gate will be discussed. The reader who is mainly interested
in the optical realization of cloning machines and not so much in their theoretical
derivation may skip Sections 3 and 4, and proceed immediately to the following
sections.

In Section 5 the optical implementation of the universal quantum cloning ma-
chines will be analyzed in details. Cloning experiments relying on stimulated
parametric down-conversion will be described first, followed by those relying on
the symmetrization that can be obtained with a Hong—Ou—Mandel interferometer.
Next, the optical realization of (universal) asymmetric cloning machines will be
discussed, as well as the (universal) cloning of a pair of orthogonal qubits.

In Section 6 the phase-covariant cloning machines will be developed for qubits
as well as d-dimensional systems, in a 1-to-2 or N-to-M configuration. The ex-
perimental realization of phase-covariant cloning for photonic qubits will be de-
scribed.

In Section 7 the generalization of quantum cloning to states belonging to an
infinite-dimensional Hilbert space will be considered. In particular, the cloning
of coherent states of light by phase-insensitive amplification will be explained, as
well as the experimental realization of continuous-variable cloning using linear
optics, measurement, and feed-forward. The cloning of a finite-width distribution
of coherent states will be analyzed, as well as the cloning of a pair of conjugate
coherent states. Finally, Section 8 concludes.
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§ 2. Overview of quantum cloning machines
2.1. Universal cloning machines

This section will be devoted to a summary of the various cloning machines that
have been introduced in the literature, following the chronology as well as possi-
ble. Soon after the universal quantum cloning machine was discovered by BuZzek
and Hillery [1996], the question arose whether this machine was optimal. As al-
ready mentioned, this cloning machine is required to be symmetric, that is, the
two clones must have equal fidelities f4(¥) = fp(¥) V. In addition, it must
be universal (or state-independent), which means that all states are cloned with
the same fidelity, independent of 1. It was proven by Bruss, DiVincenzo, Ekert,
Fuchs, Macchiavello and Smolin [1998] that it is indeed the optimal symmet-
ric universal duplicator for qubits, so that f = % is indeed the highest fidelity
allowed by quantum mechanics in this case. In the same paper, the concept of op-
timal state-dependent cloning machines was also introduced, that is, transforma-
tions that optimally duplicate only a particular subset of the input states. Almost
simultaneously, Gisin and Massar [1997] introduced the concept of N-to-M quan-
tum cloning machines, which transform N identical replicas of an arbitrary state,
|¥)®N into M > N identical clones. They were able to prove for low N that the
optimal universal N-to-M cloning of qubits is characterized by the fidelity
1‘\]/121M=M;],[\I+1)+N~ @1
(N +2)
Incidentally, this confirms the optimality of the 1-to-2 universal cloning machine
with fidelity fluiivz = g. The quantum network that realizes this 1-to-2 universal
cloning of qubits was described by BuZek, Braunstein, Hillery and Bruss [1997],
and was extended to 1-to-M universal cloning in Buzek and Hillery [1998b]. Note
also that when the number of clones M increases for fixed N, the cloning fidelity
decreases. This can simply be interpreted as a spreading of quantum information
over more clones. In the limit M — oo, the cloning transformation tends to a
measurement, which confirms that the optimal (state-independent) estimation of
the state |1/)®" of N identical qubits has a fidelity

univ. __ N +1

N—oo — N—+2
as originally derived in Massar and Popescu [1995].
Then, in early 1998, the extension of quantum cloning machines to higher-
dimensional spaces was considered independently by Buzek and Hillery [1998a],
Cerf [1998] and Werner [1998]. The form of the optimal universal 1-to-2 cloner in

2.2)
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dimension d was conjectured by Buzek and Hillery [1998a], Cerf [1998], while
the derivation and full optimality proof of the universal d-dimensional N-to-M
cloner was given by Werner [1998], Keyl and Werner [1999]. The optimal fidelity
of the universal 1-to-2 cloner of d-dimensional states (or qudits) was shown to be

; d+3
univ (7 — 2.3
fiZa(d) 3d+ D (2.3)
while that for arbitrary N and M > N is
- M(N+1)+d-1N
Ny d) = . 24

M(N +d)

In Cerf [1998], the cloning of d-dimensional systems was actually investigated
in a more general setting: a large class of symmetric or asymmetric, universal
or state-dependent, 1-to-2 cloning machines was introduced in arbitrary dimen-
sion d. The optimality of this class of cloners was only conjectured, but, in the
special case of a symmetric and universal cloner, eq. (2.3) was also derived. For
the set of asymmetric universal 1-to-2 cloning machines, the balance between the
fidelity of the two clones,

i 1 —na i 1 —np
A" (d) =na + 7 f5"(d) =np + 7 (2.5)
was characterized by the simple relations
20
m=l-o,  mp=l-p @+ 2.6)

where 14 and np are the “shrinking” factors associated with the clones ( is the
probability that the input state emerges unchanged at the output of the quantum
depolarizing channel). Here, o and § are positive real variables. It is instructive
to notice that in the limit d — oo, the cloning of quantum information resembles
the distribution of a resource that can strictly not be shared: the probability that
|) is found in one clone is complementary to the probability that it is found in
the second clone, that is, n4 + np = 1.

Finally, even more general quantum cloning machines were obtained in the spe-
cial case of qubits (d = 2) in an independent work by Niu and Griffiths [1998].
There, the 1-to-2 asymmetric and state-dependent cloning of a qubit was investi-
gated in full generality, and, in particular, formulas (2.6) were recovered ford = 2
without any assumption. Note also that the universal cloning of mixed states in a
symmetric subspace was studied by Fan [2003], while entanglement properties of
cloning transformations were investigated by Bruss and Macchiavello [2003].
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2.2. Pauli and Heisenberg cloning machines

The results of Cerf [1998] were later expanded for the case of qubits (Cerf
[2000a]), and for the case of d-dimensional systems (Cerf [2000b]). The speci-
ficity of the approach to quantum cloning underlying these papers is that one
considers the cloning of a system that is initially maximally entangled with an-
other system instead of the cloning of a pure state. This second system acts as a
“reference” by keeping a memory of the original state after the cloning has been
achieved. The final state of the “reference”, the two clones, and the cloning ma-
chine then fully characterizes the cloning transformation, as a consequence of the
isomorphism between completely positive (CP) maps and operators (this will be
explained in detail in Section 3.1). By choosing an appropriate form for this final
state, one generates a large class of quantum cloning machines.

For qubits (d = 2), this class corresponds to the so-called Pauli cloning
machines, whose clones emerge from two — possibly distinct — Pauli channels.
In a Pauli channel, the input qubit undergoes one of the three Pauli rotations
{ox, 0y, 0.} or the identity I with respective probabilities {py, py, pz, 1 — px —
Py — p;}. For example, it was shown that the whole class of symmetric Pauli
cloning machines corresponds to Pauli channels with probabilities p, = x2,
Dy = y? and p, = 72, with x, y, z satisfying the condition

2 2, .2 1
x“+y +z +xy~|—xz~|—yz=§. 2.7)

The action of these Pauli cloners is easy to understand knowing that, if the original
qubit is in an eigenstate of o, namely (]0)4|1))/+/2, then it is rotated by an angle
m around the y-axis (z-axis) under oy, (o) while it is left unchanged (up to a sign)
by ox. Therefore, the cloning fidelity of the eigenstates of oy is 1 — py, — p;.
Similarly, the eigenstates of oy, namely (|0) =1[1}))/ V/2, are cloned with fidelity
1— px— p;, while the eigenstates of o,, namely |0) and |1), are cloned with fidelity
1 — px — py. The universal 1-to-2 symmetric cloning machine simply corresponds
0 py = py = p; = 1—12 Note that these Pauli cloning machines appear to be
a special case of the state-dependent cloning transformations considered in Niu
and Griffiths [1998]. The quantum circuit for the asymmetric universal cloning of
qubits was described in BuZzek, Hillery and Knight [1998].

These considerations can be extended to d dimensions in order to obtain the set
of so-called Heisenberg cloning machines, whose clones emerge from two — pos-
sibly distinct — Heisenberg channels. In a Heisenberg channel, the d-dimensional
input state undergoes, according to some probability distribution, one of the d>
error operators E,, , (with 0 < m,n < d — 1) that form the discrete Weyl—-
Heisenberg group. It can be shown that the probability distribution of the E,,
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errors for the first clone is dual, under a Fourier transform, to that of the second
clone. This corroborates the fact that if one clone is close-to-perfect (its associated
error distribution is peaked), then the second clone is very noisy (its associated
error distribution is flat). More precisely, this fidelity balance between the two
clones can be shown to result from a no-cloning uncertainty principle, akin to the
Heisenberg principle, see also Cerf [1999]. The quantum circuit realizing these
Heisenberg cloning machines was described by Braunstein, BuZek and Hillery
[2001].

Recently, the optimality of this entire class of (Pauli or Heisenberg) quantum
cloning machines has been proven rigorously by Chiribella, D’ Ariano, Perinotti
and Cerf [2005] in the following sense: under some general invariance conditions,
the cloners of this class coincide with all the extremal cloners. Therefore, for a
given (invariant) figure of merit, it is sufficient to search the optimal cloner within
this class to be guaranteed that the solution thus found is the global optimal cloner.

2.3. Phase- and Fourier-covariant cloning machines

In 2000 an important class of state-dependent qubit cloning machines, named
phase-covariant cloning machines, was introduced by Bruss, Cinchetti, D’ Ariano
and Macchiavello [2000]. It is defined as a transformation that clones all the bal-
anced superpositions of basis states with the same (and highest) fidelity. These
states

10) + e|1)

V2
with ¢ being an arbitrary phase, are located on the equator of the Bloch sphere.
The optimal cloner also fulfills the covariance condition with respect to the ro-
tation of ¢, that is, cloning the rotated original qubit is equivalent to cloning the

original qubit followed by a rotation of each of the clones. The optimal phase-
covariant symmetric 1-to-2 cloner was found to have a fidelity

ly) = (2.8)

pe (2)—1+ : ~ (0.854 (2.9)

1-2 2 TR T :
which is higher than that of the corresponding universal cloner, flufi‘g(Z) =5/6.
In contrast, the resulting fidelity for the states |0) and |1), corresponding to the
poles of the Bloch sphere, is equal to 3/4, which is lower than fluﬂl‘é (2). In some
sense, it is possible to clone some restricted set of states (the equator) better at the

expense of cloning some other states (near the poles) worse.
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Interestingly, this phase-covariant cloner can be viewed simply as a special case
of the Pauli cloners, see Cerf, Durt and Gisin [2002]. If we take x = y = 1/ NG
andz =1 —1 /~/8, which satisfies eq. (2.7), we indeed recover the same cloner:
the eigenstates of o, are cloned with fidelity 1 — py — p, = % +1/+/8, while the
eigenstates of oy are cloned with fidelity 1 - p, —p, = %—l— 1/+/8. It was observed
by Cerf, Durt and Gisin [2002] that imposing these 4 states lying symmetrically
on the equator to be cloned with the same fidelity results in the phase-covariant
cloner, which actually gives the same fidelity for all states on the equator (the
deep reason for this equivalence was found by Chiribella, D’ Ariano, Perinotti and
Cerf [2005]). Finally, we verify that this Pauli cloner clones the eigenstates of o,
with a lower fidelity 1 — py — py = %.

One can summarize the results on qubit cloning machines by noting that the
eigenstates of the three Pauli matrices play the role of three mutually unbi-
ased (MU) bases for qubits (MU bases are such that the modulus of the scalar
product of any two states taken from distinct bases is 1/+/d, with d the di-
mension). One can thus define three generic classes of qubit cloning machines,
namely, the universal cloner (which can be obtained by imposing the states
of 3 MU bases to be cloned with the same and highest fidelity), the phase-
covariant cloner (if the states of only 2 MU bases are cloned equally), and some
particular Pauli cloner (if the states of all 3 MU bases are cloned with unequal fi-
delities). The cloning of qubits having been essentially covered, it became natural
to turn to the state-dependent cloning of qutrits (d = 3).

Cerf, Durt and Gisin [2002] defined four kinds of Heisenberg cloning machines
for qutrits, depending on whether four, three, two or none of the MU bases are
cloned with the same fidelity. If none of the MU bases are cloned with equal
fidelities, one has a particular Heisenberg cloning machine. On the contrary, if all
four MU bases are cloned with the same fidelity, one recovers eq. (2.3) ford = 3
in the case of symmetric cloning, that is, the qutrit universal cloner with fidelity

. 3
mh3) = e (2.10)

If three MU bases are requested to be cloned with the same fidelity, one gets the
so-called double-phase-covariant qutrit cloner, with fidelity

S+V17

) = ——5— = 0.760, 2.11)
slightly higher than fluii‘é(S). This cloner, which was independently derived by

D’ Ariano and Lo Presti [2001], has the property that it clones with the same and



6, § 2] Overview of quantum cloning machines 471

highest fidelity all the balanced superpositions

1
V3
for arbitrary phases ¢1 and ¢, (it is also covariant with respect to both ¢1- and
¢»-rotations). This can be understood by noting that if we complete the computa-
tional basis with any triplet of bases in order to make 4 MU bases, these 3 bases
only consist of balanced superposition states. In analogy with the qubit case, it
then appears that imposing these 3 bases to be cloned with the same (and highest)
fidelity results in a cloning machine that clones all states (2.12) equally well, that
is, the double-phase-covariant cloner.

Finally, we may impose that two MU bases that are dual under a Fourier trans-
form are cloned with the same (and highest) fidelity, the other two being also
cloned with an equal (albeit lower) fidelity. For example, the computational basis
{10), 1), |12)} and the dual basis || j)) = 37'/23"7_, y/¥|k) with j = 0, 1,2 and
y = e?™/3 form such a pair of MU bases. We then get the so-called Fourier-
covariant cloner for qutrits, see Cerf, Durt and Gisin [2002], with fidelity

1) = —=(10) + €1 [1) + e?2[2)) 2.12)

foner3) = % + % ~ 0.789 (2.13)
which is even higher than f]piz(3) as expected since the considered set of input
states is smaller than for the double-phase-covariant cloner. This cloner is co-
variant with respect to a Fourier transform, hence it clones two Fourier-conjugate
bases with the same fidelity.

Note that, except in dimension 2, one cannot always map any two MU bases
onto any other two MU bases, so that the Fourier-covariant cloner is not the unique
transformation that clones equally well two MU bases. Indeed, Durt and Nagler
[2003] showed that, in dimension 4, the cloner for two MU bases conjugate under
a Fourier transform differs from the cloner for two MU bases conjugate under
a double Hadamard transform. In the special case of qubits (d = 2), however,
all pairs of MU bases are unitarily equivalent, so that the Fourier-covariant and
phase-covariant cloners coincide, leg”?er(Z) = f]piz(Z).

2.4. Group-covariant cloning machines

In D’Ariano and Lo Presti [2001], a general method for optimizing the group-
covariant cloners was derived. More specifically, they considered the optimal
cloning transformations that are covariant under a proper subgroup £2 of the uni-
versal unitary group U (d). For example, the universal qubit cloner is covariant
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with respect to U (2), while the phase-covariant qubit cloner is covariant with
respect to U (1). They used this technique to derive the symmetric double-phase-
covariant cloner for qutrits corresponding to eq. (2.11), as well as the 1-to-3 sym-
metric phase-covariant cloner for qubits, associated with the fidelity

pe 2—§~0833 2.14
f1_>3()—6—. . (2.14)

Owing to the complexity of the group-theoretical parametrization of CP maps un-
derlying this technique, its applicability seems rather limited. Nevertheless, using
another method, Fan, Matsumoto, Wang and Wadati [2001] were able to derive
the optimal 1-to-M symmetric phase-covariant cloning of qubits, yielding the fi-
delity

1 VM (M+2)
pe Q) = 3+ > Meven, (2.15)
1-M Ly M+l M odd ’

2 4aM > .

More recently, D’ Ariano and Macchiavello [2003] succeeded in applying the the-
ory of group-covariant cloning in order to confirm eq. (2.15), as well as to find a
general expression for f }\),: 1 (2) and the associated N-to-M cloner. This expres-
sion, which was partly conjectured in Fan, Matsumoto, Wang and Wadati [2001],
is quite complex, and depends on whether N and M have the same parity. It was
noticed that if the parities do not match then the cloner that optimizes the fidelity
of each of the clones does not coincide with the optimal cloner with respect to
the global fidelity (measuring how well the joint state of the clones approximates
[)®M if |r) is the state of the original). In the case of qutrits (d = 3), D’ Ariano
and Macchiavello [2003] also found the optimal 1-to-M symmetric double-phase-
covariant cloner. The expression for its fidelity flpi 1y (3) is rather complex, and
depends on M modulo 3.

2.5. High-d state-dependent cloning machines

In parallel with this series of results on group-covariant cloning involving several
originals and clones but in low dimensions, both the phase-covariant and Fourier-
covariant 1-to-2 cloning machines were extended to arbitrary dimensions d. Cerf,
Bourennane, Karlsson and Gisin [2002] derived the d-dimensional symmetric
Fourier-covariant cloner, and showed it to be characterized by the fidelity

n (2.16)

N —
8-
QU

leiué'ier (d) —
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It clones equally well two MU bases that are conjugate under a Fourier trans-
form, such as the computational basis {|0),...,|d — 1)} and the dual basis
) —1/2 Z y/k|k with j =0,...,d —1and y = ¢*™/4_ The asymmet-
ric Four1er-covar1ant cloners were also characterized in the same paper.

Then, Fan, Imai, Matsumoto and Wang [2003] derived the d-dimensional sym-
metric multi-phase-covariant cloner, giving the fidelity

_ JAZ ¥ 4d —4
flﬁz(d) _ é 4 d—2+ fd +4d 4. @.17)

It clones with the same (and highest) fidelity all balanced superpositions of the
states of the computational basis, with arbitrary phases. This result was inde-
pendently derived by Lamoureux and Cerf [2005], Rezakhani, Siadatnejad and
Ghaderi [2005], who also extended it to asymmetric cloners. Note also that the
role of multi-phase-covariant cloners in the context of entanglement-based QKD
protocols was first studied by Durt, Cerf, Gisin and Zukowski [2003] for qutrits,
then by Durt, Kaszlikowski, Chen and Kwek [2004] for d-dimensional systems.

2.6. Cloning a pair of orthogonal qubits

Another possible variant of the problem of cloning was studied by Fiurdsek,
Iblisdir, Massar and Cerf [2002], who introduced universal cloning machines that
transform 2 qubits that are in an antiparallel joint state [y)|y ) into M clones of
|¥), with (y|y1) = 0. It was proven that for sufficiently large M such a cloner
outperforms the standard 2-to-M cloner. One has the fidelity

. NEYIE
ATy @) = % (2.18)

which is greater than fzuf:‘l’w (2) for M > 6. In some sense, it is better to replace

one of the two original states |y) by its orthogonal state |y 1) if the goal is to
produce M > 6 clones. This effect can be understood at the limit M — oo,

Y 2) = 1 + L0789 (2.19)
1,1-00 2 2\/§ ’

that is, for the optimal measurement of a pair of antiparallel qubits. Indeed, it had
been noticed earlier by Gisin and Popescu [1999] that measuring |)|y1) yields
more information than measuring |v) )y®2 with fzuﬂ‘('x) (2) = 3. An interpretation
of this property lies in the dimension of the Hilbert space spanned by |v)[y),
which is 4, while |)®? only spans the three-dimensional symmetric subspace of

2 qubits, HT.
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2.7. Entanglement cloning machines

Another problem, related to quantum cloning, has been investigated by Lamour-
eux, Navez, FiurdSek and Cerf [2004]. They showed that the amount of entan-
glement contained in a two-qubit state cannot be cloned exactly, in analogy with
the impossibility of cloning the state itself. If a cloning machine is devised that
produces maximally entangled clones for maximally entangled qubit pairs at the
input, then it cannot yield unentangled clones for all product states at the in-
put. Nevertheless, the approximate cloning of entanglement is very well possible.
Lamoureux, Navez, FiuraSek and Cerf [2004] defined a class of 1-to-2 entangle-
ment cloning machines which are universal over the set of maximally entangled
two-qubit states. The symmetric cloner of this class provides two clones of all
maximally entangled two-qubit states with optimal fidelity

£ 5 2) = % ~0.717 (2.20)

corresponding to an entanglement of formation 0.285 e-bits. In contrast, all prod-
uct states are transformed into unentangled clones. This was recently extended to
the cloning of entanglement for (d x d)-dimensional systems by Karpov, Navez
and Cerf [2005]. The fidelity of the optimal symmetric entanglement cloner that
is universal over the set of maximally entangled (d x d)-dimensional states is

1[d?>+1 4 (d? —2\?
entang _
fion (dxd)—z[ﬁ-i-\/l-i-ﬁ(ﬁ) . (2.21)
Note also that the broadcasting of entanglement via local cloning was investi-
gated by Buzek, Vedral, Plenio, Knight and Hillery [1997].

2.8. Real cloning machines

Still another class of d-dimensional 1-to-2 cloners was introduced by Navez and
Cerf [2003], and named real cloning machines. It is defined as a transformation
that clones all real superpositions of the computational basis states with the same
(and highest) fidelity. The optimal 1-to-2 symmetric real cloner in dimension d
was shown to have fidelity

1 2—d++d?>+4d+20
real

d)= = )
2 d) =3+ 4d+2)

Note that in dimension d = 2, the set of real states forms a circle in the Bloch
sphere which is unitarily equivalent to the equator, so that we have flrflz(2) =

(2.22)
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flpiz(Z) = ffg“zrier(Z) = % 4 1/+/8. For any dimension d > 2, one has

SIS ) < f,5d) < fi25d) < {25 @). (2.23)

entang

Note that for d = 4 we have the identity 1%, (4) = f;".5"(2 x 2). This comes
from the fact that the set of maximally-entangled two-qubit states is isomorphic
to the set of four-dimensional real states.

2.9. Highly-asymmetric cloning machines

Iblisdir, Acin, Cerf, Filip, Fiurasek and Gisin [2005] introduced the concept of
multipartite asymmetric N-to-M cloning machines (with M > 2). These ma-
chines are highly asymmetric in the sense that they produce M clones of un-
equal fidelities. A very general group-theoretical approach to the construction of
the multipartite asymmetric cloning machines for qubits was then presented by
Iblisdir, Acin and Gisin [2005]. It was applied to several particular examples such
as the asymmetric 1| — N + 1 cloning machine, which produces two kinds of
clones, one clone with fidelity f4 and N clones with fidelity f. The optimal
fidelities read

2
fliNJrl =1- §x27
1B =l+i(x2+x\/(l—x2)N(N+2)) (2.24)
1SN+l = 5 T 3y ’ '

where x € (0, 1) parametrizes the class of optimal 1 — N+1 asymmetric cloners.
Note that eq. (2.24) holds only for N > 1. It also was conjectured, based on exact
analytical calculations for low N, that the optimal N — N + 1 asymmetric cloner,
which produces, from N replicas of a qubit, N clones with fidelity 4 and a single
clone with fidelity £, achieves

2
INong =1- mxz’

1([ N 2
f}VLNH=1_§< N+2x—\/1—x2). (2.25)

The extension to d-dimensional systems was considered by Fiurasek, Filip and
Cerf [2005] who investigated the universal asymmetric quantum triplicator, which
produces, from a single replica of a qudit, three clones with three different fideli-
ties f4, 8 and f€. A simple parametric description of the class of optimal uni-
versal highly-asymmetric triplicators was provided, extending eqgs. (2.5) and (2.6).
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It was proved that the optimal fidelities can be expressed as

d—17 28y
flA—>1+l+1=1_T /32+7/2+d—+1,
d—1[ , s 2ay ]
f1B—>1+1+1:1——d a”+y +d+1 ,
d—1T 208 ]
C 2, a2
=1 - — —, 2.26
f1—>1+1+1 d _Ol +’B +d+1_ ( )

where the positive real parameters «, 8, y satisfy the normalization condition

2 2 2 2
a”+ B +y +E(aﬂ+ay+ﬁy)=1- (2.27)

2.10. Continuous-variable cloning machines

Another interesting extension of quantum cloning, often referred to as continuous-
variable quantum cloning, concerns the case of quantum systems lying in an
infinite-dimensional Hilbert space. Cerf, Ipe and Rottenberg [2000] investigated
the cloning of the set of coherent states |o) = e—lal/2qaa’ |0), with |0) denoting
the vacuum state, a " being the bosonic creation operator, and @ = (x+ip)/~/2 be-
ing a c-number which defines the position (x, p) of |«) in phase space. Here x and
p are the so-called quadrature components. A set of 1-to-2 (symmetric or asym-
metric) cloning machines that are covariant with respect to the Weyl group of
displacements in phase space was derived. The symmetric 1-to-2 Gaussian cloner
was found to have fidelity

2
Y, = 3= 0.667 (2.28)

and was conjectured to be optimal. It causes an independent Gaussian noise on
x and p, with a variance equal to one shot-noise unit. Thus, the two clones are left
in a thermal state (containing on average % thermal photon) which is displaced
by «. Let us also mention the independent derivation of this 1-to-2 Gaussian
cloner as well as its extension to multiple clones (M > 2) by Lindblad [2000].
Cerf and Iblisdir [2000] later derived an upper bound on the fidelity of the
symmetric N-to-M Gaussian cloners, based on a link with state estimation theory.
Since it coincided with eq. (2.28) for N = 1 and M = 2, this proved that the
above cloner is indeed the optimal cloner by means of a Gaussian operation. Cerf
and Iblisdir [2001c] then showed that this 1-to-2 Gaussian cloner can be realized
simply by use of an optical parametric amplifier of gain 2 followed by a balanced
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beamsplitter. The cloning noise then originates from the vacuum fluctuations of
the ancillary modes that are coupled to the input mode.

Cochrane, Ralph and Dolinska [2004] showed that if the ensemble of input
coherent states has a finite width, the 1-to-2 Gaussian cloning can be achieved
with a higher fidelity. Clearly, if the task is to clone a coherent state drawn from
a distribution that is peaked around the origin of phase space, the vacuum state is
a very good approximation of the original state, so cloning with a fidelity close to
one is possible. The above fidelity flc_\:z corresponds to the opposite situation of
an infinitely wide input distribution, that is, an arbitrary input coherent state. For
an input coherent state distributed according to a Gaussian distribution of zero
mean and given variance, Cochrane, Ralph and Dolinska [2004] gave a closed
formula for this fidelity as a function of the variance.

The optimal N-to-M Gaussian cloning transformation that achieves the above-
mentioned upper bound was obtained by Braunstein, Cerf, Iblisdir, van Loock and
Massar [2001] and Fiurdsek [2001a], yielding

o _ MN
N=>M™ MN+M—-N"

As for discrete-dimensional states, these cloners tend, at the limit M — oo, to the
optimal measurement of |a)®V , with fidelity

(2.29)

N
(&%
= —. 2.30
N—o0 N+1 ( )

The optical realization of these symmetric N-to-M cloners was also described
there, while it was generalized to asymmetric 1-to-2 cloners in Fiurdsek [2001a].
In the latter case, the balance between the fidelities of the two clones follows

1 1 1
f5Y = [+o2’ 5 = (o2 o408 = 3. (2.31)
which corresponds to the no-cloning uncertainty relation derived in Cerf, Ipe and
Rottenberg [2000]. Here, oﬁ and oé are the variances of the added noise on clone
A and B, while one shot-noise unit is taken as 1/2.

Finally, Cerf and Iblisdir [2001a] characterized a more general class of
Gaussian cloners, which transform N replicas of an arbitrary coherent state |o)
and N’ replicas of its phase-conjugate |a*) into M clones of |a) and M’ clones
of |a*), with N — N’ = M — M’. For well-chosen ratios N'/N, this cloner was
shown to perform better than the (N + N’)-to-M cloner. In addition, the special
case of the balanced Gaussian cloner, with N = N’ and M = M’, was shown
to be optimal among all cloners in this class in the sense that it yields the highest
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fidelity for fixed N + N’ and M + M’, namely

4M>N
CV
= . 2.32
NN=MM ™ 4MIN + (M — N)? (2:32)
Interestingly, in the limit M — oo we have
4N
CV
= 2.33
fN,N—)O0,00 4N +1 ( )

which means that the optimal measurement of |a)®V |a*)®V gives the same fi-
delity as the optimal measurement of |o)®*N instead of |)®2N asa simple count-
ing of states seems to imply. This advantage of phase conjugation was first noted
by Cerf and Iblisdir [2001b].

Returning to the question of the symmetric N-to-M cloning of coherent states,
Cerf, Kriieger, Navez, Werner and Wolf [2005] have recently investigated the
question of whether the above Gaussian cloners really provide the absolute high-
est fidelity or, instead, transformations outside the realm of Gaussian operations
need to be considered. Against all intuition it was shown that, provided M is fi-
nite, the cloning transformation that optimizes the single-clone fidelity is slightly
non-Gaussian. For example, the optimal symmetric 1-to-2 non-Gaussian cloner
of coherent states was shown to have fidelity

0 =0.683 (2.34)

strictly larger than flc_\fz = 2/3 =~ 0.667. In contrast, the optimal cloners of co-
herent states with respect to the global fidelity remain Gaussian. This discrepancy
between optimal cloners with respect to single-clone or global fidelities is remi-
niscent of the situation for phase-covariant cloners in finite-dimensional spaces.

For a review on continuous-variable quantum cloning, see Cerf [2003] and
Braunstein and van Loock [2005].

2.11. Probabilistic cloning machines

All cloning machines listed above are deterministic, i.e., they always produce (im-
perfect) clones. However, one can also consider probabilistic cloning machines,
which sometimes fail to generate clones but, if they succeed, generate clones ex-
hibiting higher fidelities than those achieved by the best deterministic cloners.
The concept of probabilistic cloning was introduced by Duan and Guo [1998a,
1998b], Chefles and Barnett [1998, 1999] who investigated the cloning of a dis-
crete finite set of pure states. They showed that a set of linearly independent states
can be copied perfectly with some probability p. In particular, an exact 1-to-2
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cloning of two generally nonorthogonal pure states |vr) and |1) is possible with
probability
1

)= — 2.35
P W )] (2.35)

The probabilistic cloning was then extended to infinite continuous sets of input
states by Fiurasek [2004]. It was shown that the optimal universal cloning cannot
be improved by using a probabilistic cloning strategy, due to a very high under-
lying symmetry of the problem. Nevertheless, if one considers cloning of some
restricted set of states, then probabilistic cloning may become useful. A particu-
lar example is the optimal N-to-M phase-covariant cloning of qubits, where the
optimal probabilistic cloner achieves the single-clone fidelity

N

pc.prob . L M
NI @ = 2M];(k+[%(M—N)])’

where [x] denotes the integer part of x. For N > 1 the fidelity f, f,cfr,&b(Z) is larger
C

than the fidelity f’ 11\)/» 1 (2) of the optimal deterministic phase-covariant cloning.

2.12. Economical cloning machines

The 1-to-2 cloning transformation for d-dimensional systems (qudits) can typi-
cally be expressed as a unitary operation on the Hilbert space of three qudits — the
input, a blank copy, and an ancilla. The presence of an ancilla significantly affects
the experimental implementation of the cloning operation, which becomes more
complicated and sensitive to decoherence. These problems, which might drasti-
cally reduce the achieved cloning fidelity, may significantly be suppressed if an
“economical” approach is followed, which avoids the ancilla. The 1-to-2 cloning
is then realized as a unitary operation on two qudits only: the input and the blank
copy. This is obviously much simpler to implement because it requires less qudits
and two-qudit gates, and it requires to control the entanglement of a pair of qudits
only. It is thus likely to be much less sensitive to noise and decoherence than its
three-qudit counterpart.

To date, the only 1-to-2 cloning machine for which an economical realization
is known is the phase-covariant qubit cloner due to Niu and Griffiths [1999],
which optimally clones all states on the equator of the Bloch sphere, |)4 =
27172(10) 4 + €'?|1) 4). The qubit to be cloned is coupled to another qubit which
becomes the second copy and is initially prepared in state |0) 5. The unitary two-
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qubit transformation reads

1
V2
for a symmetric phase-covariant cloner. It can easily be extended to an asymmetric
setting as we will show in eq. (6.4).

The possibility of economically realizing various 1-to-2 cloning machines for
qudits has been analyzed in detail by Durt, Fiurdasek and Cerf [2005]. They
showed that the economical universal cloning is not possible for any d. It was
also argued that the optimal 1-to-2 phase-covariant cloning of qudits does not ad-
mit economical implementation for any d > 2, and this assertion was rigorously
proved for d < 7. A suboptimal economical phase-covariant cloner was neverthe-
less constructed, which does not require an ancilla and achieves the fidelity

10)410)8 — 10)410) 5, 11)al0)s = —=(10)al1)5 +11)410)5),

pc.econ d) =

pes [d—1+(d—-1+ «/5)2] (2.36)

2d?
which is only slightly below that of the optimal cloner. Similarly, it was argued
that the 1-to-2 Fourier-covariant cloning cannot be realized economically, albeit
in dimension d = 2 (in which case it is unitarily equivalent to the phase-covariant
cloner).

The concept of economical cloning can be extended to N-to-M machines. As
shown by Fan, Matsumoto, Wang and Wadati [2001], the optimal N-to-M phase-
covariant cloning of qubits (d = 2), which maximizes the single-clone fidelity,
admits an economical implementation for any N and M > N. Moreover, the eco-
nomical phase-covariant cloning of d-dimensional systems (qudits) is also possi-
ble provided that M = kd + N, where k is an integer, see Buscemi, D’ Ariano and
Macchiavello [2005].

§ 3. One-to-two quantum cloning as a CP map
3.1. Isomorphism between CP maps and operators

A very useful characterization of cloning relies on the isomorphism between com-
pletely positive (CP) maps S: Hin — Hour and positive semidefinite operators
S > 0 acting on Hiy ® Hout, Where Hi, and Hoy denote, respectively, the input
and output Hilbert spaces of S, see Jamiolkowski [1972] and Choi [1975]. To

construct this isomorphism, consider a maximally entangled state on Hf§2,

1 d—1
[@F)=—= > "1i)j). 3.1)
Vi
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where d = dim(Hjy,). If the map S is applied to the second subsystem of |® ™)
while the first one is left unchanged, then the resulting (generally mixed) quantum
state is isomorphic to S and reads

S=[I®Sl(de™), (3.2)

where @ = |®T)(® ™| and T stands for the identity map, while the prefactor
d is introduced for normalization purposes. The map S can be characterized in
terms of the state S as follows:

Pout = S(pin) = Trin[ (i, ® Tour) S]. (3.3)

where “in” labels the input space, I is the identity operator, and “T” denotes the
transposition in the computational basis. If the map S is trace-preserving then
S satisfies the condition

Trou[S] = fin, 3.4

while the complete positivity condition on S translates into S > 0.

In the following, we shall make this description specific to the 1-to-2 quantum
cloning machines, which produce two copies of a single d-dimensional system
(qudit), see Fiurasek [2001b]. The output Hilbert space is endowed with a tensor
product structure, Hoy = Ha ® Hp, where the subscripts A and B label the two
clones. For each particular input state |y/), the joint state of the clones is

S() = Trin[ (Vip ® 1a5)S]. (3.5)

where ¥ = |{) (| It will be useful in the following to note that 1//51 is a rank-one
projector onto the state [ ), where “*” denotes the complex conjugation in the
computational basis.

Using eq. (3.5), the fidelity of the clones A and B is given by

Fa(S,¥) = Tt[(Ya ® I5)SW)] = Tr[ (¥, ® ¥a ® I5)S],
Fp(S,¥) = Te[(Ia ® ¥p)SW)] = Tr[ (Vi ® Ia ® ¥5)S]. (3.6)

The symmetric cloning machines are defined as the maps S verifying F4 (S, ¢) =
Fp(S, ¥) V. Otherwise, the cloning machines are called asymmetric. When
considering a universal cloning machine, we require that both F4(S, ¥) and
Fp(S, ) are independent of i, for all states ¢ in Hj,. Other cloning machines,
such as the phase-covariant, Fourier-covariant, or real cloning machines will cor-
respond to a constant fidelity over a restricted set R of input states .
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3.2. Covariance condition

In what follows, we will always assume that the set R of input states ¥ is invariant
under the action of the group G (§2) of unitaries {U,, | w € £2}, that is,

U,RU, =R Vo e 2. (3.7)

The universal cloning machine is the special case U,, € SU(d). A useful figure of
merit to measure the quality of cloning is the global fidelity,

F(S. ) = T[(¥a ® yp)SW)] = T (W ® va ® v)S]. (3.8)

which measures how well the joint state of the two clones approximates v 2.
When looking for a cloning machine that optimally clones all the states of set R,
one generally defines the cloning fidelity of map S as the infimum of the global
fidelity over all input states i,

F(S) = wirel% F(S,¥). (3.9)

It has been shown by Werner [1998] that, by using the so-called twirling oper-
ation, there is no loss of generality in assuming the optimal cloning machine to
be covariant with respect to the group G(2), hence the cloning fidelity to be
state-independent within the set R. The twirling operation consists in randomly
applying a unitary U, to the input state and then undoing this by applying the
reverse unitary U, j) to each of the two clones with the probability density dw equal
to the Haar measure on the group G (£2). This results in the twirled map

Suan) = [ S0 do, (3.10)
with the rotated map S, being defined as
So(W) = USE*S(Uuy US) U, (.11)

The core of the argument is that
F(S) = inf F(S,y) < inf [ F(S,U,pU})d
(8) = inf F(S,) ;‘QR/_Q (8. UogU,) do

= inf/ F(Sy, ¢)do = inf F(Swid, ¢) = F(Swirl), (3.12)
P€ER J 0 ¢eR

where we have used the invariance of R under the unitaries U,,, the invariance of
the trace function under U, and the linearity of the fidelity in S. As a result, the
operation of twirling can only increase the cloning fidelity, so that the twirled map
Stwirl 18 at least as good as each of its constituent maps S,,. Finally, as mentioned
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earlier, we note that Syip is covariant with respect to the group G(2), that is,
Swirl(Uo¥WU)) = US*Swin()US®? Yo € 2,V € R. (3.13)

Physically, this covariance property means that rotating the original state is ex-
actly equivalent to rotating the two clones by the same amount. This also implies
that F (Stwirl, ¥) does not depend on /, within the set R.

In summary, we have shown that when looking for an optimal quantum cloning
machine (i.e., a machine that maximizes the worst-case global fidelity), it is suffi-
cient to consider cloning maps that are covariant with respect to the group under
which the set of input states R is invariant. The cloning fidelity is therefore state-
independent within the set R. Keyl and Werner [1999] proved that this reason-
ing also applies more generally to the quantum cloning machines that maximize
the single-clone fidelities (F4 and Fp) instead of the global fidelity, provided
that universal cloning machines are considered. This, however, does not hold for
all quantum cloners (see, e.g., the case of phase-covariant or continuous-variable
cloners we will be considering later).

3.3. Cloning as a semidefinite programming problem

Returning to the characterization of the map S via its associated operator S,
we can now use the fact that the optimal cloning machine must have a state-
independent fidelity over the set of input states considered. We can then turn to
the average performance of the cloning machines, which is measured by the mean
fidelities

m@=ﬁm@ww, &@=A&@ww, (3.14)

where the measure dy determines the kind of cloning machines we are dealing
with. In particular, universal cloning machines correspond to choosing dir to be
the invariant measure on the factor space SU(d)/SU(d — 1) induced by the Haar
measure on the group SU(d). The fidelities (3.14) can be expressed as linear func-
tions of the operator S,

Fa =Tr[SRal, Fp =Tr[SRp], (3.15)

where we have defined the positive semidefinite operators

RA=/1/fi£®WA®IBdI/f, R3=fw$®1A®1/dew. (3.16)
v v
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We will see in the following sections how these operators can be calculated for
different kinds of cloning machines. Note that for a symmetric cloning machine,
one should simply maximize the average of the mean fidelities,

1
F(S) = E[FA(S) + Fp(S)] = Tr[SR], (3.17)

with R = (R4 + Rp)/2. This can be justified by an argument similar to that
used for the twirling operation. By averaging over the permutation between the
two clones, one obtains a map whose mean fidelity can only be better than that of
the original map. Therefore, we can restrict ourselves to cloning transformations
that are covariant with respect to the interchange of the clones, hence satisfying
Fa(S) = Fp(S).

From this argument based on twirling and permutation, we conclude that max-
imizing the mean fidelity, averaged over the two clones (with equal weights),
should yield a cloning map which has a state-independent and clone-independent
fidelity. The asymmetric cloners can also be obtained with the same maximization
but by putting different weights in front of F4 and Fp.

An interesting point to note is that finding the optimal cloning map S reduces
to a semidefinite programming problem, namely finding the operator S verify-
ing § > 0 and Tryp[S] = I[jp that maximizes Tr[SR], with R depending on
the considered cloning machine (Audenaert and De Moor [2002]). Very effi-
cient numerical methods are available for solving semidefinite programs, see, e.g.,
Vandenberghe and Boyd [1996]. Even more importantly, it can be shown with the
help of Lagrange duality lemma that the optimal cloning trace-preserving CP map,
which maximizes Tr[S R], must satisfy

(R—=2Ain® I4B)S =0, (3.18)
Ain® Iap — R >0, (3.19)

where A > 0 is a positive semidefinite operator whose matrix elements rep-
resent the Lagrange multipliers accounting for the trace-preservation constraint
Trap[S] = Iin. Note that A can be expressed in terms of the optimal CP map,
A = Trap[SR]. If both egs. (3.18) and (3.19) are satisfied, then S is the optimal
CP map maximizing Tr[SR], a property which is useful to prove and check the
optimality of a given map S that is conjectured to be optimal.

The proof that eqgs. (3.18) and (3.19) imply optimality is rather simple and we
briefly sketch it here. Suppose that (3.19) is satisfied, then it holds for any trace-
preserving CP map that Tr[S(A ® I — R)] > 0 and Tr[A ® I S] = Tr A, due to the
trace-preservation condition. It follows that the fidelity is upper bounded by the



6, § 3] One-to-two quantum cloning as a CP map 485

trace of the Lagrange multiplier, Tr[RS] < Tr[A], and that the optimal map which
satisfies (3.18) saturates this bound.

Very often a simpler method is sufficient to prove the optimality, namely, the
fidelity can be bounded by the maximum eigenvalue rpax of R. Since R < rmax/,
we immediately have

F(S) < drmax, (3.20)

where d = dim(Hj,). If there exists a CP map S which saturates (3.20), then this
transformation is optimal. Note, however, that in certain cases such as the cloning
of a pair of orthogonal qubits, the bound on fidelity (3.20) is not tight and cannot
be saturated.

3.4. Double-Bell ansatz

Let us now consider the unitary realization of the cloning map S. We know that
any CP map can be realized physically by supplementing the input system with
an ancilla (hence, extending the Hilbert space) and acting with a unitary operator
in this extended space. Here, the ancilla can be viewed as the cloning machine
itself, and it must be traced over after applying the unitary operator. The resulting
map can be written as

S(Win) = Ttin.c[(¥in ® Iasc) ] (3.21)

where C denotes the cloning machine and X' is the operator that is isomorphic
to this extended map Hin, — Ha ® Hp ® Hc. Since this extended map is some
unitary operation U4 pc in the extended space Ha ® Hp ® Hc, the operator X
must be some (unnormalized) rank-one projector or pure state in the joint space
Hin @ Ha ® Hp ® Hc. We thus have

T =lo)ol, with|o)inasc = Vd(lin ® Upgc)|®*), ,10)8.c, (3.22)

where |0)p c is the (arbitrary) initial state of the blank copy B and cloning
machine C, and |@7) is defined as in eq. (3.1). The prefactor v/d, with d =
dim(H;y), is introduced for normalization purposes, and the cloning map corre-
sponds to eq. (3.5) with § = Tr¢ X

Physically, the state |o') has a very simple interpretation, see fig. 2. If we start
with two qudits prepared in a maximally entangled state |@ ) and process one
of them in the quantum cloning machine while the other one is left unchanged
(kept as a reference), then |o) is the joint state of this “reference” qudit (denoted
as “in” since it keeps a memory of the input state), the clones A and B, as well
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Fig. 2. Preparation of the state |o') fully characterizing the cloning transformation. The input of the

7S]

cloning machine is maximally entangled with a reference qudit labeled “in”. The two clones are con-
tained in the outputs A and B, while C refers to an ancilla or the cloning machine itself.

as the cloning machine C. Remember that if we project the reference qudit onto
the state | *), then, in the absence of cloning, qudit A is found in state |y).
By causality, it is irrelevant whether this projection onto |4 *) is done before or
after the cloning machine has been applied on qudit A. Therefore, projecting the
reference qudit of state |o) onto |¢*) yields the joint state of A, B and C that
would have been obtained by cloning the state |{), namely

W) = Wouwdasc = n(V*[0), 4pc- (3.23)

We can say that o) fully encodes the information about the cloning of any state.

It was suggested by Cerf [1998, 2000a, 2000b] that a generic form for state |o')
involving a superposition of double-Bell states may encompass most of the in-
teresting quantum cloning machines, including the universal or state-dependent —
symmetric as well as asymmetric — cloners. This so-called double-Bell ansatz
corresponds to taking |o) = Vd|A), with

d—1
|Aina:8.C = Y GnnlPrn)ina| Do) o (3.24)
m,n=0

where it is assumed that it is sufficient to use a Hilbert space for the cloning
machine C which has the same dimension d as the input or the clones. Note that
the Schmidt decomposition of |A) for the partition “in” vs. ABC implies that
dim(Hc¢) > d. Ineq. (3.24), the a,, ,’s are complex amplitudes which satisfy the
normalization condition Zz;}:o |am,,,|2 = 1, while |®,, ,) denote Bell states in
d dimensions. As the latter states play an important role in what follows, we will
first discuss them in detail, as well as some useful related properties. Note also
that |.A) is a quantum state of norm one, while |o') has a norm equal to Vd.
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3.4.1. Useful properties of d-dimensional Bell states

A standard generalization of the Bell states in d dimensions is

d—1
1 .
|Pmn) = —= il +m)a, (3.25)
) = 2 ; YY1l
where 1 and 2 denote two d-dimensional systems. These states form a set of d°
maximally entangled states of systems 1 and 2, where m,n € {0,1,...,d — 1}
and y = e>™/4 stands for the dth root of unity. Note that, in what follows, the

“bra” and “ket” labels are always taken modulo d. In the case of qubits (d = 2),
we recover the standard Bell states

|00) + |11) _ |00) — |11)
D) = |@F) = ———, Do) =P )= ———,
[P0} =07} = ——= [®0.1) = [@7) = —
|01) + [10) _ |01) — |10)
|@1,0) = |¥7F) = ———. |®11) =¥ )= —F. (3.20)
v V2 ) V2
Taking the partial trace of any state @, , = |P.n){(Pm,n| over one of the two
systems (1 or 2) results in the maximally mixed state,
1
Tr1(@Pm,n) = T2 (P ,n) = E Vm, n, (3.27)

so that the states |®,, ,) are indeed maximally entangled. It is easy to check that
the states |®,, ,) form a complete orthonormal basis in the d 2_dimensional Hilbert
space considered here. The resolution of identity reads

d—1
1 o
2 Pun=22 D YT @1+ mj 4 m]

m,n=0 m,n j i’
=YY 8D [ @1 +m){i +m| = Ia, (3.28)
mojJ’
where we have used the identity 1 3720y = .
Let us focus on the Bell state with m = n = 0, that is,

1 d—1

1Do.0) = —= > _ 1)) (3.29)
di

which is another notation for the state |® 1) as defined in eq. (3.1). This state is
particularly useful because it satisfies the relation

(U* ® U)|®o,0) = [Po,0) (3.30)
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for any unitary transformation U, as can readily be checked by using the unitarity
condition UUT = I and the completeness relation Y j |7){j| = I. Note that the
symbol “*” denotes the complex conjugation operation in the computational basis
{17)}; thus | j*) = |j). The identity (3.30), or equivalently

(I ®U)|Poo) = (UT & I)|Po,0) (3.31)

corresponds to the following useful property: if the joint system 12 is prepared
in the state |®g o) and system 1 is projected onto | *), then the resulting state of
system 2 is |/). Indeed, taking |y) = U|0), we have (¢*| = (0|UT, so that

(v )| ® I)I®o,0) = (|[¢*)0l & I)(UT ® I)|®0,0)
= ([y*)01® 1) ® U)|®0,0)
=d7 2y (U10)) = a2y H)y). (3.32)

Interestingly, it makes no difference whether 1 prepares and sends the state |y)
to 2, or 1 projects its part of a shared entangled state |@g o) onto |/*) so to create
[) at a distance on 2.

In what follows, we will also need the discrete group of Weyl-Heisenberg op-
erators (also called error operators), namely

d—1
Epn=Y_y"j+mjl (3.33)

j=0
withm,n € {0, 1, ...,d — 1}, generalizing the Pauli matrices for more than two

dimensions. For qubits (d = 2), we have

Eoo =1, Eo,1 = o,

E10 =0y, Ey = 0y0; = —ioy. (3.34)
In arbitrary dimension, the error operator E,, , shifts the state by m units
(modulo d) in the computational basis and multiplies it by a phase so as to
shift its Fourier transform by n units (modulo d). Indeed, in the computational
basis {|j)} we have E, 0lj) = |j + m), while in the dual basis {||j)) =

(1//d) Z yfk|k } we have Eg,|l|j) = |lj + n)). The error operators ful-
fill the followmg properties:

Epn=Emn, Ey o =y""E_mn. (3.35)
E;;,yn B ymnE—m,—m Em,n Eu v = V Em+u n+v- (3.36)

Interestingly, the Bell states can be transformed into each other by applying an er-
ror operator locally (on one of the two systems, leaving the other one unchanged),

|®mn) = (I @ Epn)|Po,0) = (Ep,, ® 1)|Po,0). (3.37)
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This also implies that the Bell states are invariant (up to a phase) under correlated
error operators (E}, , ® E, ). We can check this by calculating

(E% ® Ep)|@mn) = (U ® EpvEnn)(ES, © 1)|®0,0)
= ® EpvEmn)(I ® E} ,)|®0,0)
=y""" (I ® Em.n)|®o.0)
=y Dy ), (3.38)
where we have used property (3.37) as well as
EpwEmnE)fy = 7" EpvEmnE—p—v = y" " EpvEm-pin—v

— y;w—nu+V(m—M)Em n=y" T E . (3.39)

3.5. Heisenberg cloning machines

Returning to the double-Bell ansatz (3.24), the quantum cloning machine is thus
completely characterized by the d x d matrix a = {a;, ,}. The form (3.24) is par-
ticularly interesting because, when tracing over B and C, the systems “in” and A
are left in a mixed state that is diagonal in the Bell basis,

d—1
Pin, A = Z |am,n|2‘pm,n (3.40)
m,n=0
with @,y = P n) (P.n|. Since the original system is maximally entangled

with the reference system “in” (the initial state being |®g o)), this implies that
clone A undergoes the error E,, , with probability |am,,,|2. It emerges from a
Heisenberg channel characterized by the probability distribution |a,, ,|>.

An important property of state |.A4) is that, when interchanging clones A and B,
it can be re-expressed as a superposition of double-Bell states albeit with different
amplitudes,

d—1
|Aing:a.c = D bmnlPmn)inB| D)4 (3.41)
m,n=0
with
1 d—1
bun =~ >y T™ay . (3.42)
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Again, when tracing over A and C, systems “in” and B are left in a Bell-diagonal
mixed state,

d—1
Pin,B = Z |bm,n|2(pm,n (3.43)

m,n=0

implying that clone B undergoes the error E, , with probability |bm,n|2 (it
emerges from another Heisenberg channel). Remarkably, eq. (3.42) implies that
the matrix b = {b, ,,} is related to a = {a,, ,} by a (bivariate and d-dimensional)
discrete Fourier transform, b = F[a]. So, the cloning map can be characterized
equivalently by the matrix a (characterizing the noise of clone A) or its Fourier
transform b (characterizing the noise of clone B), and we see that the comple-
mentarity between these two clones simply originates from a Fourier transform:
the more noisy clone A is, the less noisy is clone B. This leads to a no-cloning
uncertainty relation, see Cerf [1999, 2000b].

Finally, we can use the ansatz (3.24) to express the map associated with an
arbitrary Heisenberg cloner in the simple form

d—1
V) = Wou) = D @mn Trin[ (Vi ® 148¢) (@mn)ina ® (D1,) ge)]

m,n=0
d—1
> nnEmal¥)a ® @) ) 40 (3.44)

m,n=0

Incidentally, we note here that by measuring the clone B together with the cloning
machine C in the Bell basis, we get a pair of indices (m, n) which can be used to
undo the noise on clone A simply by applying E,L,,,. This process, which bears
some analogy with quantum teleportation, will be exploited in Section 5.3 in order
to convert a symmetric cloner into an asymmetric cloner.

3.5.1. Covariance with respect to the Weyl-Heisenberg group

It can be proven that the Heisenberg cloning machines are covariant with re-
spect to the discrete Weyl-Heisenberg group of error operators {E,, ,}. Recall
that E, o corresponds to a cyclic relabeling of the computational basis states,
while E , corresponds to a cyclic relabeling of the dual basis states; £, , =
E, 0Ep,, simply corresponds to a sequence of these cyclic permutations. Thus,
Heisenberg cloners are covariant with respect to cyclic permutations of the basis
states in the computational and dual basis.
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Using eq. (3.5), it can easily be shown that the covariance condition of the
cloning map S with respect to the unitary operator U, namely

S(UyUT) = U SW)HU™* vy e R, (3.45)
translates into the condition
(U*@U®)SUTRU™®) =5 < [S.U*eU®]=0 (346)

on the operator S that is isomorphic to S. We may also impose that when the
original is transformed according to the unitary U, the cloning machine is trans-
formed according to the unitary U*. This condition, named strong covariance,
can be expressed as a constraint on state |o') or |.4), namely

(U* @ U®* @ U*)|A)in.a.8.c = |A)ina.5.c- (3.47)

It was shown recently that, provided that the set of input states is invariant with re-
spect to the Weyl-Heisenberg group, the class of strongly covariant cloning maps
is equivalent to the class of extremal covariant maps, see Chiribella, D’ Ariano,
Perinotti and Cerf [2005]. Thus, substituting covariance with strong covariance
greatly simplifies the search for optimal cloners since, given that the covariant
cloners form a convex set, it is sufficient to search among extremal cloners.

The strong covariance of the Heisenberg cloners can be checked by using con-
dition (3.47) with U = E,, , for all 1 and v. This equation indeed holds for each
component of .4, namely

(E,’i,v QELWQE,,® EZ,V)|¢,n,n)|<P;‘;,,n)
=y T Dy )y T ], )
= [Pun)| Dy ) (3.48)

where we have used eq. (3.38). Thus, the Heisenberg cloning machines defined
by the ansatz state |.A) for an arbitrary matrix a have the nice property that they
keep the same form when making a cyclic permutation of the basis states (in both
the computational and dual bases).

This covariance property also implies that the reduced cloning maps are unital.
It is trivial to prove that applying an error operator E,, , chosen at random (uni-
formly among the d? possibilities) on an arbitrary state p always gives a maxi-
mally disordered state,

— Y EwnpEf, == (3.49)
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Consider an arbitrary input state of the cloner . The covariance and the linearity
of the reduced cloning map S4 or Sp imply that

d—1 d—1

1 1

Sa.s (E > Em,nwEJn,n> =75 2. EnaSasWE), (350
m,n=0 m,n=0

so that, using eq. (3.49), we verify that the reduced cloning maps S4 p are indeed

unital:

1 1
SA’B[E} = 7 (3.51)

3.6. Three special cases of Heisenberg cloners

3.6.1. Universal cloners

Let us now discuss several interesting special cases of Heisenberg cloning ma-
chines. The first example is the universal (or isotropic) cloning machine, where
the channel underlying each output is a quantum-depolarizing channel. This im-
plies that all of the probabilities p,, , = |am,n|2 except po,o must be equal. The
same holds for the probabilities g, n = |by.n |2 associated with the second clone.
These conditions put very strong constraints on the matrix a, whose elements can
be thus parametrized by two real coefficients v and x,

Am,n = (v — x)(sn,Ogm,O +x

voXx .- X
X x - x
=1. . . .| (3.52)
_x x e x
The Fourier transform yields the matrix elements of b, namely
by = (V' = x')80,00m,0 + X, (3.53)
with
— d*—1
x = v xy v = M (3.54)

d

The cloning is a trace-preserving operation so the condition Tr[pj, 4] = 1 must
be satisfied, which provides the normalization constraint

v (d? - 1)x? = 1. (3.55)
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If the input state is |0), the error operators Ep , Vn, leave it unchanged up to a
phase, while all the other E,, ,,’s produce a state that is orthogonal to it. Therefore,
the fidelities of the two clones for any input state can be expressed as

Fp = 0>+ (d— Dx2, Fp =07+ (d— x> (3.56)

Note that only a single free parameter x controls the asymmetry of the cloner. We
can also characterize the cloner by the fidelity F'4 of the first clone, namely,

o 1-F 2 _@HDF -1
dd—1)’ d

The symmetric cloner is obtained by putting x = x’, which results in

2 1 s d+1
X' = 0, V= ——
2d(d+1) 2d
and is associated with the fidelity given in eq. (2.3).
Note that, as rigorously proved recently for any d by Fiurdsek, Filip and
Cerf [2005], this isotropic Heisenberg cloner represents the optimal asymmetric
cloning machine which, for a fixed fidelity F4 of the first clone, maximizes the
fidelity of the second clone Fp. Note also that the optimality of the Heisenberg
cloners, based on the double-Bell ansatz, was explained by Chiribella, D’ Ariano,
Perinotti and Cerf [2005] as a consequence of the extremality of these cloners. It
is worth stressing that by exploiting this double-Bell ansatz, these machines can
be derived almost without any effort as they follow immediately from the general
isotropy- and trace-preservation conditions.

(3.57)

(3.58)

3.6.2. Fourier-covariant cloners

As a second example, we shall consider the Fourier-covariant machine, which
clones equally well two mutually unbiased bases, the computational basis {|k)}
and the dual basis

d—1
1 .
1y = —= > M D k). (3.59)
Ja =

The cloner copies equally well the states of both bases if the matrix a has the form

Am,n = (v—2x+ }’)5m,05n,0 + (x = y)((sm,O + (Sn,O) +y
v x e x

x y ... y
N B (3.60)

X y cee y
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where the parameters satisfy the trace-preservation condition
V42(d-Dx*+d - 1% =1. (3.61)

The matrix b then has a similar form with v, x and y being replaced by

1
V= S[v42d = Dx+ @ - D],
o= é[v_g_(d—Z)x—f—(l —dyy),
1
Y = <lv =2+ 1. G2

The fidelities of the two clones are again given by eq. (3.56) but now we have
two free parameters, say x and y. To eliminate one of them, one has to maximize
Bob’s fidelity Fp for a given value of Alice’s fidelity F4 (using the normaliza-
tion relation), which is a simple constrained optimization problem. The resulting
optimal asymmetric cloner is characterized by

Fa(l — Fy) 1 — Fy
= F4, = A A = : 3.63
rEAae d—1 YT (.69

which depends on the single parameter F4. The symmetric Fourier-covariant
cloner can again be obtained by setting x = x” and y = y’, which gives eq. (2.16)
for the fidelity.

3.6.3. Phase-covariant cloners

As a third example, consider the phase-covariant machine, which optimally
clones all balanced superpositions of the form

ly) =d~2[|0) + 91 1) + - - + et |d — 1], (3.64)

where the ¢;’s are arbitrary phases. Here, it can be easily shown that the matrix a
must take the form

Am.n = (v— y)Sm,O‘Sn,O + - x)am,() + x.

’U y e y
X X - X

- ) (3.65)
x x e x

while the trace preservation condition is

V4 (d—-1y*+dd—-Dx*=1. (3.66)



6, § 4] N-to-M universal quantum cloning 495

The matrix b has the same form, albeit with v, x and y being replaced by

o = é[v +d(d — Dx + (d - Dy],
, 1
X = E[U - y]9
1

If the input state is ||0)) (all the states of the dual basis are balanced superposi-
tions), the error operators E,, o Vm, leave it unchanged up to a phase, while all
the other E,, ,’s produce a state that is orthogonal to it. Therefore, the fidelities
of the two clones are again given by eq. (3.56), and we have two free parameters,
say x and y. We can eliminate one of them by maximizing Fp for a given Fj4,
which yields the optimal phase-covariant cloner. In the special case of a symmet-
ric cloner, we have x = x” and y = y/, resulting in the fidelity given by eq. (2.17).

§4. N-to-M universal quantum cloning
4.1. Optimal cloning transformation

In this section we will focus on universal (state-independent) cloning. An ideal
universal N — M quantum cloning machine would be a device that prepares
M exact clones of an arbitrary state ¢ € H from N copies of 1. The input Hilbert
space of the cloning transformation is the symmetric subspace H%N of N qudits,
and d = dim ‘H denotes the dimension of the Hilbert space of the input states. As
already explained above, exact deterministic quantum cloning is forbidden by the
linearity of quantum mechanics, and only approximate copying with fidelity less
than unity is possible.

As noted before, two different kinds of cloning fidelities are considered in the
literature. The global fidelity compares the global state of M clones with the ideal
output ®M  Let S denote the cloning CP map. Then the global fidelity of cloning
the state ¥ can be expressed as F;IEZE (S, ) = Tr[y @M S(y®N)]. Generally,
the fidelity of the cloning can depend on ¥y and one may define the cloning fidelity

as the infimum of F Il\l,m_fg (S, ¥) over all input states ¥,

Fyvo(S) = ingr[xp@’M Sy @.1)

The single-clone fidelity quantifies how well each clone resembles the desired
output . For the kth clone we can write F/L\',ml’/ac(S, v, k) = Tr[y Tr, S(W &),
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where Tr) denotes the trace over all M qudits except for the kth qudit. When
judging the performance of the cloning machine, we should take the infimum of

F;’i”i[c (S, ¥, k) over all input states and all M clones and define

FZar () = igfigf iy 1 S(v )] -

where k € {1, ..., M}.

The universal cloning machine should clone all quantum states equally well, so
the fidelity should not depend on ¥. Any transformation S can be converted into a
universal cloning transformation whose fidelity is state independent by a twirling
operation that consists of applying randomly a unitary U (w) to each input ¥ and
then undoing this by applying a unitary U (w) to each clone, with the probability
density dw equal to the Haar measure on SU(2), see also Section 3.2. The effective
map

Sewin(W) = / UM (@) S[(U @)y U ()2 U (0) do 43)
2

is covariant, i.e., Swin[(UYUNH®N] = USMSin(y®N)UT™®M and, conse-
quently, F ,l\l,n;vﬁ does not depend on . To guarantee the independence of the
single-clone fidelity on the clone index k, it is also necessary to randomly per-
mute the M clones after the twirling. The important feature of the twirling oper-
ation and the permutations is that they do not modify the mean fidelity calculated
as the average of Fy"Vo (S, ¥) or 4 S M | FRVSC(S, 4, k) over all input states
[Y¥) = U(w)|o) with the measure dw.

Universal cloning has been studied extensively by many authors (BuZek and
Hillery [1996, 1998a], Gisin and Massar [1997], Hillery and BuZek [1997],
Buzek, Hillery and Knight [1998], Cerf [1998, 1999, 2000a, 2000b], Werner
[1998], Niu and Griffiths [1998], Keyl and Werner [1999]). The task of cloning
can be rephrased as diluting the quantum information carried by the N input qu-
dits into M output qudits. Universal cloning should not prefer any direction in
Hilbert space and should be isotropic. As shown by Werner [1998], the optimal
universal cloning operation Sy can be expressed as follows:

Sim(WN) = gy Th (WY @ 12 @)
where 17;,“1’ 4 18 the projector onto the fully symmetric (Bose) subspace of M qudits
and

(4.5)

D(M’d):<d+%—1>
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is the dimension of this subspace. We can see from eq. (4.4) that the optimal
cloning formally consists in attaching M — N blank copies prepared in the maxi-
mally mixed state I /d to the input state ®V and then projecting the whole state
of M qudits onto the symmetric subspace of M qudits, H?EM . With proper nor-
malization as given in eq. (4.4), Sopt is a trace-preserving completely positive map
and can be therefore realized deterministically.

The maximal global cloning fidelity achieved by the optimal cloner (4.4) reads

mivg _ D(N.d) (d+ N —1DIM!

N=M""DM,d)  (d+M—1)IN!'
The density matrix of each output clone is a convex mixture of the input state
and the maximally mixed state I /d,

(4.6)

1
p=mﬂ+3(1—n)l- 4.7

This expression reveals the high isotropy of universal symmetric quantum cloning
which is fully characterized by a single parameter, namely the shrinking fac-
tor n(N, M),

N M+d
N+d M
The single-clone fidelity can be determined immediately from eq. (4.7) and we
confirm eq. (2.4), that is,

FuniV,SC — MN+M+N(d - 1)
N—M M(N +d) '

n(N, M) =

(4.8)

(4.9)

4.1.1. Connection with quantum state estimation

There is a close relationship between optimal quantum cloning and optimal quan-
tum state estimation. As shown by Bruss, Ekert and Macchiavello [1998] and
Bruss [1999], in the limit of an infinite number of clones, M — oo, the single-
clone fidelity F 1‘3,‘2,?}3 becomes equal to the fidelity of the optimal estimation of
the state  from N copies (Massar and Popescu [1995], Bruss and Macchiavello

[1999], Hayashi, Hashimoto and Horibe [2004]):

N +1

N+d
Consequently, in the limit M — oo the optimal cloning becomes equivalent to
the optimal state estimation from N copies of i followed by the preparation of
infinitely many copies of the estimated state. This relationship between optimal
universal cloning and optimal state estimation can be explored to prove the opti-
mality of the cloning transformation (4.4). It follows from the symmetry, isotropy

FNooo = (4.10)
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and linearity of universal quantum cloning that the single-qudit outputs must have
the form (4.7), and that for concatenated universal cloners the shrinking factors
multiply. Since the concatenation of the optimal N — M and M — L cloners
cannot be better than the optimal N — L cloner, we get

n(N,L) =n(N,M)n(M, L). (4.11)

Taking the limit L — oo, and taking into account that the shrinking factor cor-
responding to the fidelity (4.10) reads n(N, o0) = N/(N + d), we get from the
inequality (4.11) an upper bound on n(N, M),
n(N,oo) N M+d
nM,00) N+d M

which is saturated by the optimal universal cloning transformation (4.4).

n(N, M) < , (4.12)

4.1.2. Unitary realization and quantum circuit

So far the optimal cloning transformation was presented in the form of the rather
abstract CP map (4.4). It holds that every trace-preserving CP map admits a
unitary realization with the use of an ancilla system. The unitary realization of
cloning requires 2(M — N) ancilla qudits: M — N blank copies and M — N ad-
ditional ancillas. For the sake of presentation simplicity we will consider here
the N — M cloning of qubits (Gisin and Massar [1997]). The unitary cloning
transformation can be expressed in a covariant form:

U|N¢>in|R)anc

M
= Zaf |(M =DV, ij>clones|(M -N- j)wL’ jl/l)anc' (4.13)
j=0
Here |k, (N — k)y¥1) denotes a symmetric state of N qubits with k qubits in
state |1/) and N — k qubits in an orthogonal state [/1), (/| ) = 0, |R)anc de-
notes the initial state of the ancilla qubits, and

M N2 1\
ajz(—1)1< N’) (MjN> . (4.14)

The generalization of the formula (4.13) to qudits with arbitrary d was obtained
by Fan, Matsumoto and Wadati [2001]. In Section 5.1 we shall show that the
transformation (4.13) arises naturally in stimulated amplification of light when
the qubits are represented by the polarization states of single photons.

Quantum information theory teaches us that an arbitrary unitary operation U
can be implemented as a sequence of single-qubit rotations and two-qubit
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Fig. 3. Network for optimal universal 1 — M cloning of qubits. The cloning requires M — 1 blank

copiesay, ...,ap—1 and M — 1 ancilla qubits by, ..., bps_1. The cloning consists of the preparation

of an entangled state |®),;, of blank copies and ancillas followed by a sequence of 2(M — 1) C-NOT
gates between the input qubit ag and the blank copies and ancillas.

controlled-NOT gates, Ucnot = |j)clk)r = |j)clk @ j)i, where @ denotes ad-
dition modulo 2, ¢ is the control qubit and ¢ is the target qubit. The quantum
network for the optimal universal 1 — M cloning of qubits (BuZek, Braunstein,
Hillery and Bruss [1997], BuZek and Hillery [1998b]) is depicted in fig. 3. First,
the 2(M — 1) ancilla qubits ay, ...,apy—1 and by, ..., by —1 are prepared in an
entangled state

2
M+ 1
M—1
X Y (eklM = 1 k)a + filM — 1k — 1)) |M — 1.k}, (4.15)
k=0

|(D)ab =

|-

with ey = M — k and fi = ~/k(M — k), where |[M — 1, k) denotes a symmetric
state of M — 1 qubits with k qubits in state |1) and M — 1 — k qubits in state |0).
The state (4.15) can be generated by a sequence of single-qubit rotations and
C-NOT gates starting from any initial pure state of the ancilla. The cloning itself
consists of a sequence of 2(M — 1) C-NOT gates where the qubit ag that contains
the state |¢) to be copied serves as a control qubit and the ancillas are target
qubits. This is followed by another sequence of 2(M — 1) C-NOT gates where
now the qubit ag is target and the ancilla qubits are controls. The M clones are
stored in the qubits ag, ..., ay—1 while the qubits by, ..., by represent the
ancillas.
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4.2. Optimality proof for | — M cloning of qubits

The optimality of the 1 — 2 symmetric cloning machine for qubits was first
proved by Bruss, DiVincenzo, Ekert, Fuchs, Macchiavello and Smolin [1998].
The optimality of the cloning transformation (4.4) for arbitrary number of in-
puts N, outputs M and dimension d was proved by Werner [1998] for the global
fidelity and later by Keyl and Werner [1999] for the single-clone fidelity using
powerful group-theoretical techniques. Here we shall present a simple optimality
proof for the class of 1| — M universal symmetric cloning machines for qubits.
This proof follows the general concept outlined in Section 3.3 where it was shown
that the fidelity is upper bounded by the maximum eigenvalue of a certain posi-
tive semidefinite operator. This optimality proof with single-clone fidelity being
used as a figure of merit is similar to that of Gisin and Massar [1997]; it has been
extended to global fidelity (FiurdSek [2001b]). The advantage of this approach is
that it can easily be generalized to asymmetric cloning, as will be discussed in the
next section.

Consider the maximization of the single-clone fidelity and let us assume that
the output Hilbert space of the cloning map S is the symmetric subspace, since
the desired outputs |)®M ¢ H%M . Then all the clones have the same fidelity by
construction and we can express the operator S that is isomorphic to the CP map S
as follows:

1 M
=y Z ik jtlidin (] ® IM, K)out (M, 1]. (4.16)
i,j=0k,/=0

The mean single-clone fidelity can be calculated by averaging over the surface of
the Poincaré sphere,

Fymvst — /w Tr[ (v ® ¥) Tr) (S)] dy, 4.17)
where Tr,, denotes tracing over all output qubits except for the first one, and
2w
/dws— / sin ¥ dvr d¢,
v
|1/f)=cosE|0)+ei¢sin5|l). (4.18)

After the tracing and integration, we find that the mean single-clone fidelity is a

linear function of S, F]l\llm;'f,lc = Tr[SRsc], where the positive semidefinite opera-
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tor Rgc reads

O’\

1 M
Rsc = — Z(zM K)10)(0] + (M + k)| 1) (1] ® |M, k) (M, k|

1 M—1
o7 2o VM —bk+1) , K+ hc.
+6M/; (M — 100+ DI1){0] ® [M, k + 1) (M, k| + h.c

According to eq. (3.20) the fidelity umvf,lc is upper bounded by the maximum

eigenvalue of Rsc, F}\],n_":f,lc < 2rscmax- The matrix Rsc has a block diago-
nal structure and it is easy to show that all eigenstates of Rgc have the form
«|0)|M, k) + B|1)|M, k + 1). The calculation of the eigenvalues of Rgc thus re-
duces to finding roots of quadratic polynomials, and one finds that Rgc has only
three different eigenvalues, r1 = 2M + 1)/(6M), r; = % and r3 = l This
provides an upper bound F X,T;}C < (2M + 1)/(3M) which is saturated by the
cloning machine (4.4). This proves that the machine (4.4) is optimal.

A similar chain of arguments can be used to demonstrate the optimality of the
machine (4.4) when global fidelity is the figure of merit. The mean global fidelity

can be written as Fx,ri’ﬁc,'l = Tr[SRg], where

Rg _/ l/fm ® wout dy. (4.19)

With the help of Schur’s lemma this integral can easily be evaluated, and one
obtains Rg = 4; +2 H;HTi where 177, w41 1s a projector onto the symmetric sub-
space of M + 1 qubits, and T; denotes partial transposition with respect to the
first qubit. Again, the matrix R¢ is block diagonal and its eigenvalues can easily
be c_letermined analytically. One finds that rgmax = 1/(M 4+ 1) which implies
F IUEVMG < 2/(M + 1), and this bound is achieved by the cloner (4.4).

4.3. Universal asymmetric quantum cloning

Quantum cloning machines serve as universal distributors of quantum informa-
tion among several parties. The symmetric cloner divides the information equally
between all M copies but it is also possible to distribute the information unequally.
A lot of attention has been devoted to universal asymmetric I — 2 cloning ma-
chines for qubits (Cerf [1998], BuzZek, Hillery and Bednik [1998], Niu and Grif-
fiths [1998], Cerf [1999, 2000a]) and qudits (Cerf [2000b], Cerf, Bourennane,
Karlsson and Gisin [2002]), which produce two clones A and B with different
fidelities F4 and F. The optimal asymmetric cloner can be defined as a machine
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that for a given fixed fidelity F4 of the first clone maximizes the fidelity Fp of the
second clone. Such machines can find application, e.g., in eavesdropping on quan-
tum key distribution protocols, where they allow one to investigate the trade-off
between the information gained by the eavesdropper and the disturbance observed
at the receiver’s station; see, e.g., Dusek, Lutkenhaus and Hendrych [2006].

In terms of the cloning CP map S, the mean fidelities of the two clones can be
expressed as F4 = Tr[SRa] and Fp = Tr[SRp], where the positive semidefinite
operators R; are given by

RA=/w$®w®13dw, RB=/w$®1A®x/fgdw. 4.20)
¥ 2

The optimal asymmetric cloning machine should maximize a convex mixture of
the mean fidelities F4 and Fp (Fiurasek [2003], Lamoureux, Navez, Fiurasek and
Cerf [2004], Fiurasek, Filip and Cerf [2005]),

F =pFa+ (- p)Fp=Tr[SR], 4.21)

where R = pR4 + (1 — p)Rp, and p is a parameter that controls the asymmetry
of the cloner. The maximization of F for a given value of p can be equivalently
rephrased as a maximization of Fp for a fixed value of F4. After some algebra,
we find
1

d(d 1) [
The maximum eigenvalue of R is d-fold degenerate, with corresponding eigen-
vector

rmax: k) = a|@7F), (k) B + B|@T) 5 oK) A (4.23)

where the coefficients «, 8 > 0 are some functions of d and p. By properly
normalizing the eigenstates (4.23) we get
208
d
The operator S isomorphic to the optimal cloning CP map S is proportional
to the projector onto the subspace spanned by the eigenstates (4.23). The unitary
realization of this map requires a single ancilla qudit C and can be written in a
covariant way:

W) = aly)a|@F) g + BIV)B|PT) 4 (4.25)
From this expression we can evaluate the fidelities of the two clones,

d—1 d—1
FA=1—T,32, = o,

Iinag +dp® , ® Ip+d(1 — P ; ® Ia].  (4.22)

o’ + B2+ =1. (4.24)

(4.26)
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Note that the parameters o> and B2 are the so-called depolarizing fractions as
discussed by Cerf [1998, 2000a, 2000b]. The one-parametric class of optimal
universal asymmetric 1 — 2 cloning machines is characterized by eqs. (4.25) and
(4.26) together with the normalization condition (4.24).

4.4. Universal-NOT gate

The process of optimal quantum cloning is closely connected to another im-
possible operation in quantum mechanics, the so-called universal-NOT gate for
qubits. The hypothetical universal-NOT gate would perfectly reverse any spin-%
state. This device should thus produce from the input qubit |1/) an orthogonal
state |1 ). However, this is impossible, because the transformation |y¥) — |¥ )
is anti-unitary. More generally one can consider an extended scenario where
N copies of the state |i) are available and the task is to prepare a single copy
of the flipped spin |1/ ). The best approximation to this forbidden operation was
found by Gisin and Popescu [1999], Buzek, Hillery and Werner [1999, 2000].

The optimal universal NOT gate SynoT can be made covariant by twirling so
that the fidelity F = (1 |Sunor(¥®")|¥1) does not depend on |v) and can be
written as Fynor = Tr[SunorRunort], where

RuNor = /;0[¢®N]T QYL dy

=513 L > (N o 1y, (UN e 1), 4.27)
see FiurdSek [2001b]. The unitary operation U = io, provides the link between
the states [¢*) and |1 ), [Y*) = Ul|y1), U0) = —|1), U|1) = |0). The fidelity
of the U-NOT gate is bounded by the maximum eigenvalue of Rynor. Since
this operator is proportional to a projector, we immediately find ryUNOT.max =
1/(N 4+ 2). The dimension of the input Hilbert space H%N isd =N+ 1, and we
obtain

F Nl 4.28

uNoT = T (4.28)
Remarkably, this fidelity coincides with the optimal fidelity of the estimation of
the state ) from N copies. If we possess an estimate of |y/) then we can also
produce an estimate of || ) with the same fidelity, simply by flipping the esti-
mated spin. This implies that the optimal U-NOT gate can be realized by per-
forming the optimal estimation of the state |ir) followed by the preparation of the

flipped estimated state. In this way we can generate arbitrarily many approximate
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copies of |1 ), all with the same fidelity (4.28). Remarkably, the optimal cloning
transformation (4.13) simultaneously also implements the optimal approximate
U-NOT gate. This machine produces M — N approximate anti-clones, which are
stored in the ancillas, see BuZek, Hillery and Werner [1999], De Martini, BuZek,
Sciarrino and Sias [2002].

It is possible to generalize the concept of U-NOT gate to qudits, by noting that
the state | ) is unitarily equivalent to the state |¢*). The complex conjugation
is well defined for any dimension d, and one can look for the transformation that
optimally approximates the (generalized) transposition map &V — y* = yT.
Using similar reasoning as before, one can prove that the maximal fidelity of
the approximate transposition is equal to the fidelity (4.10) of the optimal state
estimation from N copies, see Fiurdsek [2004].

§ 5. Universal cloning of photons
5.1. Amplification of light

In quantum optics, single photons are very often used as carriers of quantum in-
formation. Photons represent ideal flying qubits; they can be transmitted over long
distances via low-loss optical fibers and their interaction with the environment is
very weak so they do not suffer from a significant decoherence. Quantum bits can
be encoded into single photons in various ways. One natural option is to exploit
the polarization degrees of freedom and to represent a qubit as a superposition of
vertically (|V')) and horizontally (|H)) polarized photons, |V) = «|H) + B|V).
Another possibility is to use the so-called time-bin encoding where the photon
can be located in one of d different time slots (Marcikic, de Riedmatten, Tit-
tel, Scarani, Zbinden and Gisin [2002], de Riedmatten, Marcikic, Tittel, Zbinden,
Collins and Gisin [2004]). Such encoding has been used advantageously for long-
distance quantum key distribution. It is not restricted to qubits, and the photon
can thus represent a d-dimensional system with arbitrary d (de Riedmatten, Mar-
cikic, Scarani, Tittel, Zbinden and Gisin [2004]). Arbitrary time-bin qubits can be
prepared using an unbalanced Mach—Zehnder interferometer.

The cloning of the quantum states of single photons requires that the number
of output photons be higher than the number of input photons. This simple fact
immediately leads to the insight that the optimal copying of photons can be per-
formed by means of amplification of light (De Martini, Mussi and Bovino [2000],
Simon, Weihs and Zeilinger [2000a, 2000b]). This is very natural because the
goal of quantum cloning is to “amplify” the quantum information carried by the



6, § 5] Universal cloning of photons 505

photons. Several physical mechanisms can be used for cloning, such as paramet-
ric down-conversion or amplification of light in atomic media. In all cases, the
cloning is achieved due to the process of stimulated emission, which means that
the medium emits preferably photons in the same quantum state as that of the
input photons injected into the medium.

Most of the quantum cloning experiments based on stimulated amplifica-
tion of light were carried out using the process of stimulated parametric down-
conversion. Consider a nonlinear crystal with second-order nonlinearity x . In
such a crystal, a single “blue” pump photon with frequency wp can be converted
into two “red” photons with frequencies ws and wy such that ws + o = wp,
which expresses energy conservation. The two down-converted photons are re-
ferred to as signal (S) and idler (I), respectively, for historical reasons. An efficient
down-conversion requires the conservation of momentum, which translates into
the phase-matching condition ks + k; = Kkp, where k; stands for the wavevector
of the jth photon and |k;| = njw;/c, where n; is the refraction index at fre-
quency w;. Efficient phase matching in the nonlinear crystal can be achieved by
exploiting the birefringence and using different polarizations for the pump, signal
and idler beams. We can distinguish two different kinds of phase matching. In
Type-I matching the pump beam is, say, vertically polarized, and both signal and
idler are horizontally polarized. On the other hand, in Type-II matching, the signal
and idler photons are orthogonally polarized. Besides their polarization states, the
signal and idler beams can also be distinguished spatially. So, in nondegenerate
Type-II down-conversion we deal with modes Ag and Ay for the signal beam
and By and By for the idler beam. It is possible to arrange the configuration of
the pump beam and nonlinear crystal and to select only certain directions in the
output beams in such a way that the effective Hamiltonian describing this process
reads

H =ix(aybl; —al;bl) +hee. (5.1)

This Hamiltonian is obtained in the limit of strong coherent pumping, and the
coupling constant « is proportional to the pump-beam amplitude ap and to the
second-order nonlinearity x ?, while a; is the creation operator for the jth mode.
An essential feature of the Hamiltonian (5.1) is that it is invariant with respect
to the simultaneous identical transformation of the polarization basis of signal
and idler photons. Mathematically, we have (U ® U)H (U T®@ UT) = H, where
UavUT = uyyay + uygagy, UaHUT = ugyay + uggag, the matrix Ujj is
unitary, and identical transformation rules hold for by and bg. This covariance
property guarantees that the cloning process is universal and the cloning fidelity
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Fig. 4. Optimal universal cloning of photons by means of stimulated parametric down-conversion.

BS: auxiliary beamsplitter; Cq, Co — nonlinear crystals; WP — wave plates for input-state preparation;

M - mirror; PD — triggering single-photon detector for conditional preparation of N-photon Fock
state.

is the same for all input states. It therefore suffices to consider only one particular
input state.

The cloning of polarization states of photons via stimulated down-conversion
is sketched in fig. 4. The signal mode is initially prepared in the N-photon state
|¥)@N . This can be achieved in practice, e.g., by means of spontaneous paramet-
ric down-conversion in crystal C; and conditioning on observing N photons in the
output idler mode with photodetector PD. After the passage through crystal Cy,
M — N photon pairs can be generated with a certain probability. If this happens,
then M clones are present in mode A while mode B contains M — N anti-clones.
Note that the cloning is only probabilistic and we cannot predict a priori the num-
ber of clones that will be generated. The particular N — M cloning events can be
selected only a posteriori by accepting events with M photons detected in mode A
or M — N photons in mode B.

Let us start with a simple example of 1 — 2 cloning to illustrate all the main
features. In this case, the input state is given by a single photon in mode A
and a vacuum in mode B. As already explained, without loss of generality
we can assume that the photon is vertically polarized and we have |yj,) =
[1)ay 10)ay 10)p, 10)p,, . The generation of the second clone requires that a single
photon pair is emitted in the nonlinear crystal. In the first-order perturbation the-
ory, the output state is given by

H[1)av0)ay 10)by |0)sy
o< V212)ay 10ays 100y 116y = 1Dy [1)ag 116y 10} (5.2)

Notice the prefactor /2 which arises because the emission of the second verti-
cally polarized photon in mode A is stimulated by the presence of a vertically
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polarized photon in this spatial mode. This cloning is optimal since it yields the
2

maximum fidelity. We can immediately see that the global fidelity is 5. To de-
termine the single-clone fidelity we note that with probability % both photons in
mode A are vertically polarized and with probability % only one photon is ver-
tically polarized. So, the probability that one randomly chosen photon in spatial
mode A is vertically polarized is % x 1+ % X % = %, which is the maximal
single-clone fidelity for 1 — 2 cloning of qubits.

Several experiments on cloning via parametric down-conversion have been re-
ported (De Martini, Mussi and Bovino [2000], Lamas-Linares, Simon, Howell
and Bouwmeester [2002], Pelliccia, Schettini, Sciarrino, Sias and De Martini
[2003], Sias, Sciarrino and De Martini [2003], De Martini, Pelliccia and Sciar-
rino [2004]). The experimental set-up used by Lamas-Linares, Simon, Howell and
Bouwmeester [2002] is shown in fig. 5. A nonlinear BBO crystal is pumped by a
second harmonic of a Ti:sapphire laser which emits 120-fs-long pulses. A tiny part
of the coherent master laser beam is split on the first beamsplitter BS and used as a
seed for the down-conversion. With probability p <« 1, the beam contains exactly

one photon. This beam is fed to the BBO crystal and the output is analyzed us-

Trigger
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Fs pulse
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BS— PBS
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i D3 :
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Fig. 5. Experimental set-up for optimal universal cloning by means of stimulated parametric
down-conversion. The input single-photon state to be cloned is obtained from a weak coherent laser
beam. (After Lamas-Linares, Simon, Howell and Bouwmeester [2002].)
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ing a sequence of wave plates, polarizing beamsplitters (PBS) and single-photon
photodetectors. The probability of pair generation in the crystal p» < p which
guarantees that the dominant event leading to two photons in mode a and one
photon in mode b is when a single photon was in the weak coherent beam a and
a single pair was emitted in the crystal. The conditioning on observing a click of
the trigger detector D1 is important since it eliminates events with two photons in
mode a and no pair generated in the crystal.

In the experiment, one measures the number of coincidence clicks of the pho-
todetectors D2 and D3 as a function of the time delay between the input photon
beam in mode @ and the pump beam. If those two beams do not overlap in the
BBO crystal, then there is no stimulated down-conversion and the polarization of
the second photon emitted in mode a is fully random. If the two beams overlap,
then stimulated amplification sets on and the second photon is emitted preferably
with the same polarization as the input photon. Optimal cloning is achieved when
the overlap is perfect. A detector setting with a PBS was used to measure the
number of orthogonally polarized photon pairs N (1, 1). To detect the number of
pairs with the same polarization N (2, 0), the PBS was replaced by a polarizer fol-
lowed by an ordinary beamsplitter. The observed coincidence rates as a function
of the time delay are shown in fig. 6 for three different polarizations. We see that
N(1, 1) does not depend on the delay as expected, while N (2, 0) decreases with
increasing delay. The average experimental cloning fidelity determined from these
data reads F' =~ 0.81 which is very close to the theoretical maximum % ~ 0.833.

An improved experimental set-up involving double passage of the pump beam
through the nonlinear crystal was developed by Pelliccia, Schettini, Sciarrino, Sias
and De Martini [2003] and De Martini, Pelliccia and Sciarrino [2004]), see fig. 7.
In this set-up, the photon to be cloned is generated during the first passage of the
pump pulse through the crystal. Since the signal and idler beams are entangled,
projecting the idler beam onto state |y) prepares the signal in state |1 ). The
click of the trigger detector D7 heralds the preparation of a single photon in the
mode labeled —k; in fig. 7. This photon is then cloned by sending it again through
the nonlinear BBO crystal. The delay between the pump and signal is controlled
by moving the mirror Mp. In this experiment, the states of both clones and the
anti-clone were analyzed simultaneously and it was demonstrated that this device
accomplishes jointly the optimal 1 — 2 cloning and also the optimal universal
NOT gate for qubits. The attained fidelities were Fcron = 0.81 and Fynor =
0.62.

The stimulated down-conversion can be used to probabilistically implement
any N — M cloning of qubits (Simon, Weihs and Zeilinger [2000a]) and even qu-
dits (Kempe, Simon and Weihs [2000], Fan, Weihs, Matsumoto and Imai [2002]).
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Fig. 6. Observed coincidence rates as functions of the position of the movable mirror of two clones in
identical polarization states (panels A, B, C) and in orthogonal polarization (panels D, E, F) for three
different input polarizations. (After Lamas-Linares, Simon, Howell and Bouwmeester [2002].)
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Fig. 7. Simultaneous contextual realization of the optimal cloning machine and the universal

NOT gate. Q — quarter-wave plates; WP — half-wave plates; PBS — polarizing beamsplitters;

BS — beamsplitters, BBO — nonlinear crystal; D — single-photon detectors; M — movable mirror. (After
De Martini, Pelliccia and Sciarrino [2004].)

The unitary transformation induced by the Hamiltonian H can be written in a
factorized form as follows:

o—iHE _ e)‘(“-‘r/bil’“;b-‘v/)(l _ )\2)"tot/2+1efk(aVbH*ﬂHbV)’ (5.3)

where A = tanh(k?), t is an effective interaction time and ny = a;r,av —i—a;_la H+
b];,bv + bLbH is the total number of photons in spatial modes a and b. Since
the Hamiltonian H is covariant it is enough to consider the input state |yi,) =
INYay10)az 10) 5, 10) 5, . With the help of the factorization (5.3) we find that the
corresponding output state reads

o0
e M) = (1 - 22)N2 N M Ny, (5.4)
M=N

where

M—N
o = 3 0t (M)
k=0

X |M _k>av|k)aH|k>bv|M - N — k)b[-[' (55)
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We can see that the output state (5.4) is a weighted superposition of states |Wys)
with different numbers of clones M. The state |W¥)s) and hence the fidelity of
N — M cloning is independent of the coupling strength X, and only the proba-
bility of generating exactly M clones depends on A. One can also immediately
see that the state (5.5) coincides (up to an irrelevant overall normalization factor)
with the outcome of the optimal cloning transformation (4.13), hence the univer-
sal cloning via parametric down-conversion is optimal.

We now extend the concept of cloning via amplification to qudits represented
by a single photon in d different spatial modes or time bins. The use of time-
bin encoding seems to be particularly advantageous since only a single nonlin-
ear Type-I-matched crystal is required, and the pump beam should consist of a
sequence of d pulses. We associate creation operators a; and b; with the jth
time bins of signal and idler beams, respectively. The Hamiltonian governing the
evolution of this system can be expressed as

d
Hy = ik Z(aj.b; —ajbj). (5.6)
j=1

This Hamiltonian is invariant with respect to simultaneous unitary transforma-
tions of the signal and idler modes, (U ® U*)H(U' ® UT) = H, where U €
SU(d). This covariance property guarantees that the cloning is universal and the
cloning fidelity does not depend on the input state, so it suffices to consider the
input state |Yind) = [N)g10)a, -+ 10)a,;10)5,10)p, - - - 10)p,. The unitary opera-
tion exp(—iHt) can again be factorized, similarly as in eq. (5.3), and we get
el |y q) = (1 — AHN/2Hd 300 aM=N|g, ), where the state containing
M clones reads

N+m
IWM,d>=Z ( 1)|N+ml>a1|m2>a2"'|md>ad
m

N
X \m1)p Im2)p, -+ |Mma)p,- (5.7
In this formula, Zm indicates summation over all vectors m = (mq, ..., mg)

satisfying Z;L] mj = M — N. The optimality of this cloning transformation
can be proved by explicit evaluation of the fidelity. It can be shown that there are
(M_N;_dz_ 2_m) different terms in eq. (5.7) with N 4 m photons in mode a;, each

N+m
m

1 MY N+ m\(M-N+d—-2—m\N+m
FZNZ< N )( d—2 ) M (5-8)

m=0

with weight ( ) The average single-clone fidelity can be thus expressed as
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where the normalization factor is given by

Y IN+m\(M—N+d—2—m M+d—1
szg_;)( N )( d—2 >_<N+d—1)' ©.9)
The summation in eq. (5.8) can be performed with the help of the identity given
in eq. (5.9), and one recovers the optimal fidelity (4.9).

Instead of parametric down-conversion it is also possible to amplify the light
by sending it through an inverted atomic medium (Simon, Weihs and Zeilinger
[2000a], Kempe, Simon and Weihs [2000], Fan, Weihs, Matsumoto and Imai
[2002]). The atoms should possess d different ground states |g;) and an excited
state |e). We assume that each atomic transition |e) — |g;) is strongly coupled to
a single optical mode a; and the qudits are represented by single photons in those
d modes. The universality of the cloning requires that the coupling strength «
must be the same for all d transitions |e) — |g;). In the interaction picture and in
the rotating-wave approximation, the interaction of light with atoms is governed
by the Jaynes—Cummings Hamiltonian,

L d

Hic =1y ) ajlgje)lex +he., (5.10)

k=1 j=1

where L is the number of atoms and |g;x) stands for the ground state |g;) of
the kth atom. This Hamiltonian satisfies the covariance property U ® U *HUT ®
UT = H, where Ua;.UJf = u‘/kaz, Ulex) = lex) and Ulgjx) = Zle ujilgik).

Suppose that all L = M — N atoms are initially prepared in the excited state
and that all N input photons are in mode a;. The joint atoms—photons input state
reads |[Vin,ra) = [N)a|0)ay - -+ 10)q,ler) - - - ler). If each atom emits a photon
during the passage of the light through the atoms then M clones are generated
and all atoms end up in ground states.

In the weak-coupling regime we can express the output state conditional on all
atoms being in some ground state using the Lth-order perturbation theory:

d L
[Yout) o (Z a}b}c) |Yin,La), (5.11)
j=1

where the operator bj.c is defined as b;c = Z,le |gjk){ek|. Note that with this
notation, the Hamiltonian (5.10) becomes similar to the down-conversion Hamil-
tonian (5.6). Since the atoms are supposed to be identical, the photons emitted by
them do not carry any information about which atom emitted which photon. Con-
sequently, if all atoms emit photons, then the atoms relax to symmetric ground
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state. Suppose that m ; photons were emitted to mode a;, with j =1, ..., d. The
corresponding symmetrized ground atomic state reads

lgm) = Cpm D 181K+ 181k, )82k, 1)
7 (K)

182 ) 8k 1) |8k ) (5.12)

where Zﬂ(k) denotes summation over all L! values of the subscripts k;, [ =
1,..., L, which can be obtained as permutations of {1, ..., L}. The normaliza-
tion coefficient

C: =my'my!---my'L! (5.13)

is chosen such that (gm|gm) = 1. After some algebra, one finds that the output
state (5.11) can be expressed as

CrmL!
o) o6 ) 1IN O 0 )

N + mj
X Z ( >|N +m1)a1|m2>a2 T |md>ad|gm>-

Since this state is fully equivalent to the state (5.7), the cloning is optimal. Al-
though this result was obtained within the framework of perturbation theory, a de-
tailed analysis reveals that it holds for any interaction strength. It can also be
shown that if only M’ — N < L atoms emit photons and the rest of the atoms
remain in the excited state, then M’ optimal photonic clones are generated (Fan,
Weihs, Matsumoto and Imai [2002]).

A proof-of principle experiment on cloning via stimulated emission was re-
ported by Fasel, Gisin, Ribordy, Scarani and Zbinden [2002] utilizing a commer-
cially available polarization-insensitive erbium-doped fiber amplifier. The ampli-
fier was injected with a weak vertically polarized coherent signal with mean pho-
ton number nj,. After the amplification, the output mean numbers 7y and ngy of
vertically and horizontally polarized photons were measured. The fidelity of the
amplification process can be simply defined as F' = ny /(ny + ng). The output
mean intensities depend linearly on the input intensity (Shimoda, Takahasi and
Townes [1957]),

1 1
ny = Gnip + E(G -1, ng = E(G - 1. (5.14)

Here G is the gain of the amplifier and Q is a factor depending on the proper-
ties of the amplification process. The term Gnj, represents the amplified injected
input signal while (G — 1)/Q represents the noise arising due to spontaneous
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emission. For quantum-noise-limited amplification, 0 = 1. From eqs. (5.14)
we can express G in terms of nj,, now = ny + nyg and Q, and we find
G = (Qnou + 2)/(Qnin + 2). On inserting this expression into the formula for
the fidelity, we obtain

F = Qﬁou_tﬁin_+ ﬁout_"‘ ﬁin ) (5.15)

Onoutlin + 2Rou

If we formally replace nj, with N (the number of input copies), and 7oy with M
(the number of output clones), then for Q = 1 the formula (5.15) becomes the
optimal fidelity of N — M cloning of qubits. Experimentally, G = 1.3 and
0O = 0.8 was observed, quite close to the optimal value Q = 1. For instance, the
fidelity of 1 — 2 cloning for O = 0.8 inferred from eq. (5.15) reads F = 0.821
which is only slightly lower than the optimal fidelity F = 2 ~ 0.833.

5.2. Symmetrization

We have seen in Section 4.1 that the optimal universal N — M quantum cloning
can be accomplished by symmetrizing the state of N input copies and M — N max-
imally mixed states. Since photons are bosons, the projection onto the symmetric
subspace can be easily carried out with the use of linear optics, namely by mixing
the M photons on an array of M — 1 beamsplitters and selecting only the events
when all photons are collected in a single spatial mode.

Let us first illustrate this method on the example of 1 — 2 cloning of polar-
ization states of photons (Ricci, Sciarrino, Sias and De Martini [2004], Irvine,
Lamas-Linares, de Dood and Bouwmeester [2004], Sciarrino, Sias, Ricci and De
Martini [2004b]). The set-up is schematically illustrated in fig. 8a. The photon
in mode A whose state is to be cloned is combined on a balanced beamsplit-
ter BS; with a blank copy photon prepared in a maximally mixed state. Only
the cases when both photons leave the beamsplitter in the left output mode are
post-selected, and the two clones are spatially separated by an auxiliary balanced
beamsplitter BS;. At the heart of cloning via symmetrization is the Hong—Ou—
Mandel effect (Hong, Ou and Mandel [1987]). If two photons with identical po-
larization state interfere on a balanced beamsplitter, then they both end up in the
same spatial mode and one does not observe any coincidences of one photon in
mode A and one in mode B. So, for the input |{) 4|¥) p, there is probability % of
having two photons in the left output port and probability % of splitting them in
the two output modes A’ and B’. Altogether, the conditional transformation reads

1
V)alv)s = S a V) s (5.16)
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@ N inputstates M-N blank copies

Fig. 8. Optimal cloning of polarization states of photons via projection onto the symmetric subspace.

(a) Optimal 1 — 2 universal cloning based on the interference of two photons on a balanced beam-

splitter BS;. (b) Extension to optimal N — M cloning. The N input states and M — N blank copies

in maximally mixed states are combined on an array of M — 1 beamsplitters BS ;, and the clones are
then separated on another array of M — 1 beamsplitters BS/j.

On the other hand, if the two photons are initially in orthogonal polarization states,
|Y)al¥1) B, then they are distinguishable and do not interfere on BS;. With prob-
ability J—P the photon in mode A is reflected and the photon in mode B is trans-
mitted and they are both in the left output. Again, there is probability % that the
two photons will be divided on a balanced beamsplitter BS,. Since the photon in
state [y) can be either reflected or transmitted on BS», the final state of photons
in modes A’ and B’ is a balanced superposition of these two possibilities, namely
a symmetric state,

1
W)alvL)p — Z(IW)A'IWDB/ WAl p). (5.17)

Since the projector onto the symmetric subspace acts as IT|V)|¥) = |¥)|¢¥)
and IT{|Y)|YL) = %(|1//)|1//l) + Y1) |¥)), it immediately follows from egs.
(5.16) and (5.17) that the set-up shown in fig. 8(a) implements with probability JT
the projection onto the symmetric subspace followed by a spatial separation of
the two photons.

The maximally mixed polarization state in mode B can be obtained for instance
by preparing the blank copy photon in state |V) or | H) with probability % each.
Another, more intriguing option is to send into port B one part of the maximally
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entangled two-photon singlet state |¥' ™) = Lz(ll/f)gh//l)c — |Y1)eY)c). In
this case, if the symmetrization succeeds, then we obtain in the spatial mode C
the optimal anti-clone of |v), i.e. a state that has a fidelity % with [y ).

The optimal 1 — 2 cloning based on symmetrization has been experimentally
demonstrated by two groups (Ricci, Sciarrino, Sias and De Martini [2004], Irvine,
Lamas-Linares, de Dood and Bouwmeester [2004]). In both experiments, the in-
put photon whose state was cloned was obtained from a weak coherent beam, and
it was combined on a balanced beamsplitter with one photon from a maximally
entangled singlet state generated in a nonlinear crystal by means of spontaneous
parametric down-conversion. The triple-coincidence events were selected where
there were two clones and one anticlone present, and the intensity of the weak
coherent beam was adjusted such that the dominant contribution to the triple-
coincidence events originated from the cases when there was a single photon in
the coherent beam and a single entangled photon pair was generated in the nonlin-
ear crystal. The observed mean cloning fidelities in these two experiments were
F = 0.82 (Ricci, Sciarrino, Sias and De Martini [2004]) and F = 0.81 (Irvine,
Lamas-Linares, de Dood and Bouwmeester [2004]), respectively. The simpler set-
up depicted in fig. 8(a), involving only two photons, was also implemented exper-
imentally (Sciarrino, Sias, Ricci and De Martini [2004a]). A single photon pair
was generated in a nonlinear crystal. One photon representing the input was pre-
pared in the state [¢) using wave plates while the other photon was randomly
prepared in the state |V) or |H). This experiment is much simpler than the pre-
vious one, because only two-photon coincidence events were observed instead
of tree-photon coincidences. This resulted in a much higher rate of cloning, and
also in better visibility and mean cloning fidelity F = 0.826 very close to the
theoretical maximum F = (0.833.

An extension of the symmetrization procedure to M photons is illustrated in
fig. 8(b). The photons are combined on an array of M — 1 beamsplitters BS;,
and the symmetrization succeeds if all M photons are bunched in the same spatial
mode (Sciarrino, Sias, Ricci and De Martini [2004b]). To confirm this we can split
the output signal into M different spatial modes using another array of M — 1
beamsplitters BS/j and post-select only events with each of M photodetectors PD
registering one photon.

We now demonstrate that the array of beamsplitters accomplishes the desired
projection onto the symmetric subspace. The symmetric two-mode L-photon
states |L, k) with L — k photons polarized vertically and k photons polarized
horizontally form a basis in the symmetric space H%L. We prove our claim by
induction. Consider the Lth beamsplitter BSy in the scheme of fig. 8(b). The
state impinging from the left is a symmetric L-photon state while a single pho-
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ton impinges on BS; from the bottom. The beamsplitter BS; does not need to
be balanced but its transmittance ¢ and reflectance r should be independent of the
polarization. In the Heisenberg picture, the mixing of the modes on the beamsplit-
ter is described by linear input output canonical transformations of the creation
operators,

il T T
aV out — raV in + th in’ bV out — rbV,in - taV,in’ (5.18)

and similar formulas hold for horizontal polarization. The state transformation on
a beamsplitter can be most easily determined by expressing all states in terms of
the creation operators acting on the vacuum,

1
tk  TL—k
IL, k) = 7](!(14 — Ay inQy iy 1VaC),

V) = bl Ivac), |H) = bl ,,Ivac). (5.19)

[3el]

From eqs. (5.18) we express the “in” operators as linear combinations of the
“out” operators and substitute into the formulas (5.19). Using this technique it
is easy to show that if all L 4 1 photons bunch in the right output mode then the
following conditional transformation takes place:

IL,k)|V) — tErpv/L4+ 1 —k|L+ 1,k),
L, k)| H) = tErpvk+ 1L+ 1,k41). (5.20)

Consider now the projection of the states |L, k)| V) and |L, k)|H) onto the sym-
metric subspace of L 4 1 photonic qubits. One finds that

L+1-
H+ L+1|L k)|V) L7|L k)v
My 1)L, k)| H) = 1/ |L+1 k+1 (5.21)

The transformations (5.20) and (5.21) are equivalent up to a state-independent
prefactor /L + ltLL rr, which proves that the array of M — 1 beamsplitters BS
in fig. 8(b) projects the input states onto the symmetric subspace of M qubits.
The probability of success of the projection can be determined by comparing the
coefficients in egs. (5.20) and (5.21), and we find
M-1
P=prsMm! [] /(1 - 1Tp), (5.22)
Jj=1
where T = t]g and Ps = Tr[HAE Pin] 1 the overlap of the input M -photon state pj,
with projector onto the symmetric subspace. The optimal transmittance 7; of the
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Jjthbeamsplitter leading to maximal P can be obtained by maximizing Tj.j (1-Ty),
which yields T opr = j/(j + 1). Note that T o does not depend on the input
N-photon state. On inserting the optimal 7 into eq. (5.22) we get

M!

Popt = PSW- (5.23)
Recently, the optimal universal 1 — 3 and 2 — 3 cloning of polarization states
of photons via symmetrization was demonstrated experimentally by Masullo,
Ricci and De Martini [2004]. The three photons used in the experiment consisted
of a pair of photons generated in the process of spontaneous parametric down-
conversion and a single photon in a very weak coherent beam. These three pho-
tons were combined on two beamsplitters, and only the events where all photons
bunched in a single spatial mode were chosen by post-selection. Wave plates, a po-
larizing beamsplitter, an array of beamsplitters and photodetectors were employed
to analyze the clones. The experimentally observed fidelity of the 1 — 3 cloning
was Flei% = 0.758, very close to the theoretical maximum Flth_>3 = % ~ 0.778.
The observed fidelity of 2 — 3 cloning, F;ﬁg = 0.894, was also close to the
optimum value ! , = 1 ~0.917.

The symmetrization on a beamsplitter can be naturally extended to qudits. Sym-
metrization of two photonic qudits represented by a state of a photon in d different
spatial modes would require an array of d balanced beamsplitters, each mixing
the jth mode of the first and second qudits. It may be more advantageous to work
with time-bin qudits, where the symmetrization would require only one balanced
beamsplitter where the two photons would interfere. Similarly as before, only the
events when the two photons bunch and leave the beamsplitter in the same spatial
port have to be post-selected.

Note finally that the cloning of the quantum state of a single photon using linear
optics was also demonstrated by Huang, Li, Li, Zhang, Jiang and Guo [2001]
using a different approach. In their scheme, both clones were represented by the
quantum state of just a single photon in several modes, so that the two clones
could not be physically separated.

5.3. Universal asymmetric cloning of photons

So far, we have presented various optical implementations of symmetric cloning
machines. In this section we will consider the optimal 1 — 2 asymmetric cloning
of qubits. We will describe two methods, both based on the interference of photons
on unbalanced beamsplitters. The first approach, introduced in Section 3.5, is to
start from the output of the optimal symmetric cloner and convert it into an output
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of the optimal asymmetric cloner, which is given by
1
V2 —2p+2p?
x [1¥)al¥)BlvL) e
— plv)al¥L)sl¥)e — (L= plvL)al¥)slv)c]- (5.24)

Here p € [0, 1] is an asymmetry parameter and the fidelities of the clones in
qubits A and B read

) =

1— 2
R (L7
20— p+pd)
2
p
Fg=1— ——M—— 5.25
i 2(1—p + p?) ©:2)

The symmetric cloner is recovered when p = % and we have
1
NG

1¥)sym = —=[21¥)al¥) BV L) e — V) Al¥L) Bl )C

— Y al¥)slv)c]- (5.26)

Suppose first that the second clone (qubit B) and the anti-clone (qubit C) are
projected on the singlet state |~ ). We obtain

_ 1 _
u®nmwmm=pﬁwmw>m, (5.27)

where [T~ = |¥~)(¥™|. The original input state |v) is perfectly recovered in
qubit A. The projection on a singlet forms a part of the Bell measurement, i.e.
a measurement in the basis of four maximally entangled Bell states. There is an
interesting analogy between eq. (5.27) and the process of quantum teleportation
(Bennett, Brassard, Crepeau, Jozsa, Peres and Wootters [1993], Bouwmeester,
Pan, Mattle, Eibl, Weinfurter and Zeilinger [1997], Boschi, Branca, De Martini,
Hardy and Popescu [1998], Marcikic, de Riedmatten, Tittel, Zbinden and Gisin
[2003]). Indeed, as implied by eq. (3.44), the cloning can be deterministically
reversed by performing a Bell measurement on one of the clones and the anti-
clone and applying an appropriate correcting unitary to the first clone (Bruss,
Calsamiglia and Liitkenhaus [2001]). In the Bell measurement, the singlet is de-
tected with probability % while each of the triplet Bell states is detected with
probability %, independently of the input state.

This full reversal of cloning can be generalized to a partial reversal which con-
verts the symmetric cloner to asymmetric one (Filip [2004a]). The idea is to apply
to qubits B and C afilter [Ty +all ;C’ where a € [0, 1] controls the asymmetry.
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If a = 0 we get projection on singlet and full reversal, while for a = 1 the two
qubits are multiplied by the identity and nothing happens. Let us now consider
arbitrary a. The state after filtering,

|lppr0j> =Ix® (HI;C + an;c)“psym)a (5.28)
can be expressed, after normalization, as follows,
1
|wpr0j> =

V6(a? +3)
x [G+a)y)alv)slvi)e
— G =al)aly)sl¥)c = 2aly)al¥)sld)c].  (5.29)

We can immediately see that this state coincides with the outcome of the optimal
asymmetric cloner (5.24) and p = 3 —a)/(3 + a).

For optical polarization qubits, the filtration (5.28) can be implemented by let-
ting the two photons interfere on an unbalanced beamsplitter and post-selecting
only the events when a single photon is detected in each output port. There are
two ways for the photons to exit the beamsplitter in different spatial modes: either
both photons are reflected or both are transmitted. Unitarity dictates that these
two alternatives acquire a mutual phase shift . If the two photons are in the same
state |/), then these two alternatives interfere destructively, while if the photons
are in orthogonal polarization states there is no interference. The resulting condi-
tional transformation reads

[Wyr)pc — (R—T)|¥¥)Bc,
Y1) — RIYyyL) —TlyLy). (5.30)

It follows that the unbalanced beamsplitter applies the filter /T~ + alI™ with
a = R — T. A schematic set-up of the proposed asymmetric cloning experiment
is shown in fig. 9. Optimal symmetric cloning is accomplished by stimulated para-
metric down-conversion as discussed in detail in Section 5.1. At the output, the
two clones are separated on an auxiliary balanced beamsplitter, and one of the
clones is combined with the anti-clone on an unbalanced beamsplitter. Successful
asymmetric cloning is heralded by a coincident observation of a single photon in
each of the modes A, B and C.

The second scheme for optimal asymmetric cloning (Filip [2004b]) very
closely resembles the scheme for teleportation of polarization states of photons,
see fig. 10. The only difference is that the balanced beamsplitter used in telepor-
tation to perform a Bell analysis is replaced by an unbalanced beamsplitter that
conditionally applies the filter I7_ + all,. The cloning succeeds if a single pho-
ton is detected in each of the modes A, B and C. The initial state in the scheme
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Fig. 9. Optimal universal asymmetric cloning from symmetric cloning. The input photon to be cloned

is obtained from a weak coherent beam. BS — auxiliary beamsplitter; SHG — second-harmonic genera-

tion; C1 —nonlinear crystal; 50:50 — balanced beamsplitter; T:R — unbalanced beamsplitter; WP — wave
plates for input-state preparation; M — mirrors.
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Fig. 10. Partial quantum state teleportation as an optimal asymmetric cloning. The input photon to be

cloned is obtained from a weak coherent beam. BS — auxiliary beamsplitter; SHG — second-harmonic

generation; C| — nonlinear crystal; T:R — unbalanced beamsplitter; WP — wave plates for input-state
preparation; M — mirrors.

shown in fig. 10 is |Y) p|¥ ™) ac, and after the interference on a beamsplitter and
post-selection we get

|Wiroj) = 14 ® (@Il + M) [¥)s|¥ ) - (5.31)
After some algebra we arrive at
~ 1

Wproj) X ————
[P} ¢ V2(1 + 3a2)
x [A+a)y)al¥)slvi)c
— (A =a)y)al¥L)sl¥)c —2aly)al¥)sl¥)c].  (5.32)
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This is again the output state of the optimal asymmetric cloning machine with
p = (1 —a)/(l 4+ a), so the asymmetric cloning can be implemented by means
of a partial teleportation. An interesting feature of this scheme is that one of the
clones is teleported from Alice to Bob so we can speak about cloning at a distance.

The universal asymmetric cloning of polarization states of single photons has
been demonstrated experimentally by Zhao, Zhang, Zhou, Chen, Lu, Karlsson
and Pan [2005] following the scheme illustrated in fig. 10. In that experiment,
a Mach—Zehnder interferometer acted as an effective unbalanced beamsplitter
whose transmittance could be controlled by changing the relative path difference
between the two arms of the interferometer. In this way it was possible to demon-
strate the whole class of asymmetric 1 — 2 cloning machines.

5.4. Cloning of orthogonally polarized photons

It was shown in Section 4.1 that the optimal universal quantum cloning and opti-
mal quantum state estimation are closely related, and that in the limit of an infinite
number of clones the fidelity of cloning is equal to the fidelity of optimal state es-
timation. In this context, a very interesting and surprising observation was made
by Gisin and Popescu [1999], who found that the state of a single qubit can be
estimated better from the state |)|v | ) than from the state [¢)|¢). Picturing the
qubits as spin-% particles, we can say that the information about the direction is
encoded better in two anti-parallel spins than in two parallel ones. The fidelity
of the estimation of |{) from a single copy of the two-qubit state |y)|vr) ) reads
(Gisin and Popescu [1999], Massar [2000]),

1 1
Fl=-(1+—)~0.789, 5.33
- 2( ﬁ) 639

which is slightly higher than the fidelity of optimal estimation from |)|vr),
F = %. Motivated by this observation we may expect that this advantage of two
anti-parallel spins over two parallel ones extends also to cloning. This is indeed
the case, provided that the number of clones is large enough. We shall now de-
scribe the optimal universal cloning transformation which produces M approxi-
mate clones of the state |{) from a single replica of |{)|y| ) and maximizes the
single-clone fidelity.

Making the natural assumption that the output Hilbert space is the symmetric
subspace of M qubits, the optimal cloning CP map S can be determined analyt-
ically for any M (Fiurasek, Iblisdir, Massar and Cerf [2002]). The mean single-
clone fidelity can be expressed as F' = Tr[SR], where R has a rather complicated
form and can be found in (Fiurasek, Iblisdir, Massar and Cerf [2003]). In contrast
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to the universal cloning with input state | )®V, the maximum fidelity cannot be
determined from the maximum eigenvalue of R, and one has to solve the extremal
equations (3.18) and prove the optimality by checking that the inequality (3.19) is
satisfied.

Since the input state of the cloner can be obtained as an orbit of the group
SUQR), |¥) vy = U @ U|0)|1), the optimal cloner is covariant and can be ex-
pressed as follows,

M
W L) = D ajm|(M = DY, jy) @ |[(M = L, j), (5.34)

j=0

where the coefficients o s are given by

1 N V3(M —2j) }
V2ZIM+T)  V2ZMM+ DM +2) |
The cloning machine (5.34) is symmetric with respect to the interchange of [yr)
and |1 ). The cloner requires an ancilla whose size is the same as the size of the
output Hilbert space, i.e., the ancilla Hilbert space is also a symmetric subspace
of M qubits. The ancilla contains M approximate copies of the state |1/ ), and the
fidelity of these anti-clones is the same as the fidelity of the clones. The single-
clone fidelity can be calculated as weighted average of the coefficients ajz.’ M

oy = (_1)1[ (5.35)

M

Y
FL) =Y =Ll . (5.36)
j=0

and after a simple algebra we arrive at

M+2

1

The fidelity monotonically decreases with increasing number of clones M, and
in the limit M — oo we recover the fidelity (5.33) of the optimal state estima-
tion from |y )|¥1 ). Upon comparing the fidelity F; (M) with the fidelity of the
optimal cloner for a pair of identical qubits, Fj(M) = (3M + 2)/(4M), we see
that Fj(M) > F1 (M) for M < 6, while F\ (M) > Fj(M) for M > 6 and the
cloner (5.34) outperforms the standard universal cloner.

We have seen in Section 5.1 that the optimal universal cloning of polariza-
tion states of photons can be realized by means of stimulated parametric down-
conversion. It turns out that the optimal cloning with a pair of orthogonal qubits
as the input can be performed in the same way, if the photons in states |{) and
|41 ) are fed to the input signal and idler ports of the amplifier, respectively, as
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anti—clones
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Fig. 11. Cloning of a pair of orthogonal qubits by means of stimulated parametric down-conversion.

BS — auxiliary beamsplitters; C; — nonlinear crystals; WP — wave plates for input-state preparation;

M — mirrors; PD — triggering single-photon detectors for conditional preparation of single-photon
states.

schematically illustrated in fig. 11. We assume that the parametric amplification
in the nonlinear crystal C3 is governed by the singlet-type Hamiltonian (5.1),
which is invariant under the simultaneous rotation of the signal and idler qubits,
(U®U)HWU" ® UT) = H. Assuming the input state |1)4, [0)4;, 10)5, |15, the
output state after the amplification in the crystal C3 reads

o0
Wour) = Y AM7H(1 = 22) WL ). (5.38)
M=0
where the state with M clones and M anti-clones is given by
M
W) =Y (=DI[(M = j)(1—2%) = %] (5.39)
j=0

X M = Jlay|Dau 7oy IM — j)by s

with A = tanh(kxt) and ¢ the effective interaction time.

In contrast to universal cloning with N identical photons at the input, the state
¥, m) depends on the strength of the parametric amplification A. The cloner
that produces M copies is obtained by post-selecting only the events with exactly
M photons detected in signal and idler spatial modes, which corresponds to the
selection of the state |¥) ps) from the superposition (5.38). The fidelity of the
cloner depends on A,

3y2 —2y(2M + 1)+ 3M(M + 1)

FL(M, y) =
L(M.y) 6y2 —6My + MM + 1)

, (5.40)
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where y = A%/(1 — A%) = sinh?(k1). The optimal parametric gain which max-
imizes the fidelity (5.40) can be found by solving the equation %ﬁ“) =0,
which yields

M 1 |MM+?2)
Yopt = 5T 3 (5.41)

On inserting the optimal y into eq. (5.40) we recover the fidelity (5.37), hence
the optimal cloning of a pair of orthogonal qubits can be achieved by means of
stimulated parametric down-conversion with properly chosen gain.

§ 6. Phase-covariant cloning of photons

In Sections 4 and 5 we have focused on the implementation of universal cloning
machines that clone all states equally well. In many situations, however, one deals
only with a subset of states. An archetypal example is the Bennett—Brassard 1984
(BB84) protocol for quantum key distribution (Bennett and Brassard [1984]),
which utilizes four non-orthogonal states |0}, |1), |0) 4+ |1) and |0) — |1). If we re-
strict the range of admissible input states of the cloning machine, then we can ex-
pect that the machine will exhibit better performance than the universal cloner and
will reach higher fidelity. In this section we shall study phase-covariant cloning
machines which optimally clone all states that are balanced superpositions of the
computational basis states,

) =—= > &%), (6.1)

where the phases ¢; can be arbitrary, see Section 3.6.3.

6.1. Phase-covariant cloning of qubits

The simplest and perhaps most important example is the 1 — 2 phase-covariant
cloning machine which can be used as the optimal individual eavesdropping at-
tack on the BB84 protocol (Fuchs, Gisin, Griffiths, Niu and Peres [1997]). In
contrast to universal cloners, the optimal cloning transformation here depends on
whether single-clone fidelity or global fidelity is taken as the figure of merit to
be maximized. In the context of eavesdropping on the quantum key distribution
protocol, it is natural to consider the single-clone fidelities, since they quantify the
amount of information transmitted to the receiver and gained by the eavesdropper.

The optimal symmetric 1 — 2 cloning transformation for qubits that
maximizes the single-clone fidelity has the following form (Bruss, Cinchetti,
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D’ Ariano and Macchiavello [2000], Bruss and Macchiavello [2001], Fan, Weihs,
Matsumoto and Imai [2002], Cerf, Durt and Gisin [2002], Karimipour and Reza-
khani [2002]):

1 1
10} Ain) — E|O>A|O>B|O>C + E(|0>A|1>B +11)4l0)5)I1)c,

1 1
IDAin) = EH)AH)BH)C + §(|0>A|1>B +11)410)5)10)c- (6.2)

It is a special case of the Pauli cloner, see Section 2.2. The two clones are stored
in qubits A and B, and the fidelity of each clone reads Flpi2 =1+1/V/2)2~
0.855, which is indeed slightly higher than the fidelity of the optimal universal
1 — 2 cloner for qubits, Flufi"z = % ~ 0.833. Note that besides a blank copy
qubit, the transformation also requires another ancilla qubit C. However, in con-
trast to universal cloning, this ancilla is not necessary and one can design a simpli-
fied cloning transformation which achieves the same fidelity and requires only two
qubits: the input and a blank copy (Niu and Griffiths [1999], Durt and Du [2004]).
This is very important from the experimental point of view since it is much easier
to realize a two-qubit transformation than a three-qubit transformation. The eco-
nomic phase-covariant cloner can be obtained by projecting the ancilla C on the
basis state |0) (or |1)). If we project on |0), then we get

10)410)p — 10)410) B,

1410)5 — %(mmng +11)410)5). (63)
An alternative economic cloning transformation can be obtained from eq. (6.3) by
exchanging 0 and 1. Interestingly, the cloning machine (6.3) is optimal not only
for the states on the equator of the Bloch sphere but also for all the states on the
northern hemisphere, i.e., all states cos(6/2)|0) + el? sin( /2)|1) with 0 < /2
(Fiurasek [2003]). The optimal asymmetric cloning machine which produces two
clones with different fidelities F4 and Fp is obtained by breaking the symmetry
in the output superposition of |10) and |01),

10)410)8 — 10)410) 5,
11)4l0)p — cos #|0)4[1)p + sin?[1) 4]0) 5, (6.4)
and the two fidelities can be expressed as follows:

1 1 1
Fjp = 5(1 + sin 1), Fp = 5(1 +cos), V€ [0, En:| (6.5)

The phase-covariant cloning machine that maximizes the global two-qubit fi-
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delity has a structure that is qualitatively similar to the cloner (6.2),

1
ﬁ[|O)A|O)B|0>C + (100411 +11)410)5)[1)c],

1
1) Ain) — 7[|1)A|1)B|1>C + (100415 + 11)410)5)[0)c], (6.6)

and it reaches fidelity

10} Ain) —

pe.G _
Fl—>2 -

univ,G
the universal cloner, F|_ 5~ =

The phase-covariant clonlng can be extended to the case when we possess
N copies of the state and would like to prepare M clones, M > N. The optimal
1 — M phase-covariant cloning machine was determined by Fan, Matsumoto,
Wang and Wadati [2001], who considered the single-clone fidelity as the figure of
merit. The structure of the cloning transformation depends of the parity of M. If

which is again higher than the global fidelity of

L»INAIUJ

M is even, there exist two independent cloning transformations,

0) > M, M/2 — 1), 1) — |M, M/2) 6.7
and

0) — |M, M/2), 1) — |M, M/2+ 1), (6.8)

where |M, k) is a symmetric state of M qubits with k£ qubits in state |1) and M —k
qubits in state |0). Note that there are in fact infinitely many cloning transforma-
tions since any convex mixture of the operations (6.7) and (6.8) is also optimal.
On the other hand, if M is odd then we get only one optimal transformation:

= |M, (M - 1)/2), 1) = |M, (M +1)/2). (6.9)
The resulting fidelity is

~/M(2+M)
2 + , M even, (6.10)

F =
M+1
2 + or M odd.

The optimality of the cloning transformations (6.7)—(6.9) can be proved using the
method that was employed in Section 4.2 to prove the optimality of the | — M
universal cloning machine for qubits. In particular, the single-clone fidelity can
be expressed as F' = Tr[SR], where § is the operator isomorphic to the cloning
CP map and

1 1
R= 1@ M+ Z(W” +11)(0)
M—1

® Y Dux(IM, k+ 1) (M, k| + |M, k) (M, k +1]),
k=0 (6.11)
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where Dy = /(M — k)(k + 1)/ M. The fidelity is upper bounded by the max-
imum eigenvalue rpax of R, F' < 2rmax, and this bound is saturated by the above
phase-covariant cloners.

Fan, Matsumoto, Wang and Wadati [2001] also conjectured the structure of
the general optimal N — M phase-covariant cloning transformation for qubits.
The proposed generalization is straightforward, namely, every input symmetric
N-qubit state |N, k) is transformed to an M-qubit symmetric state |M, k + j)
with the constant j adjusted such that the fidelity is maximized. If N and M have
the same parity, M = N + 2L, then the suggested cloning map is |N, j) —
[M, j 4+ L), and the corresponding fidelity is

Fvou = M2NZ (6T

X(N+L—j)(L+j+1). (6.12)
When M and N have different parities, M = N + 2L + 1, then the two possible
cloning transformations are either |N, j) — |M,j + L) or [N, j) — |M,j +
L + 1), and the corresponding fidelity is

pc
Fyowm = 2N+1 Z \/ ] +1

VIN+L—j+D@L+j+1D
—{—\/(L—}-] +DWN+L-j)]. (613

The optimality of the fidelity (6.12) was proved by D’ Ariano and Macchiavello
[2003] exploiting the generic theory of covariant cloning machines, see D’ Ariano
and Lo Presti [2001]. In contrast, if N and M have different parities, the opti-
mal phase-covariant cloning transformation found by D’ Ariano and Macchiavello
[2003] differs from eq. (6.13).

6.2. Phase-covariant cloning of qudits

Going beyond the cloning of qubits, the I — 2 phase-covariant cloning of qudits
(6.1) was investigated by Fan, Imai, Matsumoto and Wang [2003], Lamoureux
and Cerf [2005] and Rezakhani, Siadatnejad and Ghaderi [2005]. It can be shown
that the optimal cloning transformation for qudits (6.1) has the structure

lj) = aljj)aslj)c \/2(57

d—1
> (1ias + L) as)lDe, (6.14)
I#j
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where a? + 8% = 1. The two clones are contained in qudits A and B while the
qudit C serves as an ancilla. Note that eq. (6.14) is a direct extension of the cloning
transformation for qubits (6.2). The coefficients o and 8 have to be optimized such
that the cloning fidelity is maximized. After some algebra one arrives at

_(1 d—2 >‘/2
\2 2VaiZt4d—4)

1 d—2 12
S _ , 6.15
P <2+2«/d2+4d—4> 1>
and the fidelity reads
1 1 Vd*>+4d -4
F = ittt (6.16)

In contrast to the phase-covariant cloning of qubits, we cannot get rid of the an-
cilla C because if we project the ancilla on the computational basis state |k) then
the conditional map is not unitary. So, for d > 2 it seems impossible to implement
the optimal phase-covariant 1 — 2 cloning in an economic way, without ancilla,
see Durt, Fiurasek and Cerf [2005].

6.3. Optical phase-covariant cloning

In contrast to universal cloning, the optical experimental implementation of
phase-covariant cloning machines has received much less attention. This may
come as a surprise in view of the apparent simplicity of the optimal cloning trans-
formation (6.3). However, the phase-covariant cloning exhibits much less sym-
metry than the universal copying, and methods such as stimulated amplification
or symmetrization cannot readily be extended to implement the 1 — 2 phase-
covariant cloning machine.

It is nevertheless possible to conditionally realize the 1 — 2 phase-covariant
cloning of photonic qubits with linear optics (Fiurdsek [2003]). As usual, the
qubits are encoded into polarization states of single photons, and the state to
be cloned is a balanced superposition of vertical and horizontal polarization,
) = (V) + ei¢|H )) /«/E. Besides the input state, the cloning requires also
a second photon, the blank copy which we assume to be initially prepared in
the state |V). Written in the basis of polarization states, the cloning transforma-
tion (6.3) becomes

VV) = [VV),  |HV)— %(|HV)+ IVH)). (6.17)
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The cloning machine is shown schematically in fig. 12(a). The input photon and
the blank copy are combined on an unbalanced beamsplitter whose transmit-
tance ¢; and reflectance r; for the vertical (j = V) and horizontal (j = H)
polarizations are different. Only the events when the two photons leave the beam-
splitter in different output ports are post-selected. The principle of operation of the
cloner is easy to grasp. If the input |v/) is in state | V'), the two photons at the out-
put must be in state |V V') since the blank copy is initially in the state | V). On the
other hand, if the input to be cloned would be in the state | H) then the beamsplit-
ter would produce a superposition of |[H V') and |V H). By properly choosing r;
this superposition can be made balanced and the conditional map becomes exactly
the unitary (6.17).

M
WP A
| >
pump |
— BS
o
(' V>
B
M
()
M
ly> A
PBS <BS’
B
V> M
(b)

Fig. 12. Phase-covariant cloning using interference of two photons on an unbalanced beamsplitter.

(a) Scheme with a single beamsplitter BS that differently reflects vertical and horizontal polarizations.

(b) Alternative set-up involving a polarizing beamsplitter PBS and an unbalanced beamsplitter BS’
whose reflectance does not depend on the polarization.
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The mixing of the modes on a beamsplitter is governed by the linear canonical
transformations

DT Pt
aj o =Tja; +1;b}, biow="rjbj — t]a]'., (6.18)

with j = V, H and rjz + t]2. = 1. The conditional transformation corresponding
to selecting only the events with one photon in the left output arm (mode A) and
one photon in the right output arm (mode B) reads

VV) = (r§ — ) IVV),

|[HV) = rpyry|HV) —tyty|V H). (6.19)

This transformation becomes fully equivalent to eq. (6.17) if the following condi-
tions are satisfied:

r‘2/ — t‘z/ = \/EVHFV = —\/EtHlv. (6.20)

These constraints imply that ry = ty, ty = —ry and (r‘z, — t‘z,) = ﬁrvtv. On
combining this equation with the normalization r‘z, +t‘2, = 1 we can determine ry .
After simple algebra we obtain

1 1
2
ry=={14+—7. (6.21)
y 2( V3 )
The probability of successfully realizing the phase-covariant cloner is given by
1
P=(rf—1) =3 (6.22)

The required beamsplitter with different transmittances for vertical and hor-
izontal polarizations can be simulated by a Mach-Zehnder interferometer with
polarization-dependent phase shifters in its arms, such as Soleil-Babinet compen-
sators, so that the phase shift and, consequently, the splitting ratio could be con-
trolled independently for vertical and horizontal polarizations. The set-up could
also be modified to work with a beamsplitter whose reflectance is the same for
both vertical and horizontal polarizations. This alternative configuration is de-
picted in fig. 12(b). The signal and blank copy photons are first combined on a
polarizing beamsplitter PBS that reflects vertically polarized photons and trans-
mits horizontally polarized photons. The two beams are then recombined on a
beamsplitter with reflectance r. If the signal photon is initially vertically polar-
ized, then a vertically polarized photon enters each input port of BS. If the signal
photon is polarized horizontally, then it is switched to the right arm and two pho-
tons in orthogonal polarization states impinge on the right input port of BS. The
polarizing beamsplitter ensures that the role of the transmittance and reflectance
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for the horizontally polarized photon is interchanged with respect to the scheme
shown in fig. 12(a). It can easily be shown that this set-up leads to the cloning
transformation (6.17) provided that the reflectance of the beamsplitter is equal to
r2=(1+1//3)/2.

In the experiment, it may not be easy to precisely control the transmittance. It
is therefore important to investigate how the performance of the set-up shown in
fig. 12(b) depends on the reflectance r of the beamsplitter. The cloning transfor-
mation remains phase covariant and the cloning fidelity F is the same for both
clones and does not depend on ¢. However, F becomes a function of r. After
some algebra one arrives at the formula for the fidelity of cloning of equatorial
qubits,

(6.23)

1 [1 N 2r(2r? — 1)@}

F=-
2K —2r2 41

2
It turns out that the cloning is rather robust with respect to the variations of the
reflectance of the beamsplitter, and a cloning fidelity ' > 0.8 can be achieved for
a broad range of beamsplitter reflectances 0.7 < > < 0.9.

In the experiment, the required pair of photons can be produced in spontaneous
Type-I parametric down-conversion and the desired initial states of the photons
can be prepared with the use of wave plates. After cloning, the states of the two
clones can be analyzed by a sequence of wave plates, polarizing beamsplitters,
and single-photon detectors, similarly as in the experiments on universal cloning.

6.4. Experimental 1-to-3 phase-covariant cloning

Remarkably, while the optimal 1 — 2 phase-covariant cloning transforma-
tion (6.2) or (6.3) has not yet been implemented for optical qubits, the optimal
1 — 3 phase-covariant cloning of the polarization state of a single photon has
been demonstrated experimentally by Sciarrino and De Martini [2004]. The set
of cloned states included all linear polarization states cos 8|V) + sin0|H). The
first step in the copying process consisted of the optimal 1 — 2 universal cloner
described in Section 5.1 which produced two clones and one anti-clone. In the
next step, the anti-clone was converted into a clone by applying a unitary trans-
formation oy, with the help of a half-wave plate. The final step was to symmetrize
the state of the three clones by combining the two clones and the anti-clone on a
balanced beamsplitter and selecting only the events where all three photons ended
up in the same output spatial mode. In this way three copies of equal fidelity were
produced.
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The experimentally observed fidelities were F lpi3(|+)) = 0.76 for the state
|+) =27Y2(V) + |H)) and F}* ;(|H)) = 0.80. This should be compared with

the theoretical maximum F' Fi3 = % ~ 0.833. It is also instructive to make a
comparison with the fidelity of the optimal universal 1 — 3 cloner, F/"; = % ~

0.778. One can conclude that the experimental phase-covariant cloning machine
operates very close to its theoretical limit, and for certain inputs it achieves better
fidelity than what would be possible with universal cloning machine.

§7. Cloning of optical continuous variables

In Sections 4-6 we have considered the cloning of quantum states in finite-
dimensional Hilbert spaces. During recent years, however, quantum information
processing in systems with infinite-dimensional Hilbert space, such as modes
of the electromagnetic field, has attracted a great deal of attention (see, e.g.,
Braunstein and van Loock [2005]). In this approach, the quantum information
is usually encoded into two noncommuting quadrature operators x and p which
satisfy canonical commutation relations [x, p] = i. Since these operators have
continuous spectra, one speaks of quantum information processing with continu-
ous variables.

The universal cloning machine for states belonging to infinite-dimensional
Hilbert space can be formally obtained as a limit of the universal cloning machine
for qudits when d — oo. One finds that the single-clone fidelity of the universal
1 — 2cloneris %, which means that the optimal cloning can be achieved by a very
simple strategy where the input state is sent with probability % to the first or sec-
ond output, while the other output is prepared in maximally mixed state. Besides
being rather trivial, this universal cloner is not of great practical interest because
most of the quantum information protocols with continuous variables involve only
the so-called Gaussian states. These states have a Gaussian Wigner function and
their great advantage is that they can be generated and manipulated relatively eas-
ily in the laboratory with the help of linear optical interferometers and optical
parametric amplifiers which produce squeezed and entangled Gaussian states.

7.1. Cloning of coherent states
Among the Gaussian states, the coherent state is perhaps the best known example.

The coherent state |o) can be defined as a displaced vacuum state D(«)|0), where
D(x) = exp((mJf — a*a) is the displacement operator. The coherent state is the
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eigenstate of the annihilation operator, ale) = «|o) and it is also a minimum
uncertainty state. The variance of all rotated quadratures xp = x cosf + psinf
is the same and equal to % The Glauber P-distribution of a coherent state is a
Dirac delta function, so that coherent states are not usually considered as non-
classical states in the quantum-optical sense. Still, they are pure quantum states
and they carry quantum noise. This makes these states suitable for applications
such as quantum key distribution. It has been shown theoretically (Grosshans and
Grangier [2002], Grosshans, Cerf, Wenger, Tualle-Brouri and Grangier [2003],
Grosshans and Cerf [2004], Iblisdir, Van Assche and Cerf [2004]) and demon-
strated experimentally (Grosshans, Van Assche, Wenger, Tualle-Brouri, Cerf and
Grangier [2003]) that secure key distribution can be achieved with coherent states
and balanced homodyne detection.

Let us first consider the optimal Gaussian cloning of coherent states introduced
by Cerf, Ipe and Rottenberg [2000] and Lindblad [2000]. In this scenario, the class
of admissible cloning transformations is restricted to Gaussian operations, which
preserve the Gaussian shape of the Wigner function. Intuitively, one could expect
that the Gaussian cloning should be optimal. This is indeed true if the figure of
merit is the global M-clone fidelity or if the quality of the clones is quantified in
terms of the noise added to the two quadratures x and p (Cerf and Iblisdir [2000]).
However, it has been realized recently that, remarkably, the single-clone fidelity
of the 1 — 2 cloning of coherent states is maximized by a non-Gaussian cloner
(Cerf, Kriieger, Navez, Werner and Wolf [2005]).

We begin with the Gaussian 1 — 2 cloning. We require that the mean values
of the quadratures of the two clones A and B are equal to the mean values of
the quadratures xj, and pj, of the input coherent state «. This guarantees that
the cloning transformation is invariant with respect to the displacements and the
cloning fidelity does not depend on the amplitude «. In the Heisenberg picture,
the most general Gaussian cloning transformation can be written in the form

XA = Xin + X4, XB = Xin + XB, (7.1)
PA = Pin + DA, PB = Din + PB. (7.2)

The operators X4, pa, Xp and pp represent the noise that is added to the two
copies during the cloning process, and they all commute with xj, and pj,. The
quadrature operators x4, pa, Xxp and pp must satisfy the canonical commutation
relations, which implies

[Xa, pBl = —i, [XB, pal = —i. (7.3)
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The Heisenberg uncertainty relation gives a lower bound on the products of the
variances of the noise operators,

1 1
((AZ)*)(App)?) = T ((A%p)*)(ApA)?) = T (7.4)

as shown in Cerf, Ipe and Rottenberg [2000] and Grosshans and Grangier [2001].
The cloning should add noise isotropically, that is, the variance of the x and p
quadratures of each clone should be the same. Since the noise operators are not
correlated with xj, and pj,, the variance of the quadratures (7.2) of the two clones
is the sum of two variances, and the isotropy condition is satisfied if

(A7) = (M%) =7a.  ((ATp)°) = ((App)?) = iis. (7.5)
The two uncertainty relations (7.4) boil down to a single constraint

- 1

nang = 7 (7.6)

The state of each clone is a mixed Gaussian state, namely a coherent state with
added thermal noise with mean number of thermal photons equal ton ;, j = A, B.
The fidelity of cloning can be most easily calculated from the Husimi Q-function,
which is defined as the overlap of the density matrix with the coherent state,
Q(B) = n~1(B|p|B). The Q-function of the jth clone reads (Fiurasek [2001a]),

[ Iﬁ—alz}
— exp| — — |.
n(l +nj) 1+n;

The fidelity can be calculated as Fj (o) = nQ;(a) = 1/(1 + 7). The best trade-

off between the fidelities of the two clones is obtained when the equality holds in
eq. (7.6), and we get

2 P — 2
PR P oy
where y is a parameter which controls the asymmetry of the cloning. The fidelity
of the optimal 1 — 2 symmetric (y = 0) Gaussian cloner is F' = 2/3.

Q) = (7.7)

Fy (7.8)

7.2. Cloning by phase-insensitive amplification

If the coherent states are carried by optical modes, then the cloning can be re-
alized with the use of a phase-insensitive amplification of light (Cerf and Iblis-
dir [2001c], Braunstein, Cerf, Iblisdir, van Loock and Massar [2001], Fiurasek
[2001a], Cerf, Iblisdir and Van Assche [2002]). This is a natural and intuitive re-
sult, because the idealized perfect cloning amounts to noiseless amplification of
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clone A T
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clone B

(a) anti—clone C
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(b) C

Fig. 13. Cloning of coherent states in a nondegenerate optical parametric amplifier. (a) Asymmetric

1 — 2 cloner consisting of a Mach—Zehnder interferometer with a non-degenerate parametric ampli-

fier (NOPA) in one of its arms. The amplification gain and the splitting ratios determine the asymmetry
of the cloner. (b) Simplified scheme of a symmetric cloner.

the coherent state, |o/) — |v/2a). The optimal amplification that adds the min-
imum amount of noise can be performed, e.g., in a nondegenerate optical para-
metric amplifier (NOPA), which transforms the input annihilation operator a as
aout = v Gain + \/mcjn, with ¢ the annihilation operator of the idler mode
in the NOPA. The set-up for asymmetric cloning of coherent states is shown in
fig. 13(a). It consists of a Mach—Zehnder interferometer with an amplifier in one
of its arms. The signal is initially divided into two beams and one beam is ampli-
fied such that the total mean intensity is twice the input intensity. The two clones
are obtained by recombining the two beams on the second beamsplitter. The split-
ting ratios of the unbalanced beamsplitters BS| and BS; and the intensity gain G
of the amplifier can be expressed in terms of the asymmetry parameter y as fol-
lows:

/2sinh y

VA +2sinh2y’
G =1+ cosh(2y),

e
Vit
The set-up becomes particularly simple for a symmetric cloner. In this case
the first beamsplitter disappears and the whole input signal is amplified with

ry=—

(7.9)

rp =
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gain G = 2 and then divided into two modes on a balanced beamsplitter, see
fig. 13(b).

The procedure for symmetric cloning can be readily extended to the optimal
symmetric N — M Gaussian cloning of coherent states. The cloning consists of
three steps. First, the whole signal is collected in a single mode using an array of
N —1 beamsplitters with properly chosen transmittances, |¢)®Y — |v/Na). Next,
the collected signal is amplified with a gain G = M/N. Finally, the amplified
signal is distributed among the M modes with the help of another array of M — 1
unbalanced beamsplitters such that the mean complex amplitude in all modes
is the same and equal to «. The fidelity of this cloner does not depend on «,
and each clone is in a coherent state with thermal noise described by the Husimi
function (7.7). The total mean number of thermal photons in all modesis G — 1 =
M /N — 1, and the noise is equally divided into M modes, hence the thermal noise
in each clone is 7 = 1/N — 1/M. On inserting this into the expression for the
fidelity, F = 1/(1 + n), we obtain

F MN

 MN+M-N’
In the limit of an infinite number of copies, M — oo, we get F = N/(N + 1)
which is the fidelity of optimal estimation of a coherent state from N copies.
Similarly as in the case of universal cloning of qubits (Bruss, Ekert and Mac-
chiavello [1998]), the connection between optimal cloning and optimal state es-
timation can be exploited to prove that eq. (7.10) is the maximal fidelity of the
Gaussian N — M cloning of coherent states (Cerf and Iblisdir [2000]). As shown
by van Loock and Braunstein [2001], it is also possible to clone coherent states via
an extended continuous-variable teleportation. The telecloning requires a specific
multimode entangled Gaussian state that can be generated by mixing single-mode
squeezed vacuum states on an array of unbalanced beamsplitters (van Loock and
Braunstein [2000]).

As noted before, the Gaussian machine depicted in fig. 13 is not the optimal
one if the single-clone fidelity is taken as the figure of merit (Cerf, Kriieger,
Navez, Werner and Wolf [2005]). The optimal non-Gaussian cloner can achieve
a fidelity Fihax = 0.6826, which is slightly higher than the maximum fidelity
achievable by Gaussian transformations, F = % ~ (0.6667. Interestingly, the op-
timal non-Gaussian cloner can be obtained from the set-up shown in fig. 13(b)
if the input ports of the idler mode of the amplifier and the auxiliary mode of
the beamsplitter are fed with a specific non-Gaussian entangled state [{)pc =
Z:io cn|2n)p|2n)c. The coefficients ¢, can be optimized in order to maximize
the cloning fidelity which results in the above value Fyp,x = 0.6826. It should be

(7.10)
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stressed that while the non-Gaussian cloner maximizes the fidelity, the variance
of the quadratures of the clones is higher than for the optimal Gaussian cloner. In
applications such as quantum key distribution with coherent states and balanced
homodyning, where the quantum channel between Alice and Bob is characterized
in terms of the first and second moments of the transmitted quadratures, the aim
of the eavesdropper is to minimize the quadrature variance instead of the fidelity,
and the Gaussian cloning (or its variant entangling Gaussian cloner in case of
reverse reconciliation protocol) can be the most dangerous individual eavesdrop-
ping attack.

7.3. Experimental cloning of coherent states

The first proposal for an experimental continuous-variable cloning machine, due
to D’Ariano, De Martini and Sacchi [2001], seemed quite involved as it re-
quired a network of parametric amplifiers. Recently, the optimal Gaussian 1 — 2
cloning of coherent states was experimentally demonstrated by Andersen, Josse
and Leuchs [2005]. The distinct feature of this experiment is that it does not re-
quire an amplifier, the latter being replaced by a clever combination of measure-
ment and feedback. A simplified scheme of the experimental set-up is shown in
fig. 14. Mode aj, contains the coherent state to be cloned. The beam is split into
two parts on a balanced beamsplitter whose auxiliary input port vy is in vacuum
state. The output annihilation operators thus read

a' = —(ain + Vi,in), V] = —=(ain — Vi,in)-

V2 V2

The output beam v is sent to an eight-port homodyne detector, which con-
sists of a balanced beamsplitter followed by two balanced homodyne detectors.
This detector effectively measures the operator A = v{ + v;, where v; is the cre-
ation operator of an auxiliary vacuum mode. After the measurement, the mode a’
is displaced by the amount A which is in practice achieved by mixing this beam
with a strong coherent beam with amplitude A/+/1 — T on a highly unbalanced
beamsplitter with transmittance 7 =~ 99%. The resulting displaced beam is effec-
tively the amplified input,

Adisp = ‘/Eain + V;.

The cloning is finished by dividing the amplified beam into two parts with the
help of another balanced beamsplitter, thereby preparing the two clones of the
input coherent state. The fidelity observed in the experiment was about 65%, very
close to the optimal value 2/3 ~ 0.667.
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Fig. 14. Cloning of coherent states using only linear optics and homodyne detection. vy, v, and v3
denote vacuum auxiliary input modes, D is a displacement proportional to the measurement . (After
Andersen, Josse and Leuchs [2005].)

7.4. Gaussian distribution with finite width

Up to now, we have assumed that the distribution of the coherent states that should
be cloned is uniform over the entire phase space. However, this is clearly an ideal-
ization, since the mean energy of the input state would be infinite. A more realistic
scenario, considered by Cochrane, Ralph and Dolinska [2004], is that the coher-
ent states are drawn from a Gaussian distribution with width o and centered on
vacuum, so that the a priori probability that the cloned state is |«) is given by

P(a) = Lexp —ﬁ . (7.11)
27no? 202

This occurs for instance in quantum key distribution with coherent states
(Grosshans, Van Assche, Wenger, Tualle-Brouri, Cerf and Grangier [2003]).

If the width o of the distribution (7.11) is finite, then we possess some infor-
mation that can be explored in order to increase the average cloning fidelity. Also,
the probability (7.11) is not invariant with respect to the displacements, so there is
no reason to search for a covariant cloner. The fidelity of the cloner may depend
on the input state, and the figure of merit that should be maximized is the average
fidelity,

F= / P(a)F (o) d%c. (7.12)

It turns out that the optimal finite-width symmetric 1 — 2 Gaussian cloning
transformation is still amplification followed by beamsplitting on a balanced
beamsplitter. However, the gain G depends on o. After the amplification and
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beamsplitting, the coherent amplitude in each mode is «+/G /2 and the mean num-
ber of chaotic photons in each mode is 7 = (G — 1)/2. The fidelity of cloning a
particular coherent state |or) reads

_ 2
o= o] R ]

After averaging over the Gaussian distribution (7.11) we arrive at the expression
for the mean fidelity,

(7.13)

2
F= .
G+1+2022+G —2v2G)

We have to find the maximum of F under the constraint G > 1. It turns out that

there are two different solutions depending on the value of o. If 0% > ot%l =

(1 4+ +/2)/2, then it is optimal to amplify the signal and the optimal gain is

(7.14)

G- _ 589" (7.15)
T (142022 '
On the other hand, if 02 < at%l then it is optimal to simply divide the input signal
into two beams without any amplification, and G = 1. The resulting cloning
fidelity is
40242 2 2
7 lsomn o720 (7.16)
1 02 < 02 :
14+(3-2v2)02’ th

The average fidelity increases monotonically with decreasing width of the distri-
bution (7.11), and in the limit 0 — 0 we get F = 1, as expected.

7.5. Cloning of conjugate coherent states

In Section 5.4 we discussed a cloning machine for a pair of orthogonal qubits.
This device possesses a natural and very interesting continuous-variable analogue,
namely, one can consider a cloning machine for coherent states |«) whose input
consists of N copies of the state |«) and N’ copies of the complex conjugate
coherent state |a™). This problem was analyzed in detail in an even more general
setting by Cerf and Iblisdir [2001a].

Without any loss of generality, we can assume that a pair of arrays of beam-
splitters is used to collect all signal into two modes, and the input state of the
cloning machine thus reads |[v/Na) 4|v/N’a*) g. The goal of cloning is to produce
M copies of |a) with minimum added noise. This could again be accomplished
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with the help of a non-degenerate parametric amplifier. While mode A represents
the signal input similarly as before, mode B is sent to the idler input port of the
amplifier. Assuming amplification with intensity gain G, the output annihilation
operator of the signal mode is given by agy = VGain + /G — 1b;fn. Note that
both terms ai, and b7 in the above formula contribute to the total coherent signal
in agy. If the cloning should be performed with unity gain, then G must satisfy

VM =GN +VG —1VN, (7.17)

and we can easily determine G by solving the above quadratic equation.

A careful analysis reveals that for certain values of N, N’ and M the cloning
with conjugate inputs could be more efficient than the standard cloning of coher-
ent states. To be fair, we should compare the cloning fidelities for inputs consisting
either of N+ N’ copies of |a) or of N copies of |«) and N’ copies of |a*). The ad-
vantage of dealing with complex conjugate inputs could be most easily illustrated
in the limit of an infinite number of clones, M — oo, where the optimal cloning
becomes equivalent with optimal state estimation. It has been shown by Cerf and
Iblisdir [2001b] that when possessing a single copy of |a)|a™) we can estimate
|a) with fidelity Fe.. = %, which is strictly higher than the estimation fidelity
F = % corresponding to the input state |o)®2. In the former case the optimal de-
tection strategy is the nonlocal continuous-variable Bell measurement where the
quadratures x4 + xp and p4 — pp are measured simultaneously.

§ 8. Conclusions

The quantum no-cloning theorem is a crucial aspect of modern quantum mechan-
ics and one of the cornerstones of quantum information theory. Besides its fun-
damental interest for the foundations of quantum physics, the impossibility of
exactly copying an unknown quantum state is crucial for the security of quantum
key distribution protocols. Going beyond the no-cloning theorem, it is possible
to design approximate quantum cloning machines, which enable the copying of
quantum information in an optimal — albeit imperfect — way, an issue which has
attracted considerable attention over the last decade.

This review aims at providing an exhaustive overview of the various quantum
cloning machines that have been introduced since the concept was put forward by
BuZek and Hillery [1996]. The mathematical description of quantum cloning ma-
chines based on the isomorphism between maps and operators is developed in de-
tail. Special attention is also devoted to the experimental optical implementations
of these machines. The cloning of single photons has now been accomplished by
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several groups, and these experiments represent a very valuable contribution to
the toolbox of available optical methods for quantum information processing.

In the course of years, quantum cloning has grown into a genuine subfield of
quantum information sciences, which is still currently very active on both the
theoretical and experimental side. The advanced methods of preparation, manipu-
lation, and measurement of quantum states of light, whose development has been
stimulated to a large extent by the perspectives of quantum information process-
ing, have recently enabled the demonstration of even more complex cloning ma-
chines. In the years to come, we anticipate many new achievements and break-
throughs in quantum information sciences, and there is no doubt that quantum
cloning will play an important role in these future developments.
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