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Abstract. A class of completely positive maps are constructed which perform an approximate
cloning of arbitrary states of a multi-mode quantum oscillator. Inside this class we find the optimal
maps which do the cloning with greatest accuracy. The cloning errors appear in the characteristic
functions of the states as additive Gaussian noise. The construction is extended to multiple clones,
and it is shown that the minimal noise has an upper bound as the multiplicity goes to infinity. It is
also shown that the construction is closely related to the formalism for linear quantum amplifiers
and beamsplitters used in quantum optics.

1. Introduction

The no-cloning theorem points to one of the fundamental and characteristic differences between
classical and quantum information. The theorem says that there is no way of constructing
an apparatus capable of accepting an arbitrary quantum state as input, and as output giving
back the original state plus a copy of some of the information in it. In particular, it is
not possible to produce exact copies of the input states while retaining the originals intact.
This impossibility is a direct consequence of the linearity and non-commutativity of quantum
theory.

A number of different versions of no-cloning theorems have been published, e.g. [1-5].
In particular, the no-broadcasting theorem by Barnum ez al [4] is a very general result. The
idea of broadcasting is that the original state may be a mixed state, and that the two states
in the output are partial states of a composite system, where the full state will inevitably
be entangled in non-trivial cases. In this paper we will use this approach to the copying
problem, and the terms ‘clone’ and ‘copy’ will be used interchangeably. We will also
include the final state of the input system in the clones, the number of which will be two
or more.

There have been a number of studies on copying machines which are optimal in the sense
of producing a final state where the partial states of the clones are as close to the input state
as quantum theory will allow [6—16]. The analysis of the possible final entangled states of the
clones is complex even if we restrict ourselves to spin-% systems. The problem of classification
of cloning operations and the analysis of their accuracy is made more tractable if we restrict
the maps to a set which can be parametrized in a useful way. In this paper we introduce a set
of cloning maps which have a simple parametrization and which act in a particularly simple
way on the characteristic function of the state.
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The basic idea is that the cloning apparatus must contain degrees of freedom which are
not included in the description (as in the case of a measuring instrument), thus the cloning
maps represent the dynamics of an open system, and they belong to the scheme of operational
quantum theory [17]. It follows that the cloning operations will be completely positive (CP)
maps from the space of initial states to the space of entangled final states [10].

The layout of the paper is as follows. Sections 2 and 3 give a short introduction to
the mathematical apparatus used. Section 4 defines a family of Gaussian (quasi-free) CP
maps in terms of matrix-valued parameters. It is convenient to introduce them as acting
on the observables (Heisenberg picture), through their action on the Weyl operators which
represent the integrated form of the canonical commutation relations (CCR). They are, in fact,
defined on all observables in the Hilbert space, and by the standard duality on the full set
of input quantum states defined by density matrices. There is a simple convex structure and
partial order on this class of maps. In this structure there are ‘extreme’ or ‘minimal’ maps
with minimal noise. The value of this minimal noise is related to the uncertainty product
in coherent and squeezed states. In general, the product of two minimal maps will not be
minimal. Section 5 introduces Gaussian CP maps which create a pair of clones out of a
single original system. In section 6 we can then apply a simple criterion for finding the maps
giving the most accurate copies: the maps should be minimal in the sense defined in section 5.
The thus defined cloning maps are optimal in the sense of preserving the expectations of the
canonical variables and adding minimal noise to their variances. This criterion can be applied
both to the entangled final state of the pair, and in a more restrictive way, to each of the
clones.

In section 7 the method is extended to the production of multiple clones, and we can see
how the quality of the clones will go down with the multiplicity. However, the value of the
noise has a limit as the multiplicity goes to infinity which is just twice the value for the twofold
cloning. The multi-clone state is highly correlated, and a quantitative entropy measure for this
is calculated.

In section 8 we describe the relations between the present formalism and the standard
theory of linear amplifiers and beamsplitters in quantum optics. Using a beamsplitter and
amplification of the outgoing beams we can construct a cloning apparatus, but one with a noise
which is not minimal.

Finally, in the appendix the partial order and convex structures of the Gaussian states and
CP maps are described in some detail.

2. Weyl form of the CCR
In this section the necessary notation for the CCR is introduced, for more details see, e.g.,
[18, 19]. Let there be given a 2n-dimensional real Hilbert space H, with vectors denoted by

X,y,...and a symplectic (real skew-symmetric bilinear) form o (x, y) defined on H. In the
standard representation of the CCR and for n = 1 the choice is

o(x,y) = h(x1y; — yix2).
In the following we will set z = 1. The form o is defined by a real skew-symmetric matrix

S: o(x,y) = (x|S]y). Using unitary Weyl operators W (x) = W(—x)' acting in a separable
complex Hilbert space K, we can write the CCR in the Weyl form

W)W =Wy —x) e = W)W ) e, M
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In terms of the canonical operators {X1, ..., X»,} acting in K we have
2n
W(x) = exp{—iX (x)} X(x) =) x;X;
=1

and the self-adjoint operators X (x) satisfy the CCR
[X(x), X(¥)] = 2i(x[S]y) L.

We will assume the matrix S to be non-degenerate, in which case it is possible to choose the
following normal form, in terms of the » x n unit matrix

0o 1,
s=4 ., o ) @)

Then the real linear transformations V in H which leave the CCR invariant

|—

x> Vx VxecH St Visy=¢§

are the Bogoliubov (symplectic) transformations, forming the real symplectic group Sp(2n, R).

The Weyl operators form an irreducible set of operators in XC, and their linear combinations
span the algebra B(K) of all bounded operators in C. We note that the expression (1) has the
following obvious positive-definiteness property (the scalar product is that of X):

D (@ W) W)@ =0 Vx;eH ¢; K. 3)
J.k

3. Gaussian states

This section recalls the most important facts about Gaussian states. See the appendix for
more details, which include some derivations. A state p is uniquely defined by the quantum
characteristic function, i.e. the expectation of the Weyl operator

x(p,x) == (W), = x(p, —x)" xeH

a continuous, complex-valued function of x [19,20]. We assume it to be normalized:
x(p,0) = (), = 1, and write it as an exponential

x(p, x) = exp{—i(x|§) + f(x)} “

where £ € H and f is a continuous function satisfying f(0) = 0, f(x)* = f(—x). The
positivity of a state means that the expectation maps the positive-definite operator expression
(1) into a positive-definite form. This leads to a positivity condition on (4): p is a state if and
only if

D MM (xj,x) =0 Vx;eH i eC

Jk )
P (x,y) = (WX)WH)), = x(p,y — x) explio (x, y)}.

The linear part (x|£) turns out to give a trivial contribution to this condition, it can be left out

in most contexts. The state defined on the Weyl operators extends to a normal state (density

operator) defined on all of B(K).
There is an important class of states defined by real quadratic forms

f(x) = =3(x|F|x)
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with F a real symmetric matrix. The condition (5) can then be transformed into the simpler
but equivalent matrix relation (see Holevo [19] equation (4.14) and theorem 5.1)

F +iS > 0. (6)

This inequality ensures the positivity of the state, the normalization is automatically fulfilled
as x(p,0) = 1, and so is the continuity. We note that the two inequalities F £1iS > 0 are
equivalent, and that we can add them to conclude that F > 0. (For simplicity a Hermitian
matrix with non-negative eigenvalues will be called positive; if it is non-degenerate they are
strictly positive.)

There are other, equivalent, ways of writing the inequality (6). We can represent the
complexification of the real Hilbert space H as a 4n-dimensional real Hilbert space H & H,
and (6) takes the form

FS>O 7
I @)

It is shown in the appendix that this inequality is equivalent to
0< STF'Ss<F. 8)

The class of states defined by (4) and (6) we can call Gaussian, as in [19, 20], or quasi-free,
a term used in the mathematical literature [21]. The average of the canonical operator is given
by the linear term in the exponential of (4): (X;) = &. This term is inessential and removed
by a translation implemented by a unitary Weyl operator

Xi — X — & 1. )

In the following we can restrict the attention to states centred at the origin ({Xy), = 0) in most
places.

The role of the matrix F' and the inequality (6) is readily understood when expressed in
terms of the canonical operators: the variance matrix (for centred states)

(X Xi)y = 5 UXj, X} + X, Xal), = Fjg +1iSje (10)

must be positive. Like the Gaussian random variables of probability theory the Gaussian states
are uniquely defined by their first and second moments. The higher-order moments are given
by a simple formula (see [20] equation (4.4.119)).

The set of matrices F satisfying (6) for given S (and hence (7) and (8)) evidently form a
convex set, and there is a partial order defined by the matrix order:

FF<F & F—-F 20
The matrix F is an extreme element in this convex set if and only if it satisfies
F=S'F's (11)

and it is known that all such elements F are conjugate under symplectic transformations [21].
In fact, with the standard representation of S one solution is Fy = 1/2, and the general
solution F = F'/2FyF'/? where F = 2F is an element of the symplectic group Sp(2n, R).
If we include all translations, these states are the multi-mode coherent states for 7 = 1,
and generally the squeezed coherent states. They are also the pure Gaussian states, and the
minimum uncertainty states in the sense that they give equality in the Robertson—-Schrodinger
inequality (Robertson intelligent states) [22, 23].
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For general F satisfying (6) there are also non-Gaussian states with the same variance
matrix (10), but if F satisfies (11) then the squeezed coherent states are the only solutions.
This is illustrated by taking a convex combination of two Gaussian states: the characteristic
function

x(p,x) = px(p1, x)+ 1 = p)x(po, x) 0<p<l

will not be that of a Gaussian state unless the two states are the same. However, there is a
Gaussian state defined by F = pF; + (1 — p) Fy with the same variance matrix. Of all states
with the same variance matrix the Gaussian state is that of maximum entropy [24].

It is interesting to note the simple relation between the inequality (8) and the entropy of
the state. Recall that the entropy of a quantum state

H(p):=—tr plnp

is a measure of the deviation from purity: the entropy is zero for a pure state and positive for
a mixed state due to the concavity

H(pp1 + (1 — p)po) = pH(p1) + (1 — p)H (po) 0<p<l

with equality if and only if py = p;. In [24] a formula for the entropy of a Gaussian state is
given. First note that from (8) follows directly the following inequality:

1< M:=F'"2s7 T FS~F/2
where M = 1 for pure states. From this it follows that
N:=3iM"> -1 >0.
The formula for the entropy of the Gaussian state p defined by F is then
H(p) = %tr{(N + D In(N+1)— NInN}. (12)

In [24] the entropy is defined in terms of the matrix M’ = S~'"FS~'F = F~'2M F'/2, but
then tr f(M’) = tr f(M) for any function f.

4. Gaussian CP maps

We define a family of Gaussian (quasi-free) maps by their action on the Weyl operators
T: W) > W(Ax)efW (13)

where A is a real 2n x 2n matrix, and g is a quadratic form satisfying g(—x) = g(x)*.
Because the Weyl operators span B(KC), this relation also defines 7 on B(K). These maps
are the quantum analogues of the convolutions with Gaussian measures, and the dual maps
acting on the state space maps Gaussian states into themselves. The map (13) is completely
positive (CP) precisely when the positive-definite quantity (1) is mapped into a positive-definite
quantity, i.e. when the expression

W(A(y —x)) eiU(X-y)+g(y*x) — W(Ax)J'-W(Ay) ei(f(X,y)*iG(Ax,AyHg(y*X) (14)

satisfies (3) [25, 26].

We note that the translations (9) are of the form (13) (A = 1, g(x) = i(x|€)). In the
present context we can leave these out, and it is enough to look at quadratic forms g without a
linear term, defined by a real symmetric matrix G:

g(x) = —5(x|Glx).
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From (14) we obtain an inequality similar to (5); again this can be translated into an
inequality for the exponent. This condition on (A, G) for the map to be CP was given in
[25,26]

G +iS —iATSA > 0. (15)

In particular, putting A = 0 we obtain the condition for a Gaussian state, and all states
are mapped into the single state defined by F' = G satisfying (6). If we let A be a symplectic
transformation, i.e. ATSA = S, then we can choose G = 0, which means that the map (13)
has an inverse which is also CP. In fact, from the expression (13) we can write down the
form of the inverse transformation and see that it is CP if and only if G and (15) are both
Zero.

The maps (13) act in a very simple way on the characteristic functions of the states:

x(p, %) > x(0',x) = x(p, Ax)es™. (16)

In particular, for a Gaussian state p defined by the pair {£, F'}, we find that the final state o’ is
defined by the pair {¢’, F'} where §&’ = £A and

F =A"FA+G (17)
and that the variance matrix (10) for p’ is
AT (F+iS)A+ G +iS —iATSA > 0. (18)

In the standard formalism of quantum optics the same mathematics is represented in a
different but equivalent form [27]. The action of an environment of passive and active linear
optical elements on a finite number of modes of the EM field is described by transforming the
canonical operators for a system plus environment

Xj> X =Y XiAy + N,
k

and the CCR is assumed for the operators { X }}. Using this method one obtains the formulae
above by imposing that the ‘noise’ symbols N has a variance matrix (N; Ny) equal to (15);
here the average denotes an expectation in a ‘reservoir’ state. This matrix describes the noise
coming from the interaction with the environment, but it is the quantum nature of the system
which implies that this noise cannot be zero.

The non-commutative, quantum nature of the system also means there is only a partial
order on the noise matrices, and no unique definition of the minimal noise. Instead there is
a family of minimal G satisfying (15) for the given values of S, A (see the appendix for the
definition). These pure (extremal) solutions G of (15) are obtained in analogy with the pure
Gaussian states. We can write (15) in the familiar form

0<K'GT'K <G K:=A"SA—8§=—K' (19)

and it is shown in the appendix that the minimal solutions of (19) for given (S, A) are the
solutions of

G=K'G'K. (20)

It is evident from (18) that the minimal solutions for the map give a minimal variance matrix
for the final state, given the initial state and (S, A).

The family of Gaussian CP maps (for given H, S) is closed under composition of maps:
let there be two such maps T, T, defined by matrices A;, G, j = 1, 2, then the composite
map T = T T is defined by

A=AA G = G, + ALG A,
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We also find that K = K, + A;K 1A, which means that (15) is fulfilled by T if this is true
for T and T,. However, if both T; and T satisfy the minimal noise condition (20) this it not
necessarily so for the composite map 7. It is true in some cases, for instance if one of the maps
is a reversible symplectic transformation, i.e. K; or K is zero, and the corresponding minimal
noise matrix is zero. Consider the case where K| and K, (and hence K) are non-singular. (The
details are a bit more complex for singular K; and K>, and we will leave them out.) From the
appendix we know that the minimality condition (20) is satisfied by G if and only if G £ 1K
satisfy

(G +iK)G ' (GFiK)=0 (21)
and this is equivalent to G + iK being positive matrices of rank n. Because
G+iK =G, +iK, + A;(Gl +iK)A;

we see that the composite map is minimal if and only if A;(Gl + iK;)A, has a support
projection contained in that of G, = 1K, (of rank n). For positive matrices A, B their support
projections satisfy

AB=0 <& suppA L suppB.

If we use this lemma on (21) applied to G, £ iK, we will find that the conditions on the
supports are fulfilled precisely when it holds that

Al(G) +iK)A2G; ' (G, FiK,) = 0.

These are then necessary and sufficient conditions for the composite map to be minimal; it
is not satisfied in general, not even in the case 7; = T>. A simple example is provided by
the minimal maps (with standard form for §) A; = a;1, G; = |a§ — 1|1/2. We find that
the product is minimal if and only if |a;|, |a;| are either both >1 or both <1 or one of them
=1.

5. The cloning map

A cloning map will take the initial-state space of the oscillator to the final-state space of
two similar oscillators. We will treat the two final systems in a symmetric way, making no
distinction between the ‘original’ and the ‘clone’. In the Heisenberg picture the map goes the
opposite way, from the final system observables to those of the initial system.

We choose the maps to be of the form defined in section 4, for the reasons indicated in
the introduction: this set has a simple parametrization and each map acts in a simple way on
the characteristic function of the state. These facts allow us to find among this set the best
cloning maps; they map each initial state into two clone states which are as close to the initial
state as possible. Here we let ‘close’ mean that they have the same averages for the canonical
operators, while as little noise as possible is added.

The Heisenberg picture version of the cloning map is then assumed to be a Gaussian CP
map T : B(K ® K) — B(K) defined by

W (x1, x2) > W(A1x; + Ayxy) e85 (22)

where g is again assumed to be quadratic, and A, A, are real 2n x 2n matrices. Again the
quadratic form g can be written as matrix elements

g, y2) = —HIG 1) + (121Galy2) + (011K [y2) + (32 K |y1)}
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where G, G, K are real matrices and we can choose G, G, to be symmetric. We find that
W(x1, x2) " Wi, y2) > W(Ax) + Asxa) W (A y1 + Agyy) 50320002)

where the exponent is still a quadratic form

gy — x1, y2 — x2) +io (x1, y1) +io (x2, y2) —io (A1x1 + Azxa, Ary1 + A2 yo).

Using (15) the CP property of the map 7 is translated into the following matrix inequality:

G K (S 0 A0 S 0 A Ay
. +1i —i ) =0
K" G, 0 s Ay 0)\0 s 0 0

and in simplified form
G +iS —iAlSA, K —iAlsA,
+ . >0 (23)
K" —iAlSA, G, +1S —iA55A,

Perfect cloning of all states would be equivalent to the following relations for the partial
transformations on the algebras of observables:

TIW(x,0)] = W(x) TIWQO, 1= W©).

The no-cloning theorems forbid these relations to hold exactly, but we can demand that the
two transformations are as close to the identity map as is possible. With this end in mind it is
clear that we should choose A; = A, = 1in (22). This choice implies that the averages (X ;)
will be the same for both clones as for the input state; it also means that the cloning process is
invariant under the translations (9). With this choice the cloning map (22) is

W(x1, x2) > W(x] +xp) e8&142), (24)

If we apply the cloning process to a Gaussian state defined by a matrix F satisfying (6), we
obtain a final state which is a Gaussian defined by the real symmetric matrix

F+Gy, F+K
F+K' F+G,
which satisfies (7):

F+G+iS F+K -
F+K'  F+G,+iS |~

The partial states of the two clones are also Gaussian and defined by the diagonal terms
F + G and F + G,, respectively. Here G, G, are the ‘noise’ terms coming from the cloning
process, we will minimize them in next section. The off-diagonal term F + K in the block
matrix measures the correlation between the two clones in the final state. We can have an
uncorrelated final state only for a single value of F, setting K = —F.

From (24) we also find how the characteristic function transforms from the initial state p
into a final state p':

x(p,x) > x(p', x1, x2) = x(p, x +XQ)eg(X"X2)_

The characteristic functions for the partial states are obtained from x (p’, x1, x;) by setting one
of the variables equal to zero, and they are just the input characteristic function multiplied by
a Gaussian

x(o1,x) = x(p', x,0) = x(p, x)es™? X (03 x) = x(p, x)esO), (25)
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The Wigner function is a Fourier transform of the characteristic function [20]
W(ps S) = (27[)_” / dx X(p’ X) e_i(xlé) E ceH

with normalization [ d§ W(p, §) = 1. From (25) we can directly find the Wigner functions
of the partial states, they are simply convolutions of the input Wigner function by Gaussian
distributions:

w<p;,s>=/an(p,s—n>gk<n> k=12

Ge(€) := (2m) " (det Gy) ™' exp{— 1 (£1G; ' 18)}.

From the Wigner function we can recover the density matrix of the state in a suitable basis.
This is done by inverting the familiar Wigner formula which gives the Wigner function as the
Fourier transform of a family of density matrix elements [20]. The resulting formulae are
cumbersome in the multimode case, and we leave them out.

We note that for general states the variance matrix (10) is found from the characteristic
functions (differentiating twice), and we see from (25) that the cloning map acts on it in the
same way as it does for the Gaussian states.

6. Noise in the cloning process

The cloning map (24) still has an unspecified exponent g, which includes the noise terms
G, G, which enter into the partial states of the two clones. We can now define what we
mean by a maximal fidelity for the cloning map: a minimal choice of the noise terms G, G,
consistent with (23). We will first describe the minimal property of the noise added in the
final two-clone state, according to the general scheme set out in the appendix, and which was
already used in section 5. After that it is a simple modification to find the minimal noise added
to the two clones separately.
Setting A; = A, = 1l the matrix inequality (23) is simplified into

G, K—iS
>0. (26)
K" —iS G,

This inequality is of the standard form G ) — 1S > 0 if we introduce

; G K : 0 S
S N GRS @7 \s o)

We then obtain the equivalent variant of (26) from (19), S, (Tz) G(_Z; S < G2, and the minimal
solutions of this inequality are found in the appendix to be the solutions of

St Gy Sy = G- 27)

Again, using the standard form for S we find one solution of (27) to be Gy0 = ll4,,/2; a full
set of solutions of (27) is generated as follows. It is shown in the appendix that for any real
symmetric matrix 3 we obtain a solution from equation (A3), here it has the form

G = exp{B—4S}, BSw) (28)

it is also proved there that every solution of (27) is of this form.
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The solutions of (28) give a minimal noise in the composite two-system final state. In
practice we are likely to be interested in minimizing just the noise terms G, G, in the two
partial states. We do this by setting K = 0; this corresponds to choosing a block diagonal B.
In order to see that this is true we note that using the methods of the appendix, equation (26)
is equivalent to

0< (K'—i8) Gy (K —iS) < G».

We can also complex conjugate this inequality, using ST = —S, sum the two inequalities and
divide by 2 to find that
0<K'G'K+S"G['S < Ga. (29)

From (29) and the calculations in the appendix it is clear that if we want to make the noise
terms G, G, for the two clones as small as possible, then we should first choose K = 0,
reducing the quadratic form to

g1, y2) = —3{n1G1ly1) + (121G2ly2)}.
Setting K = 0 in (29) we obtain the following inequality:

0<STG'S < Go. (30)
For any choice of a real positive non-degenerate G there is a minimal solution of (30):

G, =S"G;'S. (31)

The solutions of (31) also satisfy (27) for K = 0. We obtain a family of symmetric
solutions setting G; = G, = G where G satisfies (11). A larger set of solutions is given
by AG| = 271G, = G, A > 0, where G again satisfies (11).

We recall from the previous section that if the initial state is defined by the matrix F, then
the partial states of the two clones are defined by F' + G| and F + G, and their characteristic
functions are given by (25). If F is also a solution of (11), representing a pure initial state,
then we can see how an optimal cloning process defined by minimal noise terms G, G, will
make the clones mixed states, but also that we have the choice of putting more of the noise in
one of the clones, and less in the other.

For general solutions of (31) we can find a transformation in Sp(2n, R) which transforms
G to a diagonal form, while preserving the normal form (2) of S [28,29]. From (31) we then
find that G, will also be diagonal. There is then real positive n x n diagonal matrices D;, D,

such that
Dy 0 D;y' 0
1 2< 0 D2> 2 2( 0 D (32)

In order to see the consequences of this structure as simply as possible, consider the case n = 1.
It is informative to display the solution in the squeezed form

G Lfe 0 G, = \*G
l—a 0K71 2 = 1-

We can thus let the two clones be of different fidelity, but we cannot make two clones which
have high fidelity for two complementary quadratures of the same degree of freedom.

We can easily introduce a formal classical limit by setting 72 = 0; this means that S = 0,
and that all the positivity conditions are reduced to G; > 0, G, > 0. In particular, we can
then choose the Gaussian functions G;, G, in the convolution of the Wigner functions to have
as small variances as we like, and there is no restriction on the accuracy of the copies.
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7. Multiple clones

It is interesting to generalize the formalism to the generation of multiple clones. We will see
that the simultaneous creation of multiple clones is more efficient than a succession of cloning
operations. If we want m > 2 clones in all, the map (24) is replaced by

Wi, Xo, ooy X)) B> W(XD X0+ -+ - X,) 801520000, (33)
We write the exponent in the form

g1 X2, oo X)) = =3 > (|Gl — 51 K jul)
k j#k

where Gy, K = K,jj are real matrices of dimension 2n x 2n, and j, k = 1,...,m. In the
case m = 2 we could choose the cross terms to be zero for a minimal solution, i.e. setting
K = 0in (26); in the general case we have to keep them. Introduce the real matrices, of
dimension 2mn X 2mn:

G =8k G+ (1 —8;1)K jx Semy =1 —8;1)S. (34

For each m > 2 the matrix G, is symmetric, S, is skew-symmetric and non-degenerate, in
fact, det Sy = 27" (m — 1)?*. The inequality (26) is replaced by either of the two equivalent
relations

. Gy Sum
G(m) - 1S(m) 2 0 2 0 (35)
Sy Gm

which again are equivalent to
0< S GomSom < G- (36)

We can then apply the same argument used in section 6, and in the appendix, to find a solution
to the condition for minimality

Sty Giomy Simy = Gmy.- (37)

Again, there is one obvious solution G, o = (S(Tm)S(m))l/ 2. With the standard representation
(2) of S we obtain after some calculations

1 (m—2
G(WI),O = 5 ( m +8jk> 1.

The two parts defined in (34) are then

m—1 m—2
Gy = 1, Kjr = 1y,. (38)
m 2m

We see that in creating an increasing number of clones, the optimum accuracy of the cloning
becomes progressively worse, but with a bound as m — oo which is just twice that for m = 2.
A simultaneous m-fold cloning is definitely better than a succession of m — 1 twofold cloning
operations, but it comes at the price of a highly entangled final state.

We find a representation of the full set of minimal solutions using the methods described
in the appendix. Introduce the real, skew-symmetric and unitary matrix

2
-1/2 -1/2
V=G oSG oo = <—5,»k + Z) 25.
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For any real, symmetric 2mn x 2mn matrix 3 we find a solution of (37) using (A3):

Gy = G(s) = Gl yexp{B — VIBVIG/> | (39)

satisfies (37), and all minimal solutions are of this form.

We will not try to investigate this full set of minimal solutions, but only look at those
which are symmetric under the permutations of the m clones. These solutions are defined by
2n x 2n matrices G, K :

GjZG KijK Vj,k:l,...,m.

We must then choose the matrix B to have the same structure as G, the diagonal (j = k)
blocks of dimension 2n x 2n all the same, the off-diagonal (j # k) blocks all the same. Some
relatively straightforward calculations give the full set of solutions in terms of two arbitrary
solutions Fp, F, of equation (11):

m—1 1
G:—(F|+F2) K:—[(m—l)Fz—Fl]
m m

If our goal is to minimize the noise term in each clone, that is G, it is clear from the discussion
of the convex structure in the appendix that we should pick F| = F,. In particular, for m = 2
we then find K = 0 and thus the family of solutions given in section 6 for the symmetric
case.

We can now apply the entropy formula (12) to the final m-clone state to see that this is,
in fact, a highly correlated state. For simplicity we assume the initial state to be the pure state
defined by Fy = 1/2, and the cloning map to be the minimal symmetric one defined above by
Fi = F, = Fy, hence

m—1 m—2
G=—"2F K =
m

F.
m

The final m-clone state is then defined by the 2mn x 2mn matrix

Foy = F+8,,G +(1— 80K = [2'” +5jk} Fo.

From this expression we can calculate the matrix N defining the entropy (12)
N = F(m) - %]12mn =(m—-1PQ I,

where every element of the m x m matrix P has the value 1/m. Thus P is a projection of
rank 1, consequently N has the eigenvalues m — 1 with multiplicity 2n, and O with multiplicity
2(m — 1)n. The entropy of the final state is then

H(p(,)) =n{mlnm — (m — 1) In(m — 1)}
and the asymptotic behaviour as the number of clones goes to infinity
H(p(,,) — nlnm m — oo.

Each of the clones has a partial state defined by the matrix
3m —2
F =
m

0

and the entropy is determined by the matrix

—1
N=2"

Fy
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with the 2n-fold eigenvalue (m — 1)/m, hence
H(p)) = i{(2m —DIn@2m —1)—(m —1)In(m — 1) — mInm}
m

and the asymptotic value as m — oo is 2n In 2. The correlation in the final state is measured
by the quantity mH (p;) — H (pgm)) which has the asymptotic value n(2m In2 — Inm).

It is clear from these calculations that the final state of the composite m-fold clone system
is highly correlated. This fact will let us use the cloning as the first stage in a ‘minimal
perturbation’ type of measurement process. We can then see the partial state of the clones
as the final state of the measured system, while the m — 1 other clones appear as a ‘pointer’
system where we can choose to make any quantum measurement. The investigation of this
aspect will be left to another occasion.

Without using the correlations, we can determine the final state on m — 1 of the clones using
quantum tomography [30], while still retaining one ‘original’ in this state. Letting m — oo
we will be able to do so with negligible error.

8. Amplifiers and beamsplitters

The formalism of Gaussian CP maps in section 4 can be used for a streamlined derivation of
important relations in quantum optics. When the canonical operators are those describing the
quadratures of one or more modes of the EM field, these transformations will describe linear
amplifiers and attenuators for light beams. Standard derivations use the CCR of the relevant
modes and their environment to derive the properties of the quantum noise (see, for instance,
[27,31,32]). Such considerations are automatically included in the description of the open
quantum system dynamics given by the formalism in section 4. Thus the relation (15) contains
the fundamental amplifier uncertainty principle of Caves [31]. However, due to the matrix
nature of the inequality, it sums up the different cases (phase preserving, phase conjugating,
multimode case, etc) in a simple way.

Matrix A describes the amplification or attenuation of a radiation mode due to the
interaction with the environment, while G is a measure of the noise introduced by the
amplification due to the quantum nature of the dynamics. Take a simple example, with a
single mode (n = 1), and the basis is chosen such that A is diagonal, in which case the family
of minimal G will also be diagonal. We find that (15) now reads

< G, i(1—A145)/2 )
>0
—i(1 — A14,)/2 G

where G;, A; € R, and that an equivalent form is GG, > (1 — A1A2)2/4, which can be
compared with the relation (3.35) in Caves [31], with due regard of the different notation
(interchanging A and G and a renormalization). In particular, if AjA, = 1 then the
transformation A is symplectic, i.e. preserves the CCR, and the lower bound on the noise
is zero.

There is also a considerable similarity of the cloning map approach of section 5 to the
formalism used in quantum optics to describe beamsplitters (see, e.g., [33]). In a lossless
beamsplitter two ingoing radiation beams, each with one or more modes, are transformed into
two outgoing beams in a reversible way, i.e. one conserving the CCR. In our formalism there is
first a reversible transformation from the Weyl operators of the two outgoing systems to those
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of the two incoming systems:
W (x1, x2) > W(x], x3)
x; = Byjx; + Biaxy Xy = Byjx; + Bynxs.
The conservation of the CCR says that
B! SBi + B} SBy = B/,SBiy+ Bl,SBn = § Bl SBiy+ B} SBy =0 (40)

(and the higher coefficients of the latter equation). If there is just the vacuum state in one of
the incoming beams, then we should average over this initial state (for the x/ variable):

W (x], x5) > W(x)) exp{f(x3)}.

Comparing this expression with (22) we find that g(x;, x2) = f(Bz1x1 + Bx») and finally
G| = B} FBy Gy = B),FBy K = B} FBy.

We can now compare with (23), using (40), to find that this expression is equal to

( Bl (F +iS)By; B} (F +iS)By ) o

(4D
B, (F +iS)By  BJ,(F +iS)Bx

It is clearly enough that F +1iS > 0, which is fulfilled when we set the QHO ground state
for the incoming vacuum beam F = 1I/2. This condition is also necessary when the B; are
non-degenerate.

It is quite natural to ask if we can obtain the cloning maps in section 5 through the action
of an ideal beamsplitter followed by an amplification of the two output beams. We can choose
a symmetric beamsplitter and pick a phase shift (necessary to preserve unitarity)

B B B B 1
11 =Dbp=—0b =byn=—F
V2
and find G, = G, = F/2 = 1/4. We then have to amplify each of the two outgoing
beams, setting A = V2 1, with a minimal noise matrix, from (15), which we can choose to be
Go = F = 1/2. The total noise matrix for each beam is then G = Go+ ATFA/2 = 2F =1,
to be compared with the minimal noise G = F = 1/2 given in section 6.
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Appendix

In this appendix we collect some useful results for the Gaussian states and Gaussian CP maps.
For more background material see, for instance, [19,22,23,28,29]. We return to the matrix
inequalities of the equivalent forms (6)—(8). The set of solutions to these inequalities (for a
given S) has a partial order and a convex structure. We need to identify the solutions which
are minimal in the partial order; these solutions can be interpreted as the pure Gaussian states
(section 3). It will be shown that the minimal solutions are precisely the solutions of the
equality (11). The method is then modified to deal with the inequalities (15), (26) and (35) for
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the Gaussian CP maps. The minimal solutions are the Gaussian CP maps with minimal noise
(section 4), and they satisfy relations like (20), (27) and (37).

In the following F and G denote real, symmetric and positive matrices in the 2n-
dimensional Hilbert space 7. When S is the standard, non-degenerate symplectic form (2),
then any solution F of (7) must also be non-degenerate, i.e. all eigenvalues are strictly positive.
The invertible real transformation

1 —F's
V= detV =1
0 1

gives to (7) an equivalent block-diagonal form

F S F 0
1’4l ) V= >0
st F 0 F-S'Fls

which is clearly equivalent to (8). Now assume that 0 < F < G. It is then known that
0 < G~! < F~!. In order to see this, note first that it is obvious for G = 1, then replace
F by G"Y2FG~/? to obtain the statement. It follows that if F satisfies (8), then so does
G. Furthermore, if F satisfies (8) and G satisfies the equality (11), i.e. STG™!S = G, then
F = G. Thus we find that the solutions of (11) are minimal solutions of (8).

We can add a converse statement. If G satisfies (8) but STG~'S # G, then we can find
a F < G such that (11) holds. The calculation is simple: the real skew-symmetric matrix
Sy := G~Y28G~1/2 is still non-degenerate, and

G =(S$N'? = SG'si=6 <1

Then check that F := G'/2GG'/> < G satisfies (11) with the original choice of .

There are other useful characterizations of the solutions of (11). From (6) and (8) it follows
that det F > det S and that equality holds precisely for the solutions of (11) (see the appendix
of [22]). Introduce the self-adjoint matrices

Wy = {1+iF '2SF~'2)
Using (8) and (11) we find that W, + W_ = 1l;, and that
Wi> Wy W, W_ >0

where equality holds in the two inequalities precisely when (11) is fulfilled. Thus, for the
solutions of (11) the two matrices W, are two complementary projections, each of rank .
From this it follows that F' &£ iS are two positive matrices which are of rank n precisely when
(11) is fulfilled.

If we use the standard representation (2) of S, then S*S = 1/4, and one solution of the
minimality relation (11) is Fy = (S7S)!/?2 = 1/2. This choice in (4) gives the characteristic
function for a multimode coherent state (the vacuum state if £ = 0). A way of finding the full
range of solutions of (11) is provided by the following argument. Normalize the matrix F to
determinant 1: F = 2F, use (2) for S, thus obtaining the form

F=4S8"F's

for (11). We can rewrite this relation as FSF = S, and with FT = F' = F we see
that F is a symplectic transformation. It also follows that F = F/2FyF'/2, and this is a
solution of (11) for any positive symplectic transformation F. Thus the general solution of
(11) is a symplectic transform of the coherent minimal solution, i.e. a squeezed multimode
state.
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There is also a convex structure associated with the solutions of (8), and the equivalent (6)
and (7). If we have two solutions { Fy, F}, then for every 0 < p < 1 the convex combination
F, = (1 — p)Fy + pF) satisfies the same inequality. We say that F' is an extreme element in
this convex structure when F = (1 — p) Fy + pF) for some p implies that ' = Fy = Fj. Itis
then easy to see that F' is an extreme element if and only if it is a minimal solution. To show
this, first a little lemma: let A, B be positive and non-degenerate. For all 0 < p < 1 it holds
that

(1=p)A+pB) ' <(1-pA'+pB™!

with equality if and only if A = B. First, consider the case B = 1, then the statement
follows from the spectral resolution for A. Then replace A by B~!/2AB~!/2 and we obtain the
statement. We now know that

STF'S < —p)STF'S+pSTF'S< (1 - p)Fo+pFi =F

where the first inequality is an equality if and only if F; = F;. We conclude that if
F is minimal, then it is also extreme. Conversely, if it is not minimal, then there is a
non-zero real symmetric positive A such that ' = A are both solutions of (8), and then
F=(F+A)/2+(F—-A)/2.

In discussing the properties of Gaussian CP maps it is interesting to also apply the previous
arguments to the case where S is allowed to be degenerate, i.e. it is a general real, skew-
symmetric matrix. Let P be the support projection of SS; it must be real and symmetric. We
must clearly let P be contained in the support of F such that the expression STF~1S is well
defined. If we assume (8), we can use the inequality

(PFP)"'< PF'P
to conclude that P F' P also satisfies (8). The proof of the inequality is simple. Let
Ix) € PH ly) = Flx) e H lz) ;== (PFP)7!|x) € PH.
Then the statement follows from
(y—zlFly —z) = (ylx) = (z|x) =2 0 Vix) € PH.

From this result it follows that for finding the solutions of (11) we can restrict ourselves to
matrices F in the subspace PH, and define the matrix inverse in this subspace. One solution
of (11) is still Fy = (S7S)!/2. Introduce the following matrices with support in PH:

=12 12 [ /Ry
F:=F, "FF, Vi=F ""SF, "".

We then find that V is real and skew-symmetric with ViV = —v? = P, while F is a real
positive (hence symmetric) matrix which satisfies

F=ViFly. (A1)

An explicit construction of all the solutions of (A1) proceeds as follows. First we note that any
positive F is of the form F = P exp L for a real symmetric £. In the subspace PH it holds
that det V = =£1, and from (A1) it follows that det 7 = %1, and as F > 0 the only solution
is det F = 1. This means that £ is traceless. Thus, any solution of (A1) is of the exponential
form for a real symmetric traceless £ € PH. Clearly F~! = P exp(—L), and by considering
the power-series expansion of the exponential it is clear that

VIFly = pe V'Y,
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The equality (A1) then implies that
L+VILV =0. (A2)

Conversely, it is clear that any real symmetric £ which satisfies (A2) will be traceless and
define a real positive F of determinant 1 which solves (A1). We now find all the solutions of
(A2); for each real symmetric matrix B in PH the combination £ = B — VBV is traceless
and satisfies (A2), and every solution of (A2) is of this form (choose B = £/2). Consequently,
we have found all the solutions of (A1). Finally, returning to the original problem, we obtain
that the solutions of (11) are precisely the matrices of the form

F=F,”exp{B— V' BV}F,. (A3)

We can then easily adapt this form to find all the solutions of (20), (27) and (37).
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