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Abstract

In this project, quantum cloning machines are analyzed that take in N quantum systems in the same
unknown pure state and output M quantum systems with M > N, such that the output best resembles
the ideal, but impossible output of an M-fold tensor product of the pure input state. The proof of
Keyl and Werner is reviewed in which a unique optimal solution is constructed, both in the case where
the quality of the cloning is determined by the entire output, and in the case where the quality is
determined by measurements on a single clone. Furthermore, it is shown that previous work on qubit
cloning machines is a special case of the presented optimal solution.
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Introduction

The invention of the digital computer in the 20th century was revolutionary. With its ever-growing
processing power and storage capabilities, it enabled the scientific community to construct numerical
models of the laws of physics that could be computed to incredible precision; it allowed us to land a
man on the moon. However, with the advent of quantum mechanics, two hurdles appeared: firstly, our
computer chips have steadily become more powerful whilst not growing in size, by shrinking the size of
transistors, but this process has a limit. Once the electronics become small enough, the laws of quantum
mechanics and its effects such as electron tunneling become apparent. Secondly, our classical computers
are fundamentally ill-equipped to simulate quantum effects: Feynman pointed out in [Fey82] that the
amount of processing power and storage capacity to simulate quantum systems grows exponentially
with the size of the quantum system, thus rendering it unfeasible for a classical computer to simulate
larger quantum systems.

However, the very quantum mechanics that appear to cause fundamental problems in computing
technology also offer exciting solutions: the quantum computer, and quantum internet. Feynman first
conjectured that a quantum computer might be capable of simulating quantum effects efficiently in
[Fey82], and Lloyd proved that this is indeed the case in [.1096]. Not only is the quantum computer
efficient in simulating quantum mechanics, it can be more efficient in certain other tasks than the
classical computer. An example of this is Shor’s algorithm [Sho99], which allows one to perform prime
factorization in polynomial time on a quantum computer, whilst the current fastest algorithm for a
classical computer runs in sub-exponential time according to Lee and Venkatesan [LV18]. With recent
developments such as IBM’s @ System One and Google’s Bristlecone quantum processor, progress is
achieved towards commercially viable quantum computers.

Along with the development of quantum computers, the QuTech research centre, a collaboration
between the Delft University of Technology and the Dutch Organisation for Applied Scientific Research
(TNO), is also researching the possibilities of quantum networks, and has published a roadmap towards
quantum internet: see [WEHI18]. One of the promising features of such a network is secure commu-
nication: due to the unique phenomenon to quantum mechanics called entanglement, it is possible to
construct communication channels such that eavesdropping becomes impossible — not just incredibly dif-
ficult, on which classical encryption is based, but strictly prohibited by the laws of quantum mechanics
itself.

The technological effort to implement quantum mechanics rests on the fundamental research into
quantum information: the possibilities and impossibilities of manipulating and communicating infor-
mation using quantum mechanical devices. It is thus of great importance to investigate the laws and
consequences of quantum theory. A range of theoretical and impossible tasks in quantum mechanics
have been investigated: a teleportation device, cloning device, joint measurement device, and Bell’s
Telephone. These impossible devices have a hierarchy, in the sense that if one could construct a tele-
poration device, one could build a cloning device from this, and then a joint measurement device, and



finally Bell’s Telephone. As Bell’s Telephone violates our principle of causality, this chain is reversed
in a set of no-go theorems: none of these machines are possible in quantum mechanics, see for example
[ABHT03, Chapter 2, page 14].

The cloning machine is a particularly interesting impossible machine. If we were capable of cloning
perfectly, surely the scientific landscapes of quantum error correction and quantum encryption would
look completely differently. As Buzek and Hillery described it in [BHOS]:

"The most fundamental difference between classical and quantum information is that while
classical information can be copied perfectly, quantum information cannot."

It was first proven by Wootters and Zurek that it is impossible to construct such a device that can
clone an arbitrary qubit perfectly [WZ82]. Given the fact that we cannot clone perfectly, naturally the
question arises how well we can perform cloning, and whether this cloning capability increases when
we restrict ourselves to a smaller set of possible qubits. For example, Buzek and Hillery looked into
building a universal quantum copying machine that takes in a qubit and produces two qubits, with the
interesting property that the machine has a performance independent of the state of the input qubit
[BI96]. On top of that, they looked into copying qubits in the case that the input qubits are all close
to a pre-defined state. Extending the problem to N input qubits and M output qubits (with M > N),
Gisin and Massar looked at optimal cloning devices, where they tested optimality by looking at one of
the output clones [GMI7].

Not much later did Werner publish an article in which he presented an optimal cloning device that
takes in N quantum states and produces M quantum states (with M > N), where the states were no
longer restricted to the qubit case, but instead to states on any finite-dimensional Hilbert space [Wer98].
The measure of optimality looked at the performance of all clones, and a year later Keyl and Werner
published an article in which the same cloning device was proven to be optimal with respect to the
performance of one of the output clones [KW99].

In this thesis, the problem of quantum cloning is analysed along the lines of the argument presented
in [Wer98] and [KW99]. The aim of this thesis is to review the proof of optimal cloning presented
by Keyl and Werner, and to juxtapose the differences between testing for optimality by considering
the performance of all clones and by considerig the performance of one clone. It further describes the
underlying symmetries of this problem, which play a powerful role and were already mentioned by Gisin
and Massar in their conclusion [GM97]. Lastly, it connects the work of Buzek and Hillery [BT96] on
cloning one qubit to two qubits with the work of Werner, indeed showing that the proposed cloning
map of Buzek and Hillery is in fact identical to the one first proposed by Werner.

In Chapter 2, all necessary mathematical and physical concepts are introduced. Although the reader
is invited to read through these tools, it is not necessary to closely study them: whenever the theory
from this chapter is necessary, the relevant theory will be referenced in the paper.

In Chapter 3, the No-Cloning Theorem is stated and a proof is provided. In this chapter, an
intuitive connection to the figures of merit that will be used to test the copying devices is also provided.

In Chapter 4, the quantum copying problem is fully specified, and the figures of merit that will
determine the performance of a cloning device are introduced. Furthermore, a description of the optimal
cloning map is provided.

In Chapter 5, the underlying symmetries of the problem are fully analysed.

In Chapter 6, the optimal cloning map itself is studied: firstly, it is proven that the cloning map
is in fact an admissible quantum operation, secondly the symmetries of Chapter 5 are connected to the
cloning device, and thirdly the performance of the cloning map with respect to the figures of merit is
calculated.

In Chapter 7, the optimality of the proposed cloning map is proven.

In Chapter 8, the input system is restricted to one qubit, and the output system restricted to two
qubits. The optimal cloning device of Keyl and Werner [KW99] is then compared to a cloning device
that copies orthogonal states perfectly (the "Wootters-Zurek quantum-copying machine", as Buzek and
Hillery [BH96] call it), and it is proven that the universal quantum copying machine proposed by Buzek
and Hillery is indeed a special instance of the optimal cloning device of Keyl and Werner.

Lastly, a conclusion and discussion is provided in the Conclusion 9.



Description of necessary
mathematical tools

Before proceeding in our enquiry into optimal quantum cloning, it is imperative to discuss the mathe-
matical tools and spaces that will be used intensively throughout this paper.

2.1. ON QUANTUM MECHANICS

Let us first build the quantum mechanical framework in which this research takes place. To be complete,
we first take a look at closed quantum mechanical systems (that is, systems that are perfectly insulated
from their environment), and then naturally extend these notions to a more suitable framework for open
systems.

2.1.1. QUANTUM MECHANICS OF A CLOSED SYSTEM
We will consider quantum systems that are modelled by finite-dimensional complex Hilbert spaces.
Hence, let us commence from this viewpoint:

Definition 2.1.1 (Hilbert space). [Dri03] A complex Hilbert space is a complex inner product
(vector) space (H, (-,-)) such that the Hilbertian norm ||z|| := /{(x,x) is complete.

A quantum state of a quantum system is modelled by a ray Ct in H, which we normalize to unit
length. Thus, the vectors 1,1’ € H with unit length represent the same quantum state if and only
if there exists a 6§ € [0,27) such that ¢ = e¢/. We will often use the Dirac bra-ket notation, in
which vectors are denoted by | - ) € H, where - can be any symbol (or string) to label the state. This is
convenient notation, as linear functionals (row vectors, if a basis is chosen) can be denoted by ( - | € H*,
such that inner products are written as (- | -).

In order to manipulate quantum states, we need a notion of the dynamics of a quantum system. Let
us introduce:

Definition 2.1.2 (Operator on H). An operator on H is a linear map A : H — H

In the general case of a (not necessarily finite-dimensional) Hilbert space H, operators on H may be
unbounded, that is, there may not exist a ¢ > 0 such that [|Ay| < ¢||9|| for all ¢ € H. However, in the
finite-dimensional case, all operators are bounded (see for example [Lanl7, A.6]). Thus, in our finite-
dimensional case, the algebra of all operators on H coincides with the algebra of all bounded operators
on H, which we will denote by B(H).

Quantum systems that are closed to (i.e. have no interaction with) the outside world are transformed
by unitary operators on H. The observables of a quantum system are self-adjoint operators on H:

Definition 2.1.3 (Adjoint operator on #). Let A € B(H). The adjoint operator A* is defined by
the equation

(A%¢, ) =(o, AY) Vo, v eH (2.1)

3



2.1. ON QUANTUM MECHANICS 4

In our finite-dimensional case, the matrix representation of A* can be obtained by choosing a basis of
‘H, and taking the conjugate transpose of the matrix representation of A.

Definition 2.1.4 (Self-adjoint operator on H). An operator A on H is called self-adjoint if
A* = A.

Lastly, let us introduce positive operators, which we will need shortly:

Definition 2.1.5 (Positive operators on #). Let A € B(#H). Then A is said to be positive if Vi) € H:
(¥, Ay) = 0.

We will sometimes choose to write A > 0 to indicate that A is a positive operator, and also A > B
if A— B > 0, that is, the operator A — B is positive. Note that any positive operator on H is also
self-adjoint, see for example [Fasl1, Ch. 2].

So far, we have seen the states ¥ of a quantum system #H, which are transformed (if the system is
closed) by unitary operators U on H, and whose observables are self-adjoint operators on H. However,
we have not yet considered interactions between quantum systems (as we have so far considered a closed
quantum system). We now wish to broaden this picture to include so-called mized states, as opposed
to the states that we have defined so far, the so-called pure states, and we need to develop methods to
consider the coupling of multiple quantum subsystems into larger quantum systems. The key to this is
the introduction of density matrices.

2.1.2. QUANTUM MECHANICS OF AN OPEN SYSTEM

Previously, we modelled states (which we will now call pure states) as vectors ¢ € H (up to a phase
factor) with ||| = 1. Along with a state comes a linear functional fy, : B(H) — C, with fy(A4) =
(¢, Ay) for any A € B(H). This map assigns to each observable its expectation value and linearly
extends to all of B(H). This is well-defined, because if 1) and ¢’ describe the same quantum state,
there exists a § € [0,27) such that ¢ = €%’ and the complex phase factor drops out such that
(Y, AY) = (@', AY"). Conversely, according to [Janl0, p.7], if fy = fy, then ¢ = ¢y’ for some
0 # ¢ € C, and by our constraint that both have unit length, this means that ¢ = €1’ for some
6 € [0,27), which represent the same quantum state. Thus, we could equivalently use these linear
functionals to describe pure quantum states.

Note that fy is linear, positive in the sense that A > 0 = f,(A) > 0, and normalized in the
sense that fy(Idy) =1 as we chose ||¢|| = 1. We can now naturally extend our notion of (pure) states
to any linear, positive, normalized functional f : B(H) — C. According to [Janl0, p.16], for each such
an f we can find a unique positive operator p on H with Tr [p] = 1 such that

f(A) = Tr [pA] VA € B(H) (2.2)
We call p the density matrix.

Definition 2.1.6 (Density matrix on #H). A positive operator p on H is called a density matrix if
it has Tr[p] = 1. In the case we have a pure state 1)) € H (up to a phase factor), the density matrix is
given by p = [¢) (¢|. In the case we have a mixed state,

p= sz‘ |vi) (il (2.3)

where the system has probability p; to be in state [¢;), and thus we have >, p; =1 and all p; > 0.
The space of all density matrices will be denoted by S(H) C B(H).

Although we now have a more general way to describe both pure and mixed states on H, we have
not yet provided a way in which different quantum systems can interact with one another. In order
to do so, we first describe how one can bring together multiple quantum systems and view them as
subsystems of a larger quantum system by using tensor products, and then we will describe operations
between quantum systems.
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Let us commence with defining tensor products; we offer two equivalent definitions.

Definition 2.1.7 (Tensor product). [Frel2] Let V and W be vector spaces over a field F. Let
F(V,W) denote the vector space of all linear combinations of points (v, w) with coefficients in F, i.e.
functions V' x W — F vanishing at all but finitely many ordered pairs. Let R(V, W) be the subspace
spanned by all elements of the form:

A, w) = (v, w) ; Av,w) = (v, \w) (2.4)
(v, w1 + ws) — (v,wr) — (v, ws) : (v1 + vo,w) — (v1,w) — (ve, w) (2.5)

for all A € F, v,v1,v2 € V and w,wi,we € W. We define the tensor product space V@ W :=
F(V,W)/R(V,W) as the quotient space, such that we have the structure

(A +v2) @w = Av1 @W) +v2 @ W ; v® (Awy +w2) = A(v®@wi) + v @ ws (2.6)
for all vy, v9,v € V, wi,we,w € W and X € F.

Definition 2.1.8 (Tensor product). [FH04] The tensor product of two vector spaces V and W over
a field is a vector space V ® W equipped with a bilinear map ¢ : VX W = V@ W, v X w — v ® w,
which is universal: for any bilinear map 8 : V x W — U to a vector space U, there exists a unique
linear map 3: V ® W — U such that v ® w is mapped to Bv,w).

Thus:

VXWLV@W

I,

U

AsU@ (VW)= (U®V)® W, we can safely write U @ V @ W for any three vector space U, V, W.
We will often discuss n-times tensor product Hilbert spaces, i.e.

H" =HOH® - OH (2.7)
N—_——

n

When we bring quantum systems #; and Hs, together, and view the new system as H1 ® Ha, we need
to be able to understand how operators work on this new space:

Definition 2.1.9 (Tensor product of operators). Given two vector spaces V and W, and their
tensor product V @ W. Consider an operator A on V and an operator B on W. We define the operator
ARB: VW =V W by:

(A® B) (Z ;U; ®wi> = Z%‘A(%‘) ® B(w;) Vo, eV, Yw, e W, Va; € C (2.8)

When we wish to describe a combination of quantum systems through density operators, we can
now construct a natural way of discussing the entire quantum system by tensor products of density
operators.

In order to do so, note that for Hilbert spaces (H1, (-,-)1) and (Ha, (-, )2), we can construct H; @ Ha,
which is again a Hilbert space with respect to the inner product defined by:

<Z Qui. Y B, ®w3-> =" S o, Bivhh - (wi s wh)a (2.9)
i J i

where v;, v; € V, w;,w; € W and «;, B; € C. Note that, as both (-,-); and (-, -)2 are inner products, the
distribution of scalars on the right-hand side is arbitrary. We left the scalars inside the inner product on
purpose; this makes the definition independent of the choice of which argument has conjugate linearity
and which has linearity in the sesquilinear inner products.
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Proposition 2.1.10. Given Hilbert spaces (Hi,{-,)1) and (Ha, (-,-)2) and density operators p € S(H1)
and o € S(Hz) . Then o ® p is again a density matriz on the tensor Hilbert space Hi @ Ho.

Proof. Note that (p® 0)" = p* ® 0* = p®R o0, thus p® o is self-adjoint. We prove that p ® o is positive,
and has trace unity. For positivity, note that all eigenvalues of p ® o are precisely of the form A;u;,
where )\; is an eigenvalue of p and p; an eigenvalue of o, see for example [Sch13, p.9]. Because both p
and o are positive Hermitian operators, all their eigenvalues are nonnegative. As p ® ¢ is Hermitian,
and all eigenvalues are of the form \;u; > 0, we conclude that p ® o is positive.

For trace unity, we can directly calculate, using the fact that

{ei®fj€7'[1 QHe 5 ie{l,....d1},5€{1,...,d2}} ; d; = dimH,; (2.10)
is a basis for 11 ® Ho if {e;} and {f;} are bases for 71 and #,, respectively. Thus:

di  do di do
p®0 Zzez@)f], P®U) 61®fj Zzelapel '<fj70(fj)>2: (211)
d1 do
Z<€i ; plei)h Z(fy s o(fi))2 =Tr(p) - Tr(o) =1 (212)

O

Thus indeed, our descriptions of H1, Ho with density matrices p and o respectively, naturally extends
to the description of H; ® Ha by density matrices p ® o.

We have now developed ways to join quantum systems through tensor products, and are capable of
operating on these new spaces. The last key element is to build a framework that allows us to describe
all possible quantum operations, which should thus include operators on quantum systems, but also
bringing quantum systems into contact (through tensor products), and "forgetting" about a part of a
system, i.e. never interacting with this subsystem '. To develop the framework of quantum operations,
we will discuss the formalisms of the so-called Schrodinger picture and the Heisenberg picture.
Roughly speaking, in the Schrodinger picture we will transform states (equivalently, density operators),
whilst the observables remain fixed, whilst in the Heisenberg picture we will transform observables
while the states remain fixed. Throughout this article, both pictures are used interchangeably, thus
it is important to specify both. Both pictures are used in literature, for example Nielsen and Chuang
[NCO1] prefers the Schrodinger picture, whilst Maassen [Maa04] frequently works with the Heisenberg
picture. According to [Maa04, p.35], any quantum operation should be an affine map by the stochastic
equivalence principle: a system in state o1 with probability p; and in state o5 with probability po = 1—p;
cannot be distinguished from a system in the state pjo; + (1 — p1)o2. Any such map can be uniquely
extended to a linear map, and thus we assume from now on that any quantum operation must be linear.

In both the Schrodinger and the Heisenberg picture, we are interested in operations that act on
bounded operators (be it density matrices in the Schrédinger picture, or observables in the Heisenberg
picture), and thus it is useful to first introduce which subsets of all bounded operators B(#H) we can
look at: these are the unital *-algebras.

Definition 2.1.11 (x-algebra). [Maa04, p.24] A (unital) =-algebra of operators on a Hilbert space H
is a subspace A C B(H) such that Idy € A and

ABeA = M,A+B,A-B, A e A vrxeC (2.13)

Before specifying the differences between the Schrédinger and the Heisenberg picture, we can intro-
duce the general concept of positivity and complete positivity.

Definition 2.1.12 (Positivity of a quantum operation). Consider a linear map T : A — B, where
A C B(H1) and B C B(Hsz) are x-algebras of operators on Hilbert spaces H; and Hs. Then T is called
positive if for all positive A € A, T(A) is also positive.

IRemarkably, all quantum operations can be written as the composition of tensoring on another quantum system, letting
a unitary operator act on the product space, and then taking a partial trace ("forgetting" about a subsystem). This is
called Stinespring’s dilation theorem, see for example [NCO01, p.358]
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When the system we are interested in is combined with another system, we could consider a trans-
formation on our subsystem as a transformation on the entire system, where it acts as the identity
on the other subsystem (i.e. leaves this system unchanged). We wish for our transformation to be
positivity-preserving, and this quality must actually hold when we view it our system as a subsystem
of a larger quantum system. This is not automatically guaranteed due to quantum entanglement, for
an example of a positive, but not completely positive map, see [Maa04, p.36]. We define:

Definition 2.1.13 (Complete positivity). Consider a linear map T': A — B, where A C B(H1) and
B C B(Hs) are x-algebras of operators on Hilbert spaces H; and Hs. Then T is called completely
positive if Vn € Z~g, the map Id, ® T : M, ® A - M,, ® B is positive, where M,, denotes the unital
x-algebra of all n X n matrices with complex entries.

QUANTUM OPERATIONS: THE SCHRODINGER PICTURE

In the Schrodinger picture, we look at the transformations of quantum states. See for example [NCO1,
Section 8.2, p. 356]. The allowed transformations are linear maps that are completely positive and
trace preserving, sometimes abbreviated to CPTP maps:

Definition 2.1.14 (Quantum operation (Schrédinger)). A linear map T, : A — B, where A C
B(H1) and B C B(H3) are unital x-algebras of operators on Hilbert spaces H; and Hs, is called a
quantum operation if it is a completely positive, trace preserving (CPTP) map: that is,

o It is trace preservering (TP): for all p € A we have Tr[T.(p)] = Tr[p] , where both A and
B inherit the trace functional from B(#;) and B(H2), respectively.

o It is completely positive (CP): for all n € Z¢, the map Id, ® T, is a positive operation.

Note that the requirement on 7 to be (linear and) CPTP precisely means that states (in our case,
density matrices) are mapped to states. We will often be sloppy, and write T, : S(H1) — S(Ha2) to
signify that we are only interested in what T does to states, whilst technically S(H) is not a unital
x-algebras (for example, the sum of two states has trace 2). However, using the linearity of T}, and the
fact that any operator on a Hilbert space H can be written as the (complex) linear combination of at
most 4 states on H, such a map uniquely extends to a map B(H;) — B(H2) (in Appendix A.6.1, we
decompose general operators into the linear combination of four positive operators, and by choosing
the right normalization per operator one would indeed find four states. See also [Maa04, p.36]).

QUANTUM OPERATIONS: THE HEISENBERG PICTURE
In the Heisenberg picture, we look at the transformation of observables. See for example [Maa04, Sec.
4.4, p. 36]. The allowed transformations are linear maps that are completely positive and unital:

Definition 2.1.15 (Quantum operation (Heisenberg)). A linear map T : B — A, where A C
B(H1) and B C B(H3) are unital *-algebras of operators on Hilbert spaces H; and Hs, is called a
quantum operation if it is a completely positive, unital map: that is,

o It is unital: T (Idg) =1Idu4
« It is completely positive: for all n € Z~(, the map 1Id,, ® T' is a positive operation.

CONNECTION BETWEEN THE TWO PICTURES

As these two formalisms should describe the same quantum mechanics, these quantum operations must
be each other’s adjoint, that is: for each quantum operation 7" in the Heisenberg picture, there is a dual
quantum operation T} in the Schrodinger picture, such that the expectation value of observable A with
respect to Ty (p) for any density matrix p must be the same as the expectation value of observable T'(A)
with respect to p. Thus, we have:

Trlp T(A)] = Tr[14(p) 4] (2.14)

2.2. ON GROUP THEORY, LIE THEORY AND REPRESENTATION THEORY

Throughout the enquiry into the optimal cloning map, we will need a group theoretic framework to find
symmetries in our problem: for example, it will become apparent that an optimal cloning map must be
permutation invariant. The set of permutations forms a group, and it must act on our quantum systems
through a representation. To this end, we need to introduce theory with regard to groups, Lie groups
and Lie algebras, and representations of groups. Let us start with group theory.
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2.2.1. GROUP THEORY
A group is defined by:

Definition 2.2.1 (Group). A group is a set G together with an associative operation o : GxG — G,
such that G is closed under the operation, G contains an identity element e such that goe =eog=g

for all g € G, and for each g € G, there exists an element g=! € G such that gog= ' =g log=c.

Example 2.2.2. An important example for us is the unitary group U(d), which is the set of dx d unitary
matrices with matriz multiplication as group operation, and the special unitary group SU(d) C U(d)
which contains all d x d unitary matrices with determinant 1.

Example 2.2.3. Another example that plays a key role in this paper is the symmetric group S, for
some n € Zsq, which is the set of all bijections {1,...,n} — {1,...,n}, which are typically called
permutations, together with the function composition o as group operation.

2.2.2. LIE THEORY

If the group G is also a smooth manifold, i.e. the product and inverse operations are smooth functions
on G, then G is a Lie group. Luckily, we can characterise the Lie groups that are of interest in this
paper in another way: these Lie groups are matriz Lie groups. Through the closed-subgroup theorem
(Cartan’s theorem), we can identify these matrix Lie groups, which we will adopt as a definition in this

paper:

Definition 2.2.4 (Matrix Lie group). [Hall5, p.4] Any closed subgroup of GL(n,R) is a matrix Lie
group

Now, we are ready to define Lie algebras. First, let us discuss the abstract definition of a Lie algebra,
and afterwards we will connect Lie algebras to their respective Lie groups.

Definition 2.2.5 (Lie algebra). [KS09, p.47] A Lie algebra a over a field K is a finite- or infinite-
dimensional K-vector space with a K-bilinear, antisymmetric operation [-,-] : a X a — a satisfying the
Jacobi identity

(X, [V, Z]|+ [Y,[Z,X]]+ [Z,[X,Y]] =0 VX, Y,Z €a (2.15)

We call the bilinear operation [, -] the Lie bracket.

Example 2.2.6. [K509, p.48] An important example for us is the vector space of n X n matrices with
coefficients in the field K, with the matriz commutator as the Lie bracket, which is denoted as gl(n, K).
So:

[X,Y]=XY -YX €gl(nK) VX,Y € gl(n,K) (2.16)

Before we can connect the Lie algebra to a Lie group, we need a quick review of the exponential
map

Definition 2.2.7 (Exponential map). [KS09, p.51] Let X € gl(n,K). We define

oo

exp X 1= e~ = Z
p=0

XP

= (2.17)

As we have exp(—X) = (exp X)fl, for each X, exp X is invertible, and thus exp : gl(n,K) —
GL(n,K) C g(n,K). Further note that the map R > ¢ — exp(tX) is differentiable and its derivative is
equal to exp(tX)X. We can now connect the idea of Lie groups with their respective Lie algebras: a
Lie algebra is a vector space that is tangent to the identity element:

Theorem 2.2.8. [K509, p.56] Let G be a matriz Lie group, and consider
g:={X=7(0)|v:ZT—G, ofclassC" , v(0) =1} (2.18)
where T is an open interval of R containing 0. We then have

1. g is a vector subspace of gl(n,R)
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2. Xeg<=WVteR : exp(tX) e G

3. IfXec€gand g€ G, thengXgteg

4. g is closed under the matriz commutator

We call g the Lie algebra of the Lie group G.
2.2.3. REPRESENTATION THEORY
The relevant representation theory for this paper can be divided into two parts: firstly, we will need to
consider representations of the symmetric group &,,, which is a finite group (in fact, it has n! elements).

Secondly, we will also need representations of the (special) unitary group U(n) (SU(n)), which is an
infinite but compact group. The following definitions and theorems can be found in [[KS09].

Definition 2.2.9 (Representation of a finite group). [KS09, p.9] A representation of a finite group
G is a finite-dimensional complex vector space E along with a group morphism 7 : G — GL(FE). Thus,
for every group element g € G, w(g) is some invertible linear operator in GL(E), and 7 respects group
operations:

w(g9)) =mlg)nlg) . wlgTH=(alg)" . wle)=ldp (2.19)
In a more general case, we can find representations of (infinite) compact groups:

Definition 2.2.10 (Representation of a compact group). [KS09, p.36] Let G be a topological
group. A continuous representation or simply a representation of G is defined as a Hilbert space E
and a group morphism 7 : G — GL(FE) such that Vo € E, G 3 g — 7(g)z € F is a continuous mapping.

Definition 2.2.11 (Unitary representation of finite/compact groups). [KS09, p.10] A represen-
tation (E,7) is unitary if there is a scalar product (-, ) on E such that

(m(g)z, m(g)y) =(x,y) VgeG,Vr,yek (2.20)

Theorem 2.2.12. [K509, p.839] Every representation of a finite or compact group is unitarizable

Certain representations can be decomposed into "smaller" representations, i.e. representations on
vector subspaces. Let us define:

Definition 2.2.13 (Subrepresentations). Let (F, ) be a representation of a group G. We say that
the vector subspace F' is invariant under 7 if:

w(g)f € F Vge G, VfeF (2.21)

This is often denoted by Vg € G : w(g)F C F. Then, we can restrict the representation 7 to the vector
subspace F'; which we will denote by 7|r. We then say that (F, 7|r) is a subrepresentation of (E, 7).

Definition 2.2.14 (Irreducible representation). [[KS09, p.11] A representation (E,r) is called
irreducible if E # {0} and if the only vector subspaces of E that are invariant under 7 are {0} and F
itself. Equivalently, we could say that (F, ) has no proper subrepresentations

Definition 2.2.15 (Completely reducible representation). [[KXS09, p.11] A representation (E, )
of a group G is called completely reducible if it is a direct sum of irreducible representations. With a
direct sum of the representations (E1,m) and (Fay, ) of a group G we mean (E; ® Es, w1 ® 7)) where

(m1 @ m2)(g) (21, 22) = (m1(9)x1, T2(g)T2) Yge G, x1 € By, 29 € Fy (2.22)
In the compact case, we replace the direct sum by the Hilbert direct sum.

Theorem 2.2.16 (Maschke’s Theorem). [K509, p.12] Every finite-dimensional representation of a
finite group or compact group is completely reducible.



2.2. ON GROUP THEORY, LIE THEORY AND REPRESENTATION THEORY 10

One important concept in this paper is the commutative behaviour of certain maps with representa-
tions. In this case, we build towards Schur’s lemma. Firstly, we introduce:

Definition 2.2.17 (Intertwining operator). [KS09, p.12] Let (Eq,m ) and (Es, 73) be unitary rep-
resentations of a group G. We say that a linear map T : E; — Es intertwines m; and 7o if

ma(g) o T =T om(g) Vg € G (2.23)
Intertwiners are also called G-morphism, or 7' € Homg (E1, Es)

Definition 2.2.18 (Equivalent representations). [KS09, p.12] Let (E;,m) and (Es,m2) be repre-
sentations of a group G. If there exists an intertwiner T : Fy — Fs that is also bijective, then we say
that the two representations are equivalent.

Note that, if we choose Fy = F» = F and m; = my = 7, the definition of an intertwiner becomes the
definition of a linear map that commutes with the representation (E, 7). This leads to Schur’s lemma,
after we state the following helpful lemma:

Lemma 2.2.19. [KS509, p.13] Given representations (Ey,m1) and (Eq,m2) of group G, and an inter-
twiner T. Then the kernel ker(T') is an invariant subspace under m and the image im(T) is an invariant
subspace under .

Proof. If x € ker(T'), then T'(z) = 0. But then

T (mi(g)z) = m2(g) (T(x)) =0 (2.24)

so m1(g)x € ker(T) again for any g € G, thus ker(T) is an invariant subspace of 7.
Similarly, if y € im(T"), then 3z € E; : T'(z) = y. But then

ma(9)y = m2(g) (T'(x)) = T (mi(g)x) € im(T) (2.25)
for any g € G, such that im(7T') is an invariant subspace of ms. O

Theorem 2.2.20 (Schur’s lemma). [KS09, p.18] Let T be an operator intertwining irreducible the
representations (E1,m ) and (E2,m3) of a group G

e If my and mo are not equivalent, then T = 0.
o If By = FEy:=F and m1 = wo :=m, then T is a scalar multiple of the identity of E
Proof. We prove both assertions.

o If m; and 7y are not equivalent, then T’ cannot be bijective. Thus either ker(T") # {0} or im(7T) #
E5. In the first case, as ker(7T') is an invariant subspace and 7 is irreducible, we must have
ker(T) = Fy. But then clearly T = 0. In the second case, im(7T) # E5. But this is an invariant
subspace under w3 and 7y is irreducible, so now we must have im(7") = {0}. But then evidently
T=0.

o Let A € C be an eigenvalue of T, which must exist because T is an operator on a vector space
over C. Let E) be the eigenspace associated with A\. But then, F is an invariant vector subspace
of E under 7: for any x € F) we have

T(n(g)x) =m(g) (T(x)) = 7(g) (Ar) = An(g)z  Vge & (2.26)

i.e. the vector m(g)z is again in F) (as it has eigenvalue \), so w(¢g)E\ C FEx. Now, we have
E, # {0} as it is an eigenspace. But, 7 is irreducible. Thus, we must have Ey = E. But then,
Tv = v for any v € F, which means that we have T'= Aldg.

O
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2.2.4. REPRESENTATIONS OF LIE ALGEBRAS AND TENSOR PRODUCTS
Given a representation (F, ) of a Lie group, there is a natural way to consider a representation of its
Lie algebra:

Definition 2.2.21 (Differential representations). [KS09, p.63] Given a representation (E, ) of a
Lie group G. The differential representation of m is the Lie algebra representation dn : g — gl(E) given
by

or(X) = —m (e) B , Xeg (2.27)

So, m(exp(tX)) is a one-parameter subgroup of GL(E), and d7(X) is called an infinitesimal gener-
ator.
When considering tensor products of representations, we define
Definition 2.2.22 (Tensor product of representations). [[{509, p.16] Let (Eq,71) and (Es, 72) be
representations of a group G. We define their tensor product as (E; ® Ea, T ® 72) where

(m @ m3) (9) := mi(g) ® m2(g) (2.28)

We can now combine these definitions to yield:

Definition 2.2.23 (Differential of tensor product representations). [XS09, p.64] Let (E;,m;) and
(E5,m3) be representations of a Lie group G. Then, the differential of the tensor product representation

1S

(9(7'('1 ®7T2)=87T1 ®IdE2—|-IdE1 ® Omo (2.29)

2.2.5. THE LIE ALGEBRA su(d)
Recall from Theorem 2.2.8 that, as SU(d) is a matrix Lie group (as it is a closed subgroup of GL(n, R)),
we can construct its Lie algebra:

su(d) == {X =+(0) | v:Z - SU(d) , ofclass C*, 7(0) =1} (2.30)
where 7 is an open interval in R that contains 0. In our case, see for example [Sti08, p.101]:
su(d) = {X e C*? | X + X* =0 and Tr[X] =0} (2.31)

so su(d) is the the set of all traceless anti-Hermitian d x d matrices.
Note that su(d) is an algebra over the real numbers. Analyses of its irreducible representations are
easier when we first complexify:

Definition 2.2.24 (Complexification of a vector space). [Hall5, p.65] Let V be a finite dimensional
real vector space. The complexification of V', denoted V¢, is the space of formal linear combinations
of the form vy 4 tvo with vy,v9 € V, where we define

i (v1 + ivg) := —vg + ivq (2.32)
Then V¢ is a complex vector space.
The reason this complexification will help us is the following useful theorem, from [KS09, p.51]:

Theorem 2.2.25. Let gc be the complezification of a real Lie algebra g. Every representation of g can
be extended uniquely to a representation of gc. There is a bijective correspondence between irreducible
representations of g and of gc

So, when we wish to study the representations of su(d), we can also look at its complexification (see
for example [Sti08, p.110]):

Theorem 2.2.26.
sl(d, C) = su(d) + isu(d) (2.33)
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THE LIE ALGEBRA su(2)
In the case of su(2), one can show that this is a vector space of dimension 3, and is spanned by the
Pauli matrices:

su(2) = Span {io,, ioy, 0.} (2.34)

where the Pauli matrices are given by

Op = <? é) oy = <S _0’> o, = <(1) _01> (2.35)

Furthermore, we will need to add another mathematical tool to our toolbox: the Casimir element
of SU(2). The theory regarding Casimir elements deals with universal enveloping algebras, and as this
is quite involved and the Casimir element of SU(2) has an intuitive physical connection, the formal
mathematical definitions can be found in the Appendix B. The Casimir element of SU(2) is associated
with the "total angular momentum" in Physics: that is, our Casimir element C, is defined as

3
Cyi=) X} (2.36)
k=1

where we use a basis {X1, X2, X3} of su(2) with the commutation relations [X7, Xs] = X3 (and cyclic
permutations of the indices): they are scalar multiples of the Pauli matrices that we have already seen
above. Namely, we can use X1 = —i0,/2, Xy = —io, /2 and X3 = —io,/2.

In literature, we often write L, L,, and L, for the angular momentum basis, and then we identify
C, with the L? element. Of special interest is the fact that the Casimir element commutes with
all X;, and returns the eigenvalue j(j + 1) if the quantum system is in the state |j,m) for some
m € {—j,—j+1,...,7}. Inour framework, we have 87@(62) = j(j+1)Id; if we extend the representation
Or; of the Lie algebra to its universal enveloping algebra.

2.3. ON THE SYMMETRIC SUBSPACE

We have now built the quantum mechanical framework of quantum systems, and the mathematical
framework of (Lie) groups and representations. In our problem, we will restrict our input space to the
symmetric subspace 7—[%" C H®™ for some n € Zg, which is the subset of states that are invariant
under permutations. We first define permutations before defining ’H?":

Definition 2.3.1 (Permutation operator). [Aud06] , [Harl3] Given a tensor product space H®™
for some n € Zsq. Consider the symmetric group &,,, and an element 7 € &,,. The permutation
7 is represented by a permutation matrix P, on H®", that is, P, is a square binary matrix with
exactly one entry equal to 1 in each row and column (and thus all other entries equal zero) with respect
to any orthonormal basis of H®". Let us choose an orthonormal basis {|i)}¢ ; for H = C%. Let
[d] :=={1,...,d}. We then have the orthonormal basis for H®"

{liv, .. in) =) @+ @ i) € HE™ : iy,... iy € [d]} (2.37)
Then, according to [[ar13], we have:
P, = Z lir=1(1)s- - s bm1(n)) (i1, - -+ in] (2.38)
il,...,ine[d]

As an example, consider [¢) = [1,2,3) + [1,2,4) € H®3 with H = C*. That is, [¢) = [1) ® [2) ®
(I3) + |4)), so physically speaking we have three quantum particles, of which the first two are in some
orthonormal basis state, and the last particle is in a superposition state. We wish to permute particles
2 and 3: m = (23) € G3. Then:

Pragy ) = 11,3,2) (1,2,3 [ ) +[1,4,2) (1,2,4 [ ) = [1,3,2) + [1,4,2) = [1) @ (3) + [4)) @ [2) (2.39)
So indeed, P23y swaps the second and third particle.

Definition 2.3.2 (Symmetric subspace). [Harl3] The symmetric subspace HY" C H®" (in litera-
ture sometimes denoted by Sym"(H) or V*(H)) is defined by

HE = {peH®" : Pop=9 VreB,} (2.40)
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Next, we will show a theorem which makes the construction of H%” easier, as it does not rely on the
representation theory of the symmetric group directly:

Theorem 2.3.3 (Construction of the symmetric subspace). The symmetric subspace ’H%” can
also be characterised as:

HE" = Span{p@ ¢ ® - ® 6 = 6" € H" : ¢ € M) (241)

For a proof of this theorem, see for example [Har13]. Note that the proof uses a construction of a
basis of ’H%N similar to the basis we find in Appendix A.1.1 - however, we use this theorem to find this
basis and prove the dimensionality of ’H%N .

As we consider the symmetric subspace H%N as the vector space in which our original states live,
it is of interest to construct a projector that takes states from H®N to HE‘EN . We prove:

Proposition 2.3.4 (Projection of ’H?EN). There is an orthogonal projection Sy : H®N — ’H%N and
it is of the form:

1
SN =77 > P, (2.42)

T oeGN

Proof. We need to prove SyH®Y = H%N, S%2, = Sy, and S} = Sy. Linearity is evident from the
construction of Sy.
Firstly, we prove SyH®N C ’H?EN. Given any 7 € Gy, we will prove that P,SyY = Syt for any
1 € HON | thus proving that indeed Syt is a permutation invariant state. We compute:
1 1 1
PeSnt=5 D PaPob=15 Y Prot¥ =15 Y Prb=5nv (2.43)

ceG N cEB N TEGN

where we have used that P, P, = P,, where mo denotes the group operation, which is the composition
of permutations. Furthermore, we are allowed to change the summation variable in this way as the map
o +— mo = T is a bijection.

Secondly, we prove that HYY C SyH®N. Choose any ¢ € HYY < HEN. By definition, for all
m € G we have Py = 1, thus also Syv = 9.

Thus, we have 'H%N = SNyHON.

Thirdly, we prove that S%, = Sy:

2
Svswi=gp X Py 3 Peo= () X% P (2.44)

T oeSN ‘rESN ccE6G Ny TEGN

We can again rewrite the last sum over 7 to > P-1. Realising this sum then does not depend on

o, we may write:

TEGN

1\2
S3h = (N') -N!. Z Prap = Sy (2.45)
TEGN
so indeed S% = Sy.
Lastly, we can directly compute
Sy = ! P = ! P_i= ! P.=5 2.4

N*ﬁz U*ﬁz U‘l*mz T — PN (6)

ceEGN ceEGN TEGN

where we have used that o — o~! = 7 is a bijection. O



The No Cloning Theorem

Before we review optimal quantum cloning machines with respect to a specific measure, we review the
raison d’étre for this enquiry: the No Cloning Theorem. This theorem tells us that we cannot perfectly
copy arbitrary quantum states. As we are prohibited from perfectly cloning arbitrary states, we logically
turn our attention to the best possible, but imperfect, cloning device. It is thus insightful to start with
the No Cloning Theorem itself.

The statement and proof of the No Cloning Theorem are loosely based on multiple sources, see
for example [WZ82] (the first to provide a proof for the No Cloning Theorem), or [NCO01, page 24].
Both these sources use the Schrodinger picture of quantum mechanics, in which we look at a quantum
operation on states. We furthermore supply a version of the No-Cloning Theorem in the Heisenberg
picture, based on [Maa04, page 44] in which we look at a quantum operation on observables. More
information about the Schrédinger and Heisenberg pictures can be found in Definitions 2.1.14 and
2.1.15.

3.1. THE NO-CLONING THEOREM IN THE SCHRODINGER PICTURE

We would like to investigate whether it is possible to copy an arbitrary quantum system perfectly. We
therefore look at a finite-dimensional Hilbert space H with 1 < d = dim H < oo, in which our quantum
states live, with orthonormal basis {|¢) ;1;01' We consider the input of our system: an arbitrary state
|t)) € H which needs to be "copied" onto another qubit, initialized into an arbitrary state, say |0) € H.
In quantum mechanics, the transformations of such systems must be linear and preserve inner products:
these are unitary transformations. We are thus looking for a unitary transformation U : HQH — HOH
such that U(]¢) ® |0)) = |¥) ® ). This means that the resulting states must be separable, all
information of |¢) is perfectly copied to the second state, and the original state is not changed.
Thus we arrive at:

Theorem 3.1.1 (No Cloning Theorem). Given a Hilbert space H with 1 < d = dimH < oo and

an orthonormal basis {|i)}{=}. There is no unitary transformation U : H @ H — H ® H such that

Uly) ®0) = [¢) @ |4) for all [¢) € H

Proof. We prove this theorem by contradiction. Assume there is such a unitary transformation U. As
d > 1, we can compute for |0),]1) € H:

Ulye|o) =00y ;5  ULHel0)=[1)a|1) (3.1)

but now, consider a state |¢)) = a|0) + 3|1) for some «, 3 € C such that |a|? + |8]?> = 1. Surely then
|t)) € H, so we can compute, using linearity:

Ulp) ®10) = U (a0) ®[0) + 1) @ 1)) = alU [0) @ |0) + AU 1) © [0) = a|0) ® [0) + 1) @ [1) (3.2)
But surely this cannot be correct, because we can manually compute:
(W) @) = («]0) + B]1)) @ («[0) + B[1)) = @?0) @ [0) + 5 [1) @ |1) + af (|0) ® [1) + [1) ©0)) (3.3)

14
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But then we must have a8 = 0. Thus U can only perfectly copy the orthogonal basis elements, but not
linear combinations. This directly contradicts our assumption that U perfectly clones any state in H.
We conclude that no perfect cloning map exists. O

3.2. THE NO-CLONING THEOREM IN THE HEISENBERG PICTURE

We look at a finite-dimensional Hilbert space H with 1 < d = dim’H < oo, and its tensor product
" ® M. The ideal quantum operation would be Ty : S(H) = S(H ® H) with T(c) = o ® o for all
o € S(H). Then, we also have:

Tr[(Idy ® A) T, (0)] = Tr [(A® Idy) T, (0)] = Tr [Ao] VA € B(H) (3.4)

Instead of looking at what T, does to the states, we now look at what its dual 7" does to the observables:
The traces are equal to Tr [T (Idy ® A) o] and Tr [T (A ® Idy) o] according to the duality between T
and T in Definitions 2.1.2. So, we must have T'(Idy ® A) = T(A ® Idy) = A, and we arrive at:

Theorem 3.2.1 (No-Cloning Theorem). Given a Hilbert space H, and a *-algebra A C B(H). If
there exists a T : A® A — A such that

Ty ®A)=T(AxIdy)=A vVAe A (3.5)
then A is abelian.

The proof is based on the following multiplication lemma, which we will state without proof. Its
statement and proof can be found in [Maa04, page 42]:

Lemma 3.2.2. If T : A — B is an operation, where A, B are *-algebras, and T(A*A) = T(A)*T(A)
for some A € A, then for all B € A:

T(A*B) = T(A)*T(B) :  T(B*A) = T(B)*T(A) (3.6)

Proof of Theorem 5.2.1. Note that we can apply the lemma to our theorem, if we observe that, for all
Ae A
T((Idy @ A)*Idy @ A)) =T (Idy @ A*A) = A*A =T (Idy ® A)" T (A ® Idy) (3.7)

But then for all A, B € A:

AB =T (A®1dy) T (Idy ® B) = T (A ® Idy)(Idy ® B)) = (3.8)
T ((Idy ® B)(A®1dy)) =T (Idy ® B) - T (A® 1dy) = BA (3.9)
O

In conclusion, we can only build perfect cloning machines when we consider commuting observables,
and thus we cannot build a general cloning machine.

3.3. CONNECTION TO OPTIMAL CLONING: FIGURES OF MERIT

Alternatively to the statement above, we could also express the No-Cloning Theorem in terms of the
fidelity of a cloning map, or the performance of a cloning map with respect to the expectation value
of observables on a single clone. Those are precisely the two figures of merit that we will use in this
paper, and it is therefore useful to intuitively build up to those figures of merit, using the No-Cloning
Theorem.

If we let |1)) € H, then ideally our cloning map would produce a state corresponding to |¢)) ® |¢)) €
H ® H, in the case of density matrices thus the density matrix described by o ® o with o := |[¢) (¥
In such a case, the density matrix is a projection onto the one dimensional subspace spanned by
[y ® |). Thus, we could investigate how much the cloning device overlaps with this projection. We
let Ty : S(H) — S(H ® H) denote a cloning map that takes states on H to states on H ® H. We can
then inspect the expectation value of T, (o) with respect to [¢)) ® [¢). In the ideal case, Ty (0) =0 ® 0,
and the expectation value evaluates to 1. However, any quantum operation will perform worse by the
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No-Cloning Theorem, which will result in a value between 0 and 1. Thus, looking at the overlap of the
cloned state with a one-dimensional projection yields a useful figure of merit for cloning maps. We can
recast the No-Cloning Theorem in the following inequality:

VI, :S(H) > S(HOM) : ) e M, o=[) (| € S(H) : Tr[o® T.(0)] <1 (3.10)

This line of thought is the foundation on which we will build the fidelity of a cloning map in the
next Chapter, in which we generalize the previous expression to arbitrary amounts of input clones and
output clones. Taking the infimum over all pure density matrices o of the trace expression then yields
our expression for the fidelity. Stronger than the consequence of the No-Cloning Theorem, we will show
that the fidelity is always smaller than a number between 0 and 1 that increases with the amount of
input clones available, and decreases with the amount of output clones demanded. In the case of one
input state, and two output states, this upper bound is 1/(d 4+ 1) where d = dimH, so even in the
smallest qubit case, the infimum over all pure states of the trace expression is smaller than 1/3.

The previous figure of merit depends on the overlap of the entirety of the output states with the ideal
output. Alternatively, we could look at the performance of a single output clone: to be more exact, we
would like to compare the expectation value of an observable on one output clone with the expectation
value of this observable on the input. We let a € B(#) be an observable on the original Hilbert space,
and 0 = [) ()| € S(H) again a pure state density matrix. We denote with a(;) := a ® Idy and
a(z) = Idy ®a two observables on H ® H, that only impact the first and the second clone, respectively.
We can then look at their expectation value:

Tr [agyTs (0)] k=1,2 (3.11)

Ideally, T\ (0) = 0 ® o, and then this expectation simply evaluates to Tr [cal, i.e. the expectation of a
with respect to the input state. So quite naturally, we can look at the difference

Tx [agy Ty (0)] — Tr[oa]| k=12 (3.12)

Equivalently to looking at what T} does with states in the Schrédinger picture, we could also look at
what a cloning map T : B(H ® H) — B(H) does to the observables in the Heisenberg picture, where
the two views are related by Tr [0T(A)] = Tr [AT.(o)] (see Definitions 2.1.15).

Namely, this allows us to rewrite the first trace in the previous equation to Tr [aT(a(k))] Then
using the fact that o = |¢) (1| for some |¢)) € H, we can rewrite the previous expression, including the
No-Cloning Theorem:

VT : 3k e€{0,1}, ) €N, Ja€BH) : [(¥, T (aw) ¥)— (W, a)| >0 (3.13)

This is an intuitive expression: it is the distance between the expectation values of T'(a(x)) and a with
respect to the state |¢). This line of thought is the foundation of the one-clone testing figure of merit
which we will introduce in the next Chapter (again generalizing to arbitrary amounts of input states
and output clones). We take the supremum over all k, all states |¢)) with (¢, ) = 1 and all observables
0 < a <Idy. In the case of one input state and two output clones, the lower bound for qubits is 1/6.



Description of problem and result

After looking at the No Cloning Theorem, one can naturally wonder what kind of cloning map can
clone quantum states optimally. However, to investigate such a notion, we first need to establish what
it precisely means to clone quantum states, and in what way we will test the performance of such a
cloning machine. It is thus imperative to first dedicate some thought to a precise formulation of the
problem we wish to solve.

4.1. STATEMENT OF THE PROBLEM

To formulate the problem of optimal quantum cloning, one needs to specify three components: firstly,
one needs to specify what kind of quantum system is supplied to the quantum cloning machine as
input, and what kind of quantum system is expected of the cloning machine. Secondly, one then needs
to specify what one sees as an admissible quantum cloning machine, such as to specify all the possible
operations that take in the specified input and output a quantum system on the output space. Lastly,
one needs to specify how one will determine the performance of a cloning machine: we call those the
figures of merit. We will specify all three components, respectively.

4.1.1. DESCRIPTION OF INPUT AND OUTPUT SPACES

We look at quantum states in some finite-dimensional Hilbert space H with 1 < d = dimH < co. We
will consider pure states in this research, thus density operators on this Hilbert space will be of the
form o = |¢) (¢| for some [¢) € H and thus (| € H* .

To be as general as possible, we allow for the preparation of N separate copies of the original state
that we would like to copy into M quantum systems with M > N. Thus, the input quantum system
can be described by density matrices of the form o® for some o = [¢)) ()| a pure state. These states
are supported by the so-called Bose subspace, denoted by ’H%N :

HEY =Span{p@ ¢ @ ¢ =N e HEV | p € H} (4.1)

An alternative definition of ’H%N based on permutation invariance, and the proof that these two def-
initions are equivalent, can be found in Theorem 2.3.3. Furthermore, the dimension of this subspace
is dim "H?EN = (d+%_1), where d = dim H. The calculations for this expression can be found in the
Appendix A.1.1 , where an explicit basis for this subspace is constructed.

This concludes the description of the initial system. Looking at the output system, we would like to
make M copies of the quantum systems, so naturally we look at H®M. Note that we do not impose
further a priori constraints on this output system.

4.1.2. DESCRIPTION OF THE QUANTUM CLONING DEVICE

The connection between these two systems must be a cloning map that must be a quantum operation.
We can state the problem in two (related) ways: either we look at a cloning map of states, or a cloning
map of observables. These methods correspond to the Schréodinger picture of quantum mechanics and
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the Heisenberg picture, respectively. See Definitions 2.1.14 and 2.1.15. We state both descriptions for
our specific problem:

Schrédinger picture : We look at (linear) completely positive trace preserving (CPTP) cloning
maps of the form T, : B(HEY) — B(H®M) that take in density matrices of the form o®V € S(HYY)
with 0 € S(H) and output some density matrix on H®. (Note that T, is fully specified when it is
specified for S(H$Y) € B(HS™N), see the discussion below Definition 2.1.14).

Heisenberg picture : We look at linear, completely positive, unital cloning maps of the form T :
B(HEM) — B(HTN) that take in observables A € B(H®M) and output some observable on HE".

The defining equation between these two views is:

Tr [pT(A)] = Tr [Tu(p)A]  Vp e S(HYN), VA € B(H®M) (4.2)

We must, however, still specify how we determine whether one cloning map "performs better" than
another: i.e., we need to introduce a measure of optimality.

4.1.3. FIGURES OF MERIT
We introduce two figures of merit, that measure the performance of the cloning device. The motivation
for these figures of merit can be found in Section 3.3 : in summary, the fidelity represents the expectation
value of the quantum state after cloning with respect to the ideal output, whilst the one-clone test
measures the difference in expectation values of an observable before and after cloning.

Firstly, we could look at the fidelity:

Definition 4.1.1 (Fidelity of a cloning map). [Wer08] The fidelity of a linear CPTP cloning map
T, in the Schrédinger picture is defined as:

F(T,) = inf Tr [O’®MT* (U®Nﬂ (4.3)

o, pure

Note that the fidelity can at best be 1, and this precisely happens when T, (c®¥) = ¢®M (although
this is prohibited by the No Cloning Theorem). Thus, we wish to find a map that has a fidelity as close
to 1 as possible.

Secondly, we propose a measure of merit that takes into account only one of the clones:

Definition 4.1.2 (Measure of merit based on one clone). [KW99] A test based on one output
clone of a cloning map 7" can be designed as:

Aone(T) := sipk |<¢®N , T(a(k))¢®N> — (¢, aw>| (4.4)

where the supremum is taken over all ¢p € H with ||¢|| = 1, all operators a € B(H) with 0 < a < Idy
and all integer 1 < k < M. Note that we write

agy =15%  Veald™ ™  aeBM), 1<k<M (4.5)

i.e. ag) is an observable on H®M that acts as the identity on all but the k-th clone, on which it acts
as the observable a € B(H).
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4.2. STATEMENT OF THE RESULT
Remarkably, we will show that there exists a unique cloning machine that is optimal with respect to
both figures of merit:

Theorem 4.2.1 (Optimal cloning map). There is a unique cloning map T, that is optimal with
respect to both figures of merit previously described, and it can be described as:

T.(p) = C(Z[[A]\Q] Sas <p® Id%<M—N>) Sar (4.6)

where p € S(H%N), Sar 2 HOM H%M is the symmetric projection from the output space to its
symmetric (permutation invariant) subspace, and for any n € Zso we let dn] = (d+271) denote the
dimension of the symmetric subspace 'H%".

In order to prove that this map is indeed the optimal cloning map, we will prove the following
theorems:

Theorem 4.2.2 (Optimality condition for Aone(T)). For any cloning map T : B(H®M) — B(HFY)

we have
d—1 - N M+d
d N+d M

Aone(T)

Y

(4.7)

with equality iff T =T.

Theorem 4.2.3 (Optimality condition for F(T.)). For any cloning map T : B(HZN) — B(H®M)

we have
FT) < d[m] (48)

=Y

with equality iff T = T

Note that, before we start our journey into proving the previous theorems, the optimal cloning map
looks remarkably "simple" : it takes in a quantum system of the form o®V, prepares all other (M — N)
clones in the maximally mixed state Id%(M_N) (up to a normalization constant), tensors on these
two quantum systems, and projects the entire system into the symmetric subspace (the output Bose
subspace). Thus we already notice two important concept that will play a central role in our proof:
firstly, the optimal cloner is permutation invariant because it projects its result to the Bose subspace,
so interchanging any of the resulting clones does not change the output state. The second statement is
perhaps not readily seen from the form of T*, but will play a key role nonetheless: our optimal cloner
has unitary covariance, which means that a unitary transformation before cloning (on o®) has the
same effect as a unitary transformation after cloning (on Ty (c®N) ).



Symmetries of an optimal cloning
device

In this chapter, we will look at a central theme in the search for an optimal cloning device: permutation
invariance of the output clones and unitary covariance (the property that applying a unitary transfor-
mation before cloning has the same effect as applying these transformations after cloning). Although
we cannot yet guarantee that all optimal cloning devices have these properties, we can prove that
averaging them over permutation and unitaries will lead to cloning devices that have the invariance
properties, and that those cloning devices perform at least as well as the original cloning device. In
other words, given any cloning device, making it permutation invariant or unitary covariant cannot
worsen its performance. Later on, we will prove that there is a unique optimal cloning device (and thus,
by necessity, this optimal cloning device must also be permutation invariant and unitary covariant).
Before we can state the permutation and unitary theorems, we need some mathematical framework
to handle permutations and unitary transformations on tensor product spaces. This is done through
representations of the symmetric group &,, and the unitary group U(d). Some representation theory
can be found in Section 2.2.3. All relevant representations will be stated in the following section. After
building the mathematical machinery needed, we will state the symmetry theorems and prove them.

5.1. CONSTRUCTION OF NECESSARY MATHEMATICAL TOOLS

The notions of permutations of quantum clones and unitary covariance can be precisely stated once we
have developed the techniques of using representations of the permutation group and the unitary group.
Furthermore, we show that these two representations commute, and we can state the precise definition
of unitary covariance.

5.1.1. THE REPRESENTATION OF PERMUTATIONS ON H®"

Let us first look at permutations. We thus turn our attention to the group &,, for some n € Z-q:
precisely, the set of bijections from {1,...,n} to {1,...,n}, equipped with the group operation o of
composition of bijections. We would like to let this group act on the quantum states that live in H®™:
thus, we need a representation of the group on the vector space H®". We will write P, : H®" — HO"
for 7 € 6,, as the permutation operator, as described in Definition 2.3.1, where we also provide a
construction for such a permutation operator. It acts on states as follows:

Pr(1 @92 ®@ - @Un) = 1) @+ @ Yr-1(n) 3 VIR @Y, EHO TG, (51)

This indeed is the mathematical description of the intuitive "swapping" of quantum copies.

5.1.2. THE REPRESENTATION OF UNITARY MATRICES ON H®"

Now, let us turn our attention to the group of unitary matrices, U(d), equipped with the standard
matrix product. These elements have a fundamental representation (7, C?), which is just mo(u) = u
for u € U(d), as they can act on vectors living in # = C? by the standard matrix-vector relation.
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However, we would also like to describe unitary actions on quantum states that live in tensor product
spaces. Luckily, we have a natural way of doing this: we build the representation (3", H®") with
5" (u) = u®™, such that it acts as:

TE () (Y1 @ @y) = (why) @ -+ @ (why) ;3 Y@@, €HO" L ueUWd)  (5.2)

5.1.3. COMMUTING RELATIONSHIP BETWEEN THESE REPRESENTATIONS
An important concept is the fact that the previous two representations commute: let any ¢ ®- - -®1,, €
HE™, any 7 € &,, and any u € U(d), then we see that:

P (w) (1 @ -+ @) = Pr (uth1) @ -+ @ (uthy)) = (uthp—1(1)) @ -+ @ (uthr-1()) = (5.3)
15" (W) (Yr-1(1) @+ @ Y1) = 7" (W) Pr (Y1 ® - @ Y)

5.1.4. THE REPRESENTATION OF UNITARY MATRICES ON H{"

If we restrict ourselves to the symmetric subspace 7—[%" C H®", as defined by Definition 2.3.2 (i.e. the
space of all states that are invariant under permutations), we can also restrict our representation " :=
ﬂ%” I ’H%". This is well-defined, precisely because the unitary representation and the permutation
representation commute: any state in ’Hﬁ‘f” will stay in H%” when acted upon by ;7. The representation

(m,F, ’H%") plays a pivotal role, as it is an irreducible representation.

5.1.5. DEFINITION OF UNITARY COVARIANCE
We can now also define precisely what is meant by maps that are U(d)-covariant

Definition 5.1.1 (U(d)-covariance of a cloning map). Given a cloning map T : B(H®M) —
B(H$N) . This map is called U(d)-covariant, also called unitary covariant, if the following holds:

T (&M (u) A 7E3M(u)*) = 7§ (u) T(A) 75 (u)*  Yu e U(d) , YA € B(H®M) (5.5)
Equivalently for the dual T} : B(H$Y) — B(H®M)
T, (73 (u) p 7 (w)*) = 7&M (w) Tu(p) 7EM (u)* Vu € U(d) , Vp € S(HEY) (5.6)

That is, applying unitary transformations prior to the cloning is equivalent to applying them after the
cloning.

5.2. PERMUTATION AND UNITARY AVERAGING OF A CLONING MAP

As a first step towards proving the main theorems, it is useful to exploit the symmetries that were
referenced in the previous section: our optimal map seems to be permutation invariant, and unitarily
covariant. In fact, we can prove that given any cloning machine, we can actually improve (or at least
not worsen) the figures of merit for this cloning machine by averaging over permutations and unitary
transformations - which results in permutation invariant and unitarily covariant maps, thus proving
that if one finds an optimal cloning map, we can also construct an optimal cloning map with these
properties. We make these statements precise in this section.

Theorem 5.2.1 (Permutation average of an optimal cloning device). Given any quantum

operation Ty : B(H%N) — B(H®M). Let the map T and its dual T, be the permutation averages of the
cloning map. They are defined by

-~ 1 . ~ 1 "
T(4) =55 > T(PAP;) i Tu(p) =15 > PT.(p)P; (5.7)
TES M TES M
where A € B(H®M) and p € S(HEN).
This is again an quantum operation and this map has the property that F(T.) = F(T.) and
Aone(T) < Apne(T), i.e. T performs at least as well as T'.
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Proof. We first prove that the fidelity is invariant under the permutation averaging. We write out:

F(T,) = inf

il Z Tr [o®M P T.(0®N)P}] = inf
o, pure !

ﬂ i > Tr [Pro®MPT.(0®N)] (5.8)
o, pure !

TES N TeESp

where we have used the cyclic property of the trace. We claim that P o®M P, = 0®M for any 7 €
Gas. Intuitively, this can be understood because o®M projects a column vector in H®M onto a one-
dimensional space, and this projection is permutation invariant. The claim is further worked out in
the Appendix, A.2.1. But then, we directly see that F(Ty) = F(T). This result is quite intuitive,
as the fidelity looks at the entire system combined, and thus would not care for rearrangement of the
individual quantum clones.

We now prove that Agne(T) < Aone(T).

Aone(T) = sup, (e, <1\2| > T(chnk)P;)) VI =y, aw>‘ = (5.9)
@ .TI'EGJM
]\zlsgjpk Y (WO T(Pragy Py) V) = (v, a¢>)’ (5.10)
TEVF ree

We claim that Pra) Py = a(r))- This claim is further worked out in the Appendix A.3.1. Note that
this is intuitive: first we apply a permutation to shift the clones, then we apply a(x) (but not on clone
k anymore, instead on clone m(k)), then we shift all clones back to their original position.

Further note that the absolute value of a sum is smaller than the sum of absolute values, so we can
estimate:

Aone(T) < — sup Z [N, T(ammy)) vEV) = (@, ap)] (5.11)

Furthermore, a supremum over a sum is smaller than the sum over the supremum, so we can estimate:

A01’1(9(j:) < L' Z sup ‘W@N ; T(a(ﬂ'(k))) ¢®N> - W ) a¢>’ (512)

" mEGNM @k

We can evaluate this supremum - it is exactly Agne(7), as the only difference is 7(k), but we are free
to choose k in the supremum. Thus, we indeed see:

Aone(T) < ﬁ 3 AonelT) = AonelT) (5.13)

TES M

O

Note that T itself, an average over permutations, is now invariant under permutations: let any
o € Gy, then

T(P,APY) = % > T(P.P,AP;P}) = % > T(P,AP}) =T(A) (5.14)
: TEG M ’ TEG M

and changed the summation

T™o)

where we have used Pr Py = Pry and Py Py = Py-1Pr-1 = Prpy-1 = Py
variable as the map 7 — 7o := 7 is bijective. A similar argument holds for T..

Analogously to averaging the cloning map over permutations, it is possible to average over unitary
transformations. However, whilst the permutation representation comes from the finite group &y,
the unitary representation is of the infinite (but compact, see [[all5, Section 1.3]) group U(d): it is
thus imperative we first state what we precisely mean by averaging over this group. The summation
is changed to integration, and we should choose a measure such that the averaged cloning map has
the unitary covariance property. This happens when the measure is left-invariant, and this measure
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is uniquely specified (up to multiplication by a real number) for locally compact groups: this is the
Haar measure [[KS09, page 34]. For example, in the case we choose the group R with addition as group
operation (which is locally compact), the Lebesgue measure is a Haar measure. In our case, we choose
the compact group U(d), and in the compact case the Haar measure is also right-invariant. In the
compact case, we can also normalize the Haar measure. Let us first specify the unitary averaging of a
cloning map, and then show unitary covariance of the new cloning map, which will use the invariance-
property of the Haar measure.

Theorem 5.2.2 (Unitary average of ‘an optimal cloning device). Given any quantum operation
T. : BAHEN) — BH®M). Let the map T and its dual T be the unitary averages of the cloning map.
They are defined by

T(A) = / wENT (M Ay @MYy ®N gy (5.15)
u(d)

T.(p) = / wEMT (N pu* @)y @M gy, (5.16)
U(d)

where again A € B(H®M) and p € S(HSY), and du denotes the normalized Haar measure on U(d).
This is again a quantum operation and this map has the property that F(T) > F(T) and Apne(T) <
Aone(T), i.e. T performs at least as well as T.

Proof. We first prove that the fidelity can only increase due to the unitary averaging. We will denote
oy := uou* to shorten our expressions. Note then that u®Y g®Ny*@N = c®N  We find:

Tr [O’®MT* (0®N)] =Tr

U®M/ wMT, (e2M)u®M du (5.17)
U(d)

We can swap the trace and the integral as both are linear:

Tr [0®MT* (0’®N)] = / Tr [U®Mu*®MT* (cr;?N) u®M] du (5.18)
U(d)

using the cyclic property of the trace, the integrand now becomes Tr [U?M Ty (JEW )] Note that o, is
also a pure state, so by definition we have

Tr [oMT, (62N)] > F(T.) Vo €S(H), Yu € U(d) (5.19)

using this expression in the integral expression yields:
Tr [o®MT, (c®V)] > F(T,) du=F(T.) VoecS(H) (5.20)
U(d)

But as this expression holds for arbitrary o € S(H), we can safely take the infimum over pure o to find:

F(T,)= inf Tr[c®MT, (c®N)] > F(TV) (5.21)

o, pure

Furthermore, we will prove Agne(T) < Aone(T).

Aone(T) = sup
a .k

(WeN | / WENT(WEM g @MY du | pBNY (3, arp) (5.22)
U(d)

due to linearity, we can rewrite this to

Aone(T) = sup
a, P,k

(5.23)

/(d) W@N ) U*®NT(U®MQ(7€)U*®M)U®N ; 1Z)®N> - <1/’7m/)> du
18]
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As the absolute value of an integral is smaller than the integral over the absolute value of its integrand,
so we can estimate this by:

Aone(T) < bll/l,pk /U(d) <¢®N 7 u*®NT(u®Ma(k)u*®M)u®N ’ w®N> _ <1p,a¢>| du (5.24)

Furthermore, the supremum over an integral is smaller than the integral over a supremum, so:

Aonc(T) S/ sup |<¢®N ) U*®NT(U®MG‘(1€)U*®M)U®N 3 {lp®N> - <1/)7(MZ)>| du (525)
U(d) a,,k
but now we see an interesting property: u®V [p@N) = [¢®N) is again a pure state, and we take

the supremum over all pure states (with unity norm, but unitary transformations preserve length).
Furthermore, u®M a(k)u*®M = (uau*)(k), and uau® is again an observable. As we take the supremum
over all observables (with 0 < a < Idy, but again unitary transformations do not change eigenvalues
and thus do not alter this property), this unitary shift does not matter. Note that we can rewrite the
last expectation value as

(¢, ah) = (Yu™ uan” uy) (5.26)

so indeed we see that the entire expression over which we take the supremum has been shifted by a
unitary transformation. As this does not matter for a supremum, we find:

Aone(T) < /U(d) Aone(T) du = Ao (T) (5.27)

O

To show that the unitary average cloning map has the unitary covariance property, we can compute,
for any unitary transformation v € U(d):

T(v®M Ap*®M) = / w*ONT (M y®M fo* @M x @MY ON - gy (5.28)
U(d)
This should equal v®NT(A)v*®N | and we can compute:
vENT (A N = / vON Y ONT (M A @MYy ON*ON gy (5.29)
U(d)
Let w := uv* (and thus w* = vu*), then u®Nv*®N = w®N and we see that we can write:
vENT(A)p*®N = / wONT [wEMy®M Ay My @M N qy (5.30)
U(d)

Now the useful property of the Haar measure becomes apparent: as w is just a right-multiplication of
the integration variable u with some (fixed) group element v*, the translation-invariance of the Haar
measure tells us that this integral has precisely the same result as Equation 5.28. Thus indeed, the
averaged cloning map T has the unitary covariance property.



Description of the optimal cloning
device

In this chapter, we will look more in-depth at the proposed optimal cloning device: firstly, we must
verify that it is an admissible device (that is, we must verify it is a valid quantum operation). Secondly,
we check that this optimal cloning device is indeed permutation invariant and has the unitary covariance
property, as described in the previous chapter. Lastly, we will calculate its fidelity directly, and also
calculate its Black Cow Factor, the defining factor for calculating Ag,e. For convenience, we restate:

5 d[N] &(M—N)

Tu(p) = St Sur (p 1 )s 6.1

(p) d[M] M\pP H M (6.1)

where p € S(H%N), Sy @ HOM ’H?M is the symmetric projection from the output space to its
symmetric (permutation invariant) subspace, and for any n € Zo we let d[n] = (d+2_1) denote the
dimension of the symmetric subspace H$".

6.1. PROOF THAT THE PROPOSED MAP 7T, IS A QUANTUM OPERATION

Before proceeding in our proof of the optimality of T, we should prove that 7" itself is an quantum
operation. From its construction, it is clear that the map is linear. We must thus prove that T, is
completely positive and trace preserving (CPTP), which would make it a quantum operation.
6.1.1. PROOF THAT f IS COMPLETELY POSITIVE
The cloning map T, appears to exist of a composition of two operations: first, tensoring on (M — N)
quantum systems in the maximally mixed state (up to normalization), and then projecting this system
to the symmetric subspace. If we can prove that both these operations are completely positive, then
their composition (and thus 7T), should also be completely positive. To prove this, we can invoke two
Lemmas by [Maa04, page 37]:
Lemma 6.1.1. If f : B(HSY) — B(H®M) is a x-homomorphism, i.e. f(AB) = f(A)f(B) and
f(A*) = f(A)* for all A,B € B(”H?ﬁN), then f is completely positive.

We apply this lemma to the mapping p — p ® Idg(M_N)
Furthermore, we have

Lemma 6.1.2. If we have a linear map V : HEM — HOM | then the map
T:BHEM) = BHEM) © A V*AV (6.2)

, which is indeed a x-homomorphism.

is completely positive

We can apply this lemma to Sjp; =V, and note that S}, = Sis.
As compositions of completely positive maps stay completely positive, and we see that T is the

(M—N)

composition of p — p® Id% and A — SprASys, up to a normalization constant. Thus, indeed,

T, must be completely positive.
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6.1.2. PROOF THAT 7, IS TRACE PRESERVING

This proof follows the argument of [Wer98, Section III]. In short, the proof is as follows: firstly, we
rewrite the trace over 7% (p) to a trace over pX for some positive operator X on HE%N . Secondly, we
prove that X commutes with the unitary operators of the form u®", and by Schur’s Lemma it must
thus be a multiple of the identity operator. Lastly, we prove that the multiplication constant must be
1 (i.e. X is precisely the identity operator) by explicitly calculating the trace over T} (7x), where 7y is
the maximally mixed density matrix on H%N

First, we rewrite Tr[T.(p)] to Tr [pX] for some positive operator X € B(HE™). We can justify this in

the following way: let {|7)}; _1] be an orthonormal basis for H§", then we can write p = >, 3 ; Pig 1) (7]
and similarly X =3, >°. x5 [i) (j| for some coefficients p;;, z;; 6 C. By linearity of the trace operator
and by linearity of T" we then find:

d[N] d[N] d[N] d[N] d[N]

[ } YD i Tr[ n I)} DT pX] =) (pX) =D pyrii (63)

=1 j=1 =1 i=1 j=1

We see that both expressions equal in the case we choose z;; = Tr[T%(|5) (i])]. Furthermore, X has to
be positive. If not, there exists a [¢) € HEY such that (¢ | X)) < 0. But then we could let p = |v) (/|
be the pure state associated with |¢) (up to normalization, but this does not change the negativity of
the expectation of X) , and we know certainly that T, (p) is positive as we already have proven complete
positivity, but then

0 < T [2(1) (o) = Te ) (] X] = (& | X9) <0 (6.4)
which is impossible. Thus, X must be a positive operator.
Theorem 6.1.3. The positive operator X commutes with u®Y
Proof. We can compute for arbitrary A € B(H®N):

3)

Te [AX] = Tr [T2(4)] @ Tr [weMuM T (4)] D T [uBMF (4)e ]| (6.5)
T [T (N 4w )| © T [ (Y 4ur®V) X] D T [Aw N Xu®N] (6.6)

where (1) is justified by the fact that w*®My®M =1d$M | (2) by the cyclic property of the trace, (3) by
the covariant property of 7%, (4) by letting X act on the new state u®N Au*®N and (5) by the cyclic
property of the trace.

Note that this derivation holds for an arbitrary operator A € B(H®"). This can only be the case if
X = uw**NXu®N but then [X,u®N] =0 O

But as X € B(HEY), and u®N = 73 (u), X commutes with an irreducible representation. Then, by
Schur’s Lemma (see Theorem 2.2.20), we must have X = Ad, e~ for some X € C.
+

Theorem 6.1.4. Tr[T.(p)] = Tr[p], so X = Ide?N, i.e. in the previous expression A = 1.

Proof. Tt suffices to show that the trace of some density operator is preserved. Consider 7y :=
d[N]_lldﬂgN, i.e. the maximally mixed state on HYYN. In the larger space H®N we can write

N = d[N]~1Sy, with Sy the projector of H®N — ’HEGEN (indeed Sy acts as the identity on ’H?EN). We

can then compute:
2 d[N] ®(M—-N)

Tu(rn) = S (S @ 1d )s 6.7

We claim that S’M(SN®Id§3(M_N)) = Sps. Intuitively, this can be understood as follows: Sy ®Id%(M_N)

only makes the first N copies symmetric, whilst leaving the last (M — N) unchanged. If we then make

all M copies symmetric with Sy, this is the same as just directly symmetrising all copies through Sy, .

Formally, we can argue as follows: for each permutation operator P/, on H®Y (one of the permuta-

tions in the average of Sy) with 7' € Sy, we can view P, ® Id%t(M_N) as a permutation operator on
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HEM: namely, precisely the permutation 7 € & that leaves the last (M — N) entries unchanged, and
acts the same as 7’ on the first N entries. As discussed before, we have Sy, P, = Sy for any m € & )y.
Thus, in particular, we have Sy, Py, ®Id%<M7N) = Sy for 7 € Gy. But then, by linearity this extends
to sums of permutation operators of this form, and thus the argument extends to Sy.

We thus have:
~ 1 9

Ti(Tn) = = LSM =TM (6.8)

d[M]™M T d[M]
where we have S2, = S); because Sy is a projector. As )y indeed is a valid density matrix on HOM
and has unity trace, we now have:

1=Tr[ry] = Tr [T*(TN)] = Tr[rnX] = Tt [Ary] = A (6.9)

so indeed we have X = Idﬂgw, and thus we indeed see that 7, is trace preserving. O]
6.2. PERMUTATION INVARIANCE AND UNITARY COVARIANCE OF T
Now that we have established that T’ is indeed a quantum operation, we can check that it is permutation

invariant and has the unitary covariance property. Let us first look at permutation invariance:

a * d[N] Q(M—N) *
PTL(0)F; = iy PeSan (p@ldH ) Sy P (6.10)

and we immediately see ‘Ehat PSSy = Sy and Sy Pr = Sy because Sy is an average over all permu-
tations. Thus indeed P,Ty(p)P; = Ti(p).

Furthermore, the map is unitarily covariant:

. d[N _
WM (U®Npu*®N) W®M — d[[M]]u*@oMSM [(u@vpu*@z\/) ® Id;c?L(M N)} Sy u®M (6.11)
We now make two observations: firstly, u® and Sj; commute: this is because ﬁ%M and V,; commute,

and S)y is an average over V. Secondly, the expression in square brackets can be expanded into:
(u®Npu*®N) ® Id%(MfN) = u®M (p ® Id%(MfN)) u M (6.12)
as uu® = Idy on the last M — N copies. We can summarize both statements into:

u*®MT* (U®Npu*®N) WM — C(f[[]\]\/;]]SM“@M |:u®M (p ® Id%(MfN)> u*®M:| u®MSM (6.13)

from this expression it becomes apparent, as u*®My®M = Id%M , that

wOMT, (u®N pu N ) uBM =T, (p) (6.14)

So indeed our proposed map T cannot be improved by taking permutation averages or unitary
averages.

6.3. THE BrLAcKk Cow FACTOR AND FIDELITY OF ﬂ

So far, we have proven that T, is indeed a quantum operation, and also has the permutation invariance
and unitary covariance properties. We now focus on the performance of this cloning map: we can directly
calculate the fidelity F (T*), and we can do important preliminary work for calculating AOHE(T). We
start with the fidelity.
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6.3.1. THE FIDELITY OF f;:
We can directly calculate the fidelity:
. d[N _
F(T) = if d[[M]] Tr [0®M5M (a®N @15 N)) SM} (6.15)

We can use the fact that 0®M = 83;,09M = ¢®M G, as ¢®M is a smaller projector than Sy;. The
proof can be found in Appendix A.2.1. By using the cyclic property of the trace, we can thus find for
any pure o:

Tr [SMO’@)MSM (0®N ® Id%(MfN)ﬂ =Tr [0‘®M (0’®N ® Id%(MfN))} = (6.16)
Tr [(0%) " @ o® M) = T [¢M] =1 (6.17)
where in the second to last equality we have used 02 = o as ¢ is a pure state. We see that the trace is
even indepent of our choice of o, and we can thus directly conclude that
d[N]

F(T,) = da] (6.18)

=

6.3.2. CALCULATING Agyg: THE BLack Cow FACTOR OF T,
In the proof of optimality in Chapter 7, we will calculate Agye of any optimal cloning map. This figure
of merit will be rewritten in terms of what [Wer08] describes as the "Black Cow Factor', a factor that
only depends on the provided cloning map.

The "Black Cow Factor" has originally been used in the description of the (more specific) problem of
cloning qubits: let us thus briefly limit our objective to qubits. In this case, a (possibly mixed) density
operator p(") of one qubit can be described as

. 1 .
(in) _ = g (in) =z
P > (IdH +3 o’) (6.19)

where H = C?, § (") denotes the Bloch vector, and & denotes the three Pauli matrices (which span
su(2), see Definitions 2.2.5). As the eigenvalues of p() are 1/2(1 + ||5 ) ||), all pure states must have
|5 ™| = 1, and all mixed states have ||5 ("] < 1. Geometrically, this means that pure states are on
the surface of the Bloch sphere, whilst mixed states lie within its volume.

An important argument from [BDET98, Section II.a] states that, if we look at a quantum cloner
with the unitary covariance property, then this cloner needs to treat all input states in the same way.
The authors then argue that if we look at the reduced density matrix of one of the clones, this must be
a rescaled, but not rotated, version of the Bloch vector of the original qubit. This is due to the property
that a rotation always has two fixed points on the sphere, and the two corresponding states would be
transformed in a special way by the cloner, which is not allowed by its unitary covariance property.

This argument from [BDE" 98] leads us to write the reduced density matrix of one output clone as
(see [BEMOIS]):

1 .
P = 2 (IdH + (N, M) - 5. 5) (6.20)

where we now clearly see that no rotation takes place, and the Bloch vector is shrunk by a shrinking
factor n(N, M). In this picture, an optimal cloner would produce an n(N, M) that is as close to 1 as
possible. Also note that the shrinking of the Bloch vector means that the output state is a mixed state.

We now wish to describe a similar factor v(T') that coincides with the definition of (N, M) in the
special case of qubits. To introduce this factor, we must first have a way of computing the reduced
density matrix of one output clone, that no longer needs to be a qubit. In order to do so, let us first
introduce the one-site restriction (a partial trace over all but one clone), and then a description that is

similar to p(©u).

Definition 6.3.1 (One-site restriction). Given any density matrix p € S(H®") for some n € Z>.
We define R : B(H®™) — B(H) as its one-site restriction by

Tr [R(p)A] = Tr [p (A ® Id;‘?}"—”)} VA € B(H) (6.21)
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This one-site restriction is the partial trace over all but the first quantum copy.

We wish to find an explicit expression for R (T L (o®N )) . We prove for an arbitrary quantum

operation T, that has the unitary covariance property:

Theorem 6.3.2. Given any quantum operation T, : S(H%N) — S(H®M) with unitary covariance.
There exists a factor v(T) such that, for any pure o € S(H):

R (T, (c®N)) =y(T)o + [L — (T)] (1/d)Idy (6.22)
Proof. Let us denote Ry (o) := R (T. (6®")) for brevity. Choose any pure o € S(H). Define
S := Span {0, Idy} C B(H) ; S":={Ae€eB(H)| AB=BA VBeS} (6.23)

We call S’ the commutant (set) of S. We claim that S is a x-subalgebra of B(#H). As S is the linear span
of two elements of B(H), it is a vector space. It is also closed under matrix multiplication, as 02 = o as
o is a pure state, thus S is an algebra. Furthermore, 0* = ¢ as o is a density matrix, thus S is closed
under the involution. Thus, S is a unital *-subalgebra of B(#), and as H is finite-dimensional, we
have a variant of the Von Neumann bicommutant theorem: S” := (S’)’ = S. See for example [Jon09,
page 12]. Note that S’ simply consists of all operators that commute with o, as all operators trivially
commute with (multiples of) Ids.

We now claim that Rp(o) € S”. As S” = S, it then directly follows that Rr(c) is a linear
combination of ¢ and Idy, which we would like to prove.

We first show that, by unitary covariance of T, we must have that Ry (o) commutes with all unitaries
that commute with o (that is, all unitary operators in S’). Using the covariance of T}, we directly see
that, for any unitary operator u:

Tr [Ry(uou*)A] = Tr [u®MT* (c®N) ur®M (A ® Id%(N_l))} (6.24)

Using the cyclic property of the trace, we can let the unitaries first act on the observable A (tensored
on by the identity), and we find

Tr [Ry(uou®)A] = Tr [T* (c®N) ((U*Au) ® Id%(N_l))} = Tr [Rr(o)u™ Au) (6.25)

using the cyclic property of the trace again, and using the fact that this derivation holds for arbitrary
observable A, we see that Rr(uou®) = uRr(o)u*. And thus indeed, if the unitary « commutes with o,
on the left-hand side we simply have Rr (o), and we thus find:

weS = [u,0]=0 = [Ry(o),ul =0 (6.26)

As a last part in our proof, we need to prove the notion that if Ry(o) commutes with all unitary
operators in S’ (which we have already proven), this implies that Ry (o) actually commutes with all
operators in S’. We leave this technical proof to Appendix A.4.1.

Thus, we have that Rr(o) € S” = S. Thus, we must have

Rr(0) = ao + Bldy (6.27)

as Rr(o) € S(H), it must have unity trace. The trace of o is unity, the trace of Idy is d, thus we see
that a +df = 1. We call a := (T, 0) and we find:

1- 7(T7 J)
d

We only need to prove that the factor (7', o) is actually independent of our choice of o. Note that
for any two pure density matrices ¢ and p, we can always find a unitary such that uocu* = p, thus we
only need to prove that v(T, o) = v(T, uocu*) for arbitrary o and u. We can use the covariance property
of T, to reach this goal:

Rr(o) =~v(T,0)0 + Idy (6.28)

1 — (T, uou*)

Rr(uou®) = y(T, uou )uou* + g

Idy, (6.29)
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We have already shown that this must equal uRr(o)u*, and we have:

1—~(T 1—~(T
uRp(o)u* =u (W(T, o)o+ 75"’%@) u* =~(T,0)uou™ + %Idﬂ (6.30)
Equating both expressions, and taking both identity operators to one side, we find:
1
(T, uou™) — (T, 0)]uou” = = [y(T,uou™) — y(T,0)] Idy (6.31)

d

so either uou* = %qu.‘ = o= éIdH, in which trivially (T, uou*) = v(T, o), or indeed v(T, uou*) =
v(T,0). So in either case, we have y(T,uocu*) = v(T,0), and we can thus conclude that v is only
dependent on 7', not on o. O

We now have the tools to connect the shrinking factor n(N, M) from the beginning of this subsection
to the Black Cow Factor v(T), by the following observation:

Corollary 6.3.3 (Black Cow Factor and shrinking factor). The Black Cow Factor v(T) equals
n(N, M) in the qubit case d = 2
Proof. Firstly, let us rewrite the qubit case, where we assume the input qubit to be in a pure state
[¥) (| [BDET98, Section I]:
1 2(n) | =

P =) (¥ + (1 —m) - (1/2)Idy where  [) (] = 5 (Idy +5.5)  (6.32)

If we compare this with the one-site restriction, where o = |¢) (¢|:
R(T. (%)) = (1) [) (] + (1 = (T)) - (1/d)1dy (6.33)

then we directly see that indeed these expressions overlap in the case d = 2, and more generally seem
to describe the same phenomenon: the shrinking factor and Black Cow Factor give a measure to the
amount of information lost by cloning if we look at an individual clone: in the perfect (impossible) case,
we would lose no information and thus y(7') = 1, and in the worst case, we would lose all information
and v(T') = 0, resulting in a reduced density matrix equal to the maximally mixed state. O

From this construction of the one-site restriction of 7}, we can now actually calculate V(T*)
M N M+d
Theorem 6.3.4. We have v(T') = 5 - “5°
Proof. This proof follows the argument of [Wer98]. In order to calculate v(1'), we calculate Tr [0 Ry (0)]
in two ways. First, note that

Tr {UR (T* (0’®N)>:| =Tr [y(T)o? + ﬂo =~(T) + 1=2@) (6.34)
d d
On the other hand, we can also manually compute:
T [0k (1. (6%Y))] = Tx [T (6%7) (o 2 1057 ))] (6.35)

by definition of R. Note that T, outputs systems in H%M , thus it does not matter which clone we test
in the trace. We can express this as:

Te [1. (0%V) (0 2105 V)] = % T [f: o T (0®N)] (6.36)
k=1

where, per usual, o) 1= Id%(kfl) Ro® Idgi(M*k).
This is a useful expression when we substitute in the expression for T,:

M M
Z O'(k)T* (U®N)] = ﬂ Tr Zg(k)SM (O’®N ® Idn%(M_N)> SM‘| (637)
k=1 k=1

1
a d[M]- M

Namely, Zkle oy commutes with permutations, and by linearity commutes with Sy, We thus look
at traces of the form

Tr [Swow (o5 @15 ) Sy | (6.38)
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In the case 1 < k < N , we simply apply o to o in the k-th index, and as 02 = ¢ as it is a pure
state, for all these cases applying o) changes nothing. Thus for these first IV cases we have

Tr (S (oY @ 1a5M ) S| = ‘jl[[M]] Tr [T, (o%V) ] = ‘% (6.39)

In the case N <k < M , we apply o to the identity operator, and thus end with a tensor product in
which ¢ is present on N + 1 places. Note that the order in which the tensor product state is presented
to Sys does not actually matter; only the amount of places in which o is present affects the outcome.
Namely, for any N < k < M, take the permutation 7 € G, that transposes the entries N + 1 and k.
Then applying V; results in c®(V+1) @ Id%(M_N_l). But we have already argued that SV, = Sy, for
any V., thus we can simply write:

Su [oay (0N @ 105N | Sas = Sar (a5 @ 105NN 5 (6.40)

Identifying this with the cloning map T, if it would take in N + 1 clones, we follow the same argument
as the previous case to determine that the trace must equal

QN Q(M—N) _ d[M]
Tr [Swogy (oY @ 1a5M ) Sy ] = INET (6.41)
We can then combine these cases to find:
M
1 A d[N] d[M] d[M)]
— T T, (6®N)| = N M—N)——— 42
M ;U(’“ (o )] d[M]-M( ) T JaN T 1] (642)

By equating the expression for ’y(T) and the expression above, we can find (for a tedious derivation,
see Appendix A.5.1)
N M+d

T)y=
" =513 "

(6.43)
O

In the most atomic situation of copying one qubit to two qubits, the resulting Black Cow Factor
equals (1/3) - (4/2) = 2/3, which is equal to the optimal value of the shrinking factor n found by for
example [BDET93].



Proof of optimality

Thus far, we have seen certain characteristics of the proposed cloning map, such as its fidelity and its
permutation covariance. We now have enough mathematical tools and have laid the foundations for
the main purpose of this paper: to prove that the proposed map is indeed optimal with respect to the
figures of merit. In this chapter, we will prove these assertions.

7.1. PROOF OF OPTIMALITY WITH RESPECT TO FIDELITY

Theorem 7.1.1. [IVerd8] Given any quantum operation T, : S(HEN) — S(HEM). This quantum
operation has
. oMp _oNy] < 9]
F(T):= inf Tr[oe"MT,(c®")] < ——= (7.1)

o, pure [ ]

=Y

with equality iff T = T

Let us first discuss an outline of the proof. Note that the proposed optimal cloning map T, outputs
quantum states on 'H%M , so it would be natural to look for a way to assert that any optimal cloning
map must have this property. In order to do so, we can split H®M in the direct sum of ’H%M and its
orthogonal complement. By choosing the maximally mixed state on H%N as input and using Schur’s
lemma, we can prove that the part of the output state supported by H%M must be a scalar multiple of
the identity operator. Further note that c® is a state on H%M (and thus orthogonal to any state on
its orthogonal complement), so in calculating the fidelity, the part of the output state supported by the
orthogonal complement of H?M does not contribute anything. Thus, for a cloning map to be optimal,
a maximally mixed input state should be mapped to the maximally mixed state on H?M . From this
observation, the fidelity inequality will follow, and we can also show that this constraint is powerful
enough to completely fix the behaviour of the cloning map, proving that there is a unique quantum
operation with optimal fidelity.

Proof of the fidelity inequality. Assume T, is optimal with respect to F. Such a cloning map exists by
Appendix A.6.1. We will first show that we must have T,(7n) = Tar, i.e. the maximally mixed state
7n = d[N]71Sy is imaged on 7y; := d[M]~1S);, thus also directly showing that the output state is
supported by H%M (which is not an a priori requirement). From this it will follow that indeed the
fidelity is bounded from above by d[N]/d[M].

Let us consider 7 on H%N . We have already seen that Sy (and thus 7 ) commutes with all unitaries
u®N , and by covariance of T, we have:

T*(TN) = T* (U®NTNU*®N) = U®MT* (TN) U*®M < ﬁ* (TN), U®M} =0 VYuce U(d) (72)

We know that T'(7y) must produce a density matrix on H®. We can split this output space into
HEGEM and its orthogonal complement. But we have seen that (WJJ\C[, H%M ) is an irreducible representa-
tion, and as the output needs to commute with 7, (u) for all u € U(d), the output on this subspace

32
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thus needs to be a multiple of the identity on HE?M by Schur’s Lemma (see Definitions 2.2.20). We can
thus write:

T.(ry) = d[AM]SM (1) (7.3)

where Sp; = IdﬂgM, and y is a density matrix on the orthogonal complement of HE‘EM ,and 0 < A< 1.
We can now use the useful fact that if we trace over this quantity with c®™ | the y-term will cancel
as x is orthogonal to all density matrices on H?M .

Furthermore, we change to argument of T, to Sy — c®Y. We know this must a positive operator,
as 0®V is a projection whose range is contained in the range of projection Sy. We thus find:

0 < Tr [0®MT, (Sy — 0o®N)] = d[N]Tr [0®MT.(7n)] — Tr [0®M T, (®)] (7.4)

The first trace evaluates to Ad[N]/d[M] Tr [0®™ S|, and as we know 0®M Sy, = ¢®M | this just leaves
us with the constant factor.

The second trace has a familiar form: its infimum over o is precisely F(T'). An important observation
is the following: for all pure states o and p on H, we can find a unitary transformation w such that
uou® = p. Let us denote o, := uou*. We can then compute:

Tr [o®MT, (0®N)] = / Tr [o2MT, (02V)] du = (7.5)
U(d)
/ Tr [pOMT, (p2N)] du = T [p®MT, (p°V)] (7.6)
U(d)

Thus we see that this trace is actually independent of our choice of o. Thus, we can substitute F(T) = F
in place of the second trace. We then find:
d[N] .

Og)\m—}' :ﬁgxﬁgﬁ (7.7)

with equality for the last part for A = 1. Thus indeed, T,(7y) = 7as in the optimal case, and F <
d[N]/d[M]. O

Proof of the fidelity equality. We are left with proving that if a cloner has the optimal fidelity, it must
be the optimal cloning map T that we have already found.

From the previous proof, we must have A = 1 in the case of optimality. But then, for any ¢®¥ input
state, T, must output a state on 'H?EM . As permutations and unitary operations commute, the same
argument holds for T, as T, is just an average over all unitarily rotated copies of T,. Looking at the
last inequality with A = 1, we see that

N

Tr [o®MT, (Sy —o®V)] =0 = / Tr [oSMT, (Sy —o$N)] du=0 (7.8)
U(d)

where we have used that u®V Syu*®N = Sy, as they commute. The integrand is nonnegative as

T.(Sy — 0®N) is a positive operator for any o, so we must have

Tr [o®MT, (Sy —o®N)] =0 Vo e S(H) (7.9)
We can now employ Stinespring’s dilation theorem (see for example [Janl0, page 18]) to write
T.(p)=F -V (po1d0)V .  peSMHTY) (7.10)

for V: ’H%M — HEGEN ® K and some auxiliary Hilbert space K. Here we used the factor F so that for
an optimal cloner we have V*V = IdH§M. Then we can rewrite our optimality condition as:

@M VI [(Sy —o®N) @ldc] VI, M) =0 Vo =[y) (¢] € S(H) (7.11)

We wish to rewrite this to H [(SN — cr®N) ® Id,c] V¢®MH2 =0.
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First note the following:
[(Sn = 0®) @Tdc]” = (S% = Swo™ = oV 4 (62)*") @ lag = (Sy — o) @lax  (7.12)

where we have used S% = Sy (as Sy is a projector), and o®V = Syo®N = ¢®N Gy Intuitively, this
works out as both Sy —o®" and Idy are projectors. Further note that we have [(Sy — o®V) @ Idk] —
[(Sy — o®N) @ Idk].

Thus, we can rewrite the previous statement into:

WV (S — o) @ 1] [(S — o) © 1e] Vo) = [[(Sy — o°) @ Tae] Vo
(7.13)
thus the optimality condition can be expressed as [(Sy — 0®N) @ Idx | V¢y®M = 0. This in turn means
that V¢®M must be in the subspace ¥®V @ K. So Vyp®M = ®N & £(1), with some vector £(¢) € K.
Although we cannot explicitly calculated £(1)), we can calculate inner products:

(@, 0) = (¢%M pBM) = (VM VypBM) = (62N @ £(9) , v @ E(W)) = (6,9)" <5<¢>,£(w()>,C |
7.14
Thus we have

(€8), 6@k = (@) (7.15)

That this derivation also holds in the case {(¢,1) = 0 is further proven in the Appendix: globally
speaking, we prove that £ depends continuously on ¢, and thus we can take limits (see Appendix
A7.1).

Now we have all information to compute the matrix elements of the optimal cloning map. But then,
the map is uniquely determined. As we have already proven that 7" has optimal fidelity, it must be the
uniquely determined optimal cloning map with respect to the fidelity. O

Remark 7.1.2. We can also write out the matrix elements to actually check that our optimal cloning
map indeed has these matrix elements:

Let T be any optimal cloning map, and take any kind of basis { |’(/Ji® M ) }Z of H%M . Furthermore,
we will consider any kind of input [¢®V) (¢®V|. We then find:

WEM| T, (|9®N) (¢2N]) [p@M) = F - (@M| V* [|69V) (¢®V| @ 1dk] V [pEM) = (7.16)
F (il ®N @ (@)l [[0%V) (0®V @ 1dx] [6,)%" @ 6(w))), = (7.17)
Folwi | )Y Ao | 0™ - (6(@hn) | @) = F i | o)™ (o | o)™ - (s | o)™ (7.18)

where, in the second equality, we have used the description of V |¢p®M).

We can now compare this with the matrix element for our optimal map 7"

WEM| T (162N (V1) [EM) = F M) Sa (16%) (6 2 1M N ) Sy [pPM) = (7.19)

Fo@@M] (16%%) 02V @ 1M ) M) = Ftwi | )Y - @i | u) M o [ )Y (7.20)

Where in the second equality, we have used the fact that Sy, |1/)>®M = |1/J>®M
symmetric.

By comparing the results, we indeed see that the two maps are equivalent. Thus, the only possible
optimal map is indeed T'.

, as this vector is already

7.2. PROOF OF OPTIMALITY WITH RESPECT TO SINGLE CLONE TEST
Theorem 7.2.1. [KW99] Given any quantum operation T : B(H®M) — B(HSN). We have

d—1 N M+d

— N Ny _ — .
0= s (6% . T o) )~ o, a2 27 P ML

(7.21)

with equality iff T = T.
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To prove this theorem, we will need considerably more heavy mathematical machinery. We will
develop a proof for any general Hilbert space H = C%, but in the end we will solely focus on the qubit
case d = 2 to optimize the cloning map. Note that we assume T to be permutation invariant and
unitary covariant: if not, by Chapter 5 we can construct an average map that performs at least as well.

Let us first discuss an outline of the proof below. Our goal is to construct a way to explicitly calculate
T'(a(x)), such that we can calculate Agpe. We first show that this is determined by a factor w(T) that is
very closely related to the Black Cow Factor v(T') that was introduced and calculated for the proposed
optimal cloning map in Section 6.3.2. The Lie group and representation theory necessary for this
argument is presented in Section 7.2.1, and the calculations for T'(a()) in terms of w(7") (and (7)) can
be found in Sections 7.2.2 and 7.2.3. We can then rewrite Agpe in terms of «(7) in Section 7.2.4. We
can then shift our attention to optimizing v(7T") (or equivalently, w(T")). To find an explicit expression
for w(T), we decompose our output space H®M into smaller (irreducible) representations, and on each
of these subspaces we further decompose our cloning map using a covariant version of Stinespring’s
dilation theorem in Section 7.2.5. We then turn our attention to the qubit case, and with the use of
total angular momentum (the Casimir element), we can find an explicit expression for w(T") in Section
7.2.6. We are then left with optimizing this expression in Section 7.2.7, which will conclude the proof.

We start with a general observation: We have already discussed that our optimal cloning map is
permutation invariant, so we know that

1 M
T(aw) = 37T (Z a(k)) (7.22)
k=1

The right-hand side is useful, because T is applied to a generator of the Lie algebra su(d). Thus, we
first turn our attention to this Lie algebra:

7.2.1. THE LIE ALGEBRA su(d)

Recall from the Definitions Chapter that the Lie algebra su(d) carries a differential representation
(see Definition 2.2.21) for any representation on SU(d). We are interested in the Lie algebra and its
representation because of the following identification:

Theorem 7.2.2. For any a € B(H) with Tr [a] = 0 we have
M
orEM(a) = agy (7.23)
k=1

Proof. First note that we can apply 77% M t0 @ (whilst it is not necessarily anti-Hermitian) if we uniquely
extend the representation ﬂ%M(a) (and thus also GW%M(a)) by complexification from su(d) to sl(d, C)
(see Definitions 2.2.25). Furthermore, we can calculate:

d
87T§M(a) == (6“’)®M = (7.24)
dt t=0
d ta ta ta d ta ta
—e Re*R--- +e® | —e ReTR--- + .= (7.25)
dt 0 dt =0
M
(@@Idy @)+ (Idy @a@ldy @ )+ => ag (7.26)
k=1
O

Thus, in this context we see that to calculate T'(a(x)), we can instead look at the behaviour of 7" on
generator elements of the Lie algebra representation. We wish to connect this to the special property
of the cloning map: unitary covariance. We arrive at:
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Definition 7.2.3. [KW99, Section IIL.B] Let m : G — B(#,) be a finite dimensional unitary represen-
tation of a Lie group G with Lie algebra g. Then g is nondenegerate in B(# ) with respect to 7 if
any linear operator L : g — B(H,) with the covariance property 7(g)L(X)n(g)* = L(gXg~!) is of the
form L(X) = A - 0n(X) for some X € C.

Remark 7.2.4. Note that this is closely related to Schur’s Lemma (i.e. intertwiners between represen-
tations). One can see this as follows:

Let us first define the adjoint representation of a Lie group GG. This is quite a special representa-
tion, because the vector space of this representation is the Lie algebra g itself. Hence, it is a mapping
Ad : G — GL(g) such that it respects the group operation. The representation is given by

Adjoint representation :  (Ad,g) ; Ad(g) =g(-)g ! (7.27)

where we mean that VX € g we have Ad(g)(X) = gXg~'. We thus see that the right hand side of the
covariance property in the definition is actually the composition L o Ad(g).

Similarly, we discuss the left-hand side of the covariance property. The map g — 7(g)(-)m(g)* can
actually be understood as the representation m ® 7* in the following sense: L maps elements of g to
B(Hr), and B(H,) = H, ® HE, on which the representation 7 ® 7* works. Thus, the left-hand side of
the covariance property is the composition 7 ® 7* o L.

We now see that indeed the covariance property can be understood as being an intertwiner between
the tensor product representation 7 ® 7* and the adjoint representation Ad.

Theorem 7.2.5. su(d) is nondegenerate in B(H%N) with respect to ;.

Proof. We only sketch the proof for d > 3, and explicitly give a proof for the case d = 2. In the previous
remark we have already done quite some work: if one can prove that the representation Ad is contained
exactly once in the decomposition in irreducibles of 7 ® 7*, then by Schur’s Lemma the theorem follows.
In general this is true for su(d) for any d > 2 with respect to the irreducible representation 7rj\',. See
[KW99, Appendix A.4]. In the following proof we will only focus on the case d = 2, because all
irreducible representations of SU(2) are well-known and its tensor powers are easily decomposed into
irreducibles.

In the case of d = 2, all possible irreducible representations can be labelled by one half-integer
index, called the total angular momentum number j € %Zz(y Let (m;, D;) be those irreducible
representations, where dim D; = 2j+1. We then have that 7, is isomorphic to 72, which we can deduce
simply by looking at dimensions, as all irreducible representations of su(2) have a unique dimension:

24+ N -1

dim H%N = ( N

):N—l—lzdiij if N =2j (7.28)

Note that, as discussed in Definitions 2.2.5, su(2) is spanned by the three Pauli matrices, and has
thus dim su(2) = 3. But, there is a unique irreducible representation with dimension 3: D;. Thus, we
must have Dq = su(2) if we picture both as representations, with su(2) the adjoint representation.

Furthermore, because we work in finite dimensional spaces and the representations are unitary, we
can identify H* = H,. Thus, we look at maps

L:su(2) =Dy — B(HSY)=B(D;) © D; ® D} 2 D; ® D; for j = N/2 (7.29)

There is a beautiful decomposition of tensor products of irreducible representations in the case of su(2),
which is (see, for example, [FT104, page 151]):

D;j @ D = Dyj—y  Dyjj—pi+1 @ & Djsr (7.30)
But then, in our case, we have:
Dy % Dy® Dy ® Do ® Dy & --- @ Dy, (7.31)

But, this is a mapping from an irreducible representation to the direct sum of irreducible representations.
By Schur’s lemma, the mapping to all spaces D; with j # 1 must be the trivial zero map, and the



7.2. PROOF OF OPTIMALITY WITH RESPECT TO SINGLE CLONE TEST 37

mapping to the space D; must be a multiple of the identity. Thus, the space of admissible L is one-
dimensional.
To find an expression for L : su(2) — B(H), we can look at the linear map Oy, as this satisfies

T (Wor i (X) i (w)* = onfy (uXu™) (7.32)
and thus we immediately see that we must have L(X) = X - 97} (X) for some ) € C. O

Corollary 7.2.6. Let w: SU(d) — B(H) be a unitary representation, and let T : B(H,) — B(’H%N)
be a CPTP and SU(d)-covariant map, i.e.

T(r(u) An(u)") = 7 () T(A) (w)* (7.33)
Then there exists a number w(T') such that

N

T (@r(a)) = w(T) Y agy (7.34)

k=1
for every a € B(H) with Tr(a) = 0.

Proof. We know that su(d) is nondegenerate in B(’H%N ) with respect to 77;. We have the linear map
(Toor):su(d) — BHEY) 5 or:su(d) — B(Hx) (7.35)

where Or is the representation of the Lie algebra su(d) induced by the representation m of SU(d). We
can check the covariance:

T3 (W) (T 0 or) (X)m ki (u)* =T (r(w)om(X)m(u)*) =T (dn(uXu™")) (7.36)
Thus, by the definition of nondegenerate Lie algebras, we now have:
T (07(a)) = w(T)07%; (a) (7.37)

for some factor w(T') € C that only depends on T. We have already seen that 7 (a) = E;]cvz1 agy. O

7.2.2. EXPLICIT EXPRESSION FOR T'(a))

Starting out from our wish to find a way to calculate T'(a()), we are now capable of calculating
T(0rEM (a)) by Corollary 7.2.6, and we have already seen by Theorem 7.2.2 that 975" (a) is actually
a sum over operators of the form Q(k)- Thus, we now turn our focus to expressing T(a(k)) in terms of
w(T), such that we can express Agne(T) in terms of w(7T') as well in the next sections. We follow the
argument of [KW99, Section III.B]. First, for any operator a € B(H), we find a traceless operator o’
such that:

T
a= %Id’)—[ +a :=a-Idy+ad andthus ap) = ald§M + azk) (7.38)
We can then calculate:
1 M
T (a(k)) =T (a . Id’}-[ + a'(k)) = aIde%N + T(aék)) = aIde?N + MT Z a’(l)> (739)
=1
1 w(T) <
= aldyen + T (078" (@) = aldyon + 2 > ap, (7.40)
1=1
We now substitute o = %, and we use a’ = a — aldy ,we find:
N
Tr(a) w(T) N Tr(a)
T (a(k)) = d IdrHﬁN + M ;a(l) — MW(T) d IngN = (7.41)

N
TYC(la) (1 ~ N‘j\f)> Idygon + % (Z am) (7.42)
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7.2.3. CONNECTION BETWEEN 7 AND w
Before we proceed, we can point out a very specific connection between the factors w(7T') and v(7T') for
any quantum operation T} : S ('H%N) — S(H®M) with the unitary covariance property:

Theorem 7.2.7. We have

N
A(T) = ~ow(T) (7.43)
Proof. The defining equation for the Black Cow Factor «v(T) was given in Theorem 6.3.2:

1 —~(T)

R(T. (c®V)) =4(T)o + pi

Idy (7.44)

We can thus connect them, for any o € S(H) and any operator a € B(H):

1 —~(T) 1 —~(T)

y] ¥ Tr [a) (7.45)

Tr [R (T (0’®N)) a] =Tr {W(T)aa + a] =~(T)Tr[oa] +

On the other hand, by definition that R is the partial trace over all clones except the first one, we have
that this must also equal:

T [T, (0%™) (e @ 1d5 M )| = T [72 (0%Y) 0] = Tr [0%7T (aqr))] (7.46)

With the explicit expression for T'(a)) found above, we can calculate:

N
Tr [0®NT (ay)] = Trcga) (1 - ]\]\;w(T)) Tr |:O'®NIdH§N:| + % ZTr [0V ag] (7.47)
=1

First note that the notation o®V1d yen is harmless, because o®N ¢ B(H®N) If one wishes to, we could
HY

rewrite IH®N to Sy (if we were discussing the larger space H®V > 7—[®N) and note that o®V Sy = o®V,
so the ﬁrst trace simply evaluates to 1. Furthermore, for any [, we have in the last trace:

Tr [0%Na ] =Trjc® - ®o® (0a) @0 ® - ® 0] = Tr[od] (7.48)
So we find N | (NPT

T [T (agr)] = (@) Tr oa) + L VADD) y g (7.49)
and thus indeed by comparison we see that (N/M)w(T) = y(T). O

7.2.4. CALCULATION OF Agys(T)
So far, we have expressed T'(a)) in terms of w(7"), and we have linked w(T") to y(7'). It is now possible
to express Agne(7') in terms of v(T"), such that the task of optimizing A, translates to the task of
optimizing (7).

Let us start with the expectation of T'(a(x)) with regards to »®N | the first expectation we encounter
in the definition of Agpe. We now use v(T') = $7w(T'), and we can calculate for any ¢ € H:

N
T 4 sy o™ + DS ey e vy (50
=1

WEN | T(ag))v®Y) =

Now we can calculate the individual summands. Each evaluate to:
WO ay ¥y = (@, VT, a ) (7.51)
Now using (¢ , ) = 1, we finally find:

Ti(a)

WY, T(agy)yp®Y) = A =(T)+— N, ay) (7.52)



7.2. PROOF OF OPTIMALITY WITH RESPECT TO SINGLE CLONE TEST 39

We thus find:
W, aw) — WO Tlag®™) =~ (1 a@) + (- A@) e, avy = (759)
=) (woan-22) s
In order to evaluate Agpe(T), we must thus find the supremum of the previous expression for |[1)|| = 1

and 0 < a < Idy.
Theorem 7.2.8. We have

Tr(a d—1

sup (<w s a) — (g )> =— (7.55)
¥,a

where 0 < a < Idy and ||¢]] = 1.

Proof. We know that a is Hermitian (as it is a positive operator, and all positive operators are self-
adjoint, see for example [Fas11]), thus it must have a set of eigenvalues {\; } _, with a corresponding
set of eigenvectors {vi}gzl which is an orthonormal basis for CZ. As this is an orthonormal basis, we
can express ¢ as ¢ = ijl ¥;v; with ¥; € C. We can then calculate:

d d
(W, )=, Y bihivi) =Y Aifehi]? (7.56)
i=1 i=1

: d .
Further using Tr(a) = >_;_; A;, we can rewrite our supremum to

d|¢z 1 2
sup il — ) = ( by ) =—-  sup Ai (dlgi|* = 1)
(Z (o)) Z d {y| Z

R Nes! 2000
(7.57)

and we can rewrite our constraints to 0 < A; < 1 (for 0 < a < Idy, and note that A\; € R as a is
Hermitian) and ), [1;|* = 1 (as the set of eigenvectors is orthonormal). We thus have an optimalisation
problem, writing f3; := |¢;|> and omitting the prefactor é for now:

d
maXZ)\i (dp; — 1) (7.58)
i=1
st 0<Mn<1 Viel,... d (7.59)
Bi >0 Vie{1,...,d} (7.60)
d
> Bi=1 (7.61)
=1

Intuitively, whenever (d8; —1) is positive, we would set A; = 1, and otherwise A; = 0. Then, the problem
looks linear in 3;, and thus the distribution of values over f3; is unimportant, except that we would like
to have as little \; > 0 as possible, as each time we have the constant factor —1 that lowers the total
result. Thus, we have the following:

Proposition 7.2.9. An optimal solution to this optimalisation problem is X = 1, ﬁAl =1, and N =
Bi =0 foralli € {2,...,d}, which yields a value of d — 1.

For a formal proof, see Appendix A.8.1. So we have the optimal solution A\; = 1, |¢;]|?> = 1, and all
other \; = 0 and [¢;|> = 0. We then indeed find that (¢ | a) = 1, thus our supremum evaluates to
(d —1)/d, as proposed. O

We thus have:

Bane() = |1 =3 sup (0, )~ ) = 1= (7.62)

P

which tells us we need to optimize |1 —~(T)|. Anticipating that v(T") < 1, we optimize v(T) and we
show in the process that we must have v(T') < 1.
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7.2.5. EXPLICIT EXPRESSION FOR w(7): DECOMPOSITION OF THE CLONING MAP
Thus far, we have expressed the figure of merit Agpe(T) in terms of v(7T'), which allows us to focus
on optimizing v(7T"). In order to find «(T) (or, equivalently, w(T")), we first have to decompose our
cloning map. Note that (w%M ,HOM) is completely reducible, thus a logical first step would be to
decompose this into a direct sum of irreducible representations, and see how T performs on each of
these representations. We will show that we can write T as a convex sum of quantum operations that
take operators on these smaller representations to operators on ’H%N , thus reducing our problem to
finding the irreducible subrepresentation on which the quantum copying works best. Ultimately (with
the proposed unique optimal cloning map in mind), the best irreducible subrepresentation should be
(7T]J\r/[, ’HEGEM ). To show this, we need to decompose each quantum cloner even further, using a covariant
version of Stinespring’s dilation theorem. We then specialise to the qubit case, as the irreducible
representations are well-known in this case, and the Casimir element has the physical interpretation of
total angular momentum. We can then explicitly calculate and optimize w, which concludes the proof
in the qubit case.

DECOMPOSITION OF 7' BY REDUCIBILITY OF 7[“”

An important duality exists between the representations ﬂ%M of SU(d) and V. of &p;: they act du-
ally on H®M meaning that their commutant algebras are precisely linear combinations of the other
representation. In other words, any operator that commutes with w%M must be a linear combination
of permutation operators, and vice versa. See for example [Sim95, Thm. IX.11.5]. This proves useful
when we combine this with the covariance of the cloning map T and the irreducibility of W]J{, to get to
Schur’s Lemma.

First note that w%M is a finite-dimensional, unitary representation of the compact group SU(d), and
is completely reducible, so we can decompose it into a direct sum of irreducibles. Thus, we can write

HEM = (P, (7.63)

where each (74, Hs) is an irreducible representation, with the restriction m, = W%M [ Ho- We wish
to study T on each irreducible representation individually. In order to do this, first note that this
decomposition comes equipped with the orthogonal projection E, : H®M — H,. These E, need
to be linear combinations of permutations by our previous observations, as they commute with the
representation ﬂ‘%’M . Let us investigate this shortly: for any 1 € H®M we have 1) = Y, ¢y with
Yo € Heor, and then E 1) = 1, and ﬂ%’M(u)w = > o (W)a . Thus, first letting £, act on ¢, and
then letting 7, act on v, has the same result as first applying ﬁ%M to ¥ and then applying F,, and
thus E, en W%M commute. By the duality theorem in the previous paragraph, F, must be a linear
combination of permutation operators.
As T is permutation invariant, we can see:

A'=AP,

T (P A'PY) =T(A") T (PrA) =T (AP;) YA€ BHEM), Vre &y (7.64)

By using E2 = E, as it is a projector, we now find:

T(A'E,) = T(E,A") “'=4F

T(AE,) = T(E,AE,) VA e B(H®M) (7.65)
This expression becomes useful when one realises that T(E,AFE,) can be interpreted as a cloning
machine, with the added benefit that we can restrict ourselves to bounded operators on Ha- Although
this map is again completely positive by the same argument we used to demonstrate that 1" is completely
positive, we need to renormalize to make it unital again. We can use the irreducibility of H,: namely,
the F, need to commute with the representation w%M . But then, we have by the covariance property
of T:

T (T (Eo)nh(w)* =T (rEM (w) EarEM (w)*) = T (Ea) (7.66)

Thus T(E,) commute with W]J\r,, but 71'; is irreducible, so by Schur’s lemma we must have T'(FE,) =
raIdH?v, for some r, € C.
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So we can look at the map T,(A) = r 'T(E,AE,), which is again a cloning map and we can
restrict the input to B(H,). Using the fact that )  F, = Idyewm, we have the convex decomposition:

=T <A > Ea> = T(AE,) =Y T(EaAE,) =Y raTu(A) (7.67)
As w is an affine functional, we now find

T) = row(Ts) (7.68)

and as this is a convex decomposition, we now try to find whichever T, : B(Hn,) — B(H%N ) yields
the highest w(T,) and use this as our optimal cloning map. However, to find this, we further need to
decompose each map T, by using Stinespring’s dilation theorem.

DECOMPOSITION OF T, BY STINESPRING’S DILATION THEOREM
We wish to decompose each T, according to the covariant Stinespring dilation theorem, first stated by
[Scu79, Th.1].

Let us first note that T, (A) = r 'T(E,AE,) is a linear, completely positive map that we can
interpret as a map from B(H,) to B(’H%N ). Also, T, has the unitary covariance property, as T
has the unitary covariance property, and each E, is a linear combination of permutations, each of
which commute with W%M . According to [KW99, Appendix B], a completely positive map with the
unitary covariance property, together with the fact that m, and 7r;\r, are finite-dimensional unitary
representations, is sufficient that the following covariant version of Stinespring holds:

T, =V*(A® )V (7.69)

where V' : ’H%N — Ho ® K is an isometry that intertwines the respective representations, and K is an
auxiliary Hilbert space carrying a unitary representation 7 : U(d) — B(K). We thus have:

V7r]"\}(u) = (ma(u) @T(u))V ; WE(U)V* =V* (mo(u) @ 7(u)) (7.70)

We can again study the irreducible subrepresentations: m, is already irreducible, but 7 is not necessarily
irreducible. We thus again decompose this into irreducible subrepresentations 7z := 7 [ g where we
define K := FgK and where Fjg is a minimal orthogonal projection on K. Note that Fjg commutes with
7, thus we can claim: A — V*(A® F3)V is a covariant map. Indeed:

o (W) Ao ()" = VT [(a (u) Ama (1)) @ F] V = V" [(ma (u) Ama (1)) @ (T (u) Fpm(u)*)]V = (7.71)
V* [(ma(u) ® 7(u) (A® Fp) (7o (u)” @ 7(u))]V = 7y (w)V" (A® Fp) Vay(u)*  (7.72)

Furthermore, V* (Id, ® F3) V commutes with the irreducible representation 73;:

V* (Ida ® Fp) Vg (u) = V* (Ida ® Fs) (10 (w) @ 7))V = V* (1a(u) @ Fsw)V = (7.73)
V* (1) @ F (W) Fg) V = V* (ma(u) @ 7(w) (Ide ® F3) V = 75 (w)V* (Ido ® F) V. (7.74)

So again by Schur’s Lemma, we have V* (Id, ® F3) V = rld, e~ for some rg € C. Thus
+

To=Y r5Tap i Tap(Ad) =15V (A® Fs)V (7.75)

where each T,z is again a quantum operation B(H,) — B(’H%N).

We must thus now find a way to explicitly calculate w(T ), and then optimize this with respect to
a and 8. We will provide the calculations for the qubit case (d = 2) along the arguments of [IKW99,
Section IIL.E]. The general case starts similarly, but needs some heavy machinery that is not further
discussed in this thesis.
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7.2.6. EXPLICIT EXPRESSION FOR w(7): THE QUBIT CASE

Thus far, we have shown that we can optimize Aype(T') by optimizing w(T"), and then sought to calculate
w(T') by decomposing the cloning map into a convex sum of To3. These Tog(A) for A € B(H,) are
operators on H%N that act in the following way: firstly, they take states on HE?N to the product space
Ho ® K, then apply A® Fj3 there for some minimal orthogonal projection Fg on auxiliary Hilbert space
K, and then take the resulting state back to H%N . We now seek to explicitly calculate w(T,g).

In the qubit case, d = 2, we know the irreducible representations very well, as discussed before
in Section 7.2.1: each irreducible representation could be identified by the total angular momentum
J € %ZZO, and we had m; = w]f, for N = 2j.

Furthermore, the Lie algebra su(2) is spanned by the three Pauli matrices. It is well known that
the sum of the squares of the angular momentum operators commutes with those operators, and if
measured, returns a value of j(j 4 1). We call this operator the Casimir invariant operator, see for more
information Definitions 2.36 or for more background information see Appendix B. We can express this
operator as:

C, = ZX,% ; {X1, X5, X3} basis of su(2) with [X7, X5] = X3 (7.76)

This means that 87@»(62) =j(j+ ldp,.
From our previous discussion, see Corollary 7.2.6, we had learned that for any covariant cloning map
T

)

T(0r(a)) = w(T)07};(a) (7.77)

for some factor w(T") € C, some operator a € B(H) with Tr(a) = 0, and some differential representation
o : su(2) — B(H®M) (which was uniquely extended to a representation on s[(2)).
Choose any «, 8 € %sz we then find for our cloning map T53:

W(Tap)Om(Xk) = V* (07 (Xk) ® 1dg) V (7.78)

We can now use that V is an intertwining isometry between 7r;\r, and m, ® mg: its equivalent in the
Lie algebra representations then becomes (see Definitions 2.2.23 for the Lie algebra representation of
Ta @ Tg):

Vorh(X) = (0 (X) @ 1dg + Id, ® Omp(X)) V (7.79)

We can multiply the previous expression for w(Thg) by 073 (X)) to find:
W(Tap) (95 (X1))" = V" (Oma(Xy) © 1) VO, (Xs) (7.80)
By expanding VOr{ (X)) on the right-hand side, we find:
w(Tap)On ki (X7) = V* (0ma(Xy) © 1dg) (0ma(Xk) ® Idg + Ida ® Oms(Xy)) V (7.81)
We can now sum of all £ and work out the brackets on the right-hand side to find

3
W(Tag)OmF(Ca) = V* (07a(C2) @1ds ) V 4 D V* (970 (Xs) © Omp(X)) V (7.82)
k=1

We wish to rewrite the sum. Note that we have

3
% S (0ma(X0) @ Iy + [ © Oma( X)) = (7.83)
k=1
3
% Z (010 (X7) ® I5 4 1o ® Omp(X}) + 2070 (X)) ® Oms( X)) = (7.84)
k=1
3
%awa@) @Iy + %Ia @ 73(Ca) + 3 (Oma(Xe) @ Oms(X)) (7.85)

k=1



7.2. PROOF OF OPTIMALITY WITH RESPECT TO SINGLE CLONE TEST 43

Thus we can rewrite the sum in our previous expression:

3 3
1
> (0ma(Xk) ® Omp(Xy)) =3 Z (070 (X)) © I + I, © Omp(Xy))* — faﬂa(cz) ®Ig— 71 ® m3(Ca)
k=1 =1
(7.86)
This is useful, because now we can again use the intertwining property of V:
3 3
D (07a(Xi) ® In + In ® 0mp(X5))2V = > VOrg(X7) = Vorg(Cs) (7.87)
k=1 k=1

Combining these equations into the equation for w yields:

~ - 1 ~ 1 ~ ~
W(Tag) 075 (Co) = V* (awa(cz) ® Idg) V4 SV Vomg(Cy) - SV (ana(cz) I+ I, ® WB(CQ)) 1%
(7.88)

We can now reap the benefit of our hard work: each operator is a multiple of the identity (and V*V is
the identity as well), thus this simplifies to

w(Tws)(N/2)(N/24+1) = a(a+1) + %(N/Q)(N/Q +1)— % (a(a+1)+p(B+1)) (7.89)

This simplifies to
1 afla+1)-B(B+1)
2 N/2(N/2+1)

1
w(Tup) = 5t (7.90)
7.2.7. OPTIMISATION OF w(T'): THE QUBIT CASE
To optimize w(Tng), we need to figure out the constraints to o and 5 in the previous expression.

Lemma 7.2.10. We have oo < M /2.

M _ QM

Proof. Flrstly, note that m, needs to be an irreducible subrepresentation of 75" = 1) with vector

space D1 /2 But, again using the decomposition theory, we can actually compute

D12 ® Dyja = Do ® Dy (7.91)

Tensoring on another two D /o then leads to
DYy = (Do ® Diy3) @ (D1 @ Dyjs) = Dijy @ Dy @ Dy (7.92)
D%é Dy® Dy ®Dy®Dy® Dy & Dy (7.93)

it becomes evident that each time, the last summand Dj is split into D,;_1,2 ® D,1/2, and this is the

largest space: thus, by induction, by M times tensoring D, the largest summand becomes Dy /5.

As (74, Dy) is an irreducible subrepresentation of 7r® 1[ /20 it must be in this direct sum, and thus we

directly find that oo < M/2. O

Furthermore, a constraint for 8 can be found by the restriction that a nonzero intertwiner V' must
exist between 73 and 7, ® mg.

Lemma 7.2.11. We have |a — N/2| < 3 < a+ N/2

Proof. As both 7, and mg are irreducible, we can again use the Clebsch-Gordan decomposition of tensor
products of irreducible representations of su(2), and we see that

|4 ~
Dnjy — Do @ Dg = Dyg_g| ® Dja—gj+1 D - ® Dayp (7.94)

For V' to be a nonzero intertwining isometry, by Schur’s Lemma, the space Dy, must appear on the
right-hand side, thus we must thus have that

la =B < N/2<a+p (7.95)

We can rewrite this constraint to (for a derivation, see Appendix A.9.1)
o — N/2| < B <a+ N/2 (7.96)
O



7.2. PROOF OF OPTIMALITY WITH RESPECT TO SINGLE CLONE TEST 44

Visually, this gives us the following admissible region:

Admissible region

(M+N)/2
a+ N/2
Q
(M-N)/2t -
N/2 1
/2 -« a—N/2
0 1
0 N/2 M/2

(07

Figure 7.1: The admissible region of possible combinations of o and 8. The admissible region is the convex bounded
shape. The four constraints are also added to the figure.

We can now optimize w(T,g3), so we need to maximize a(a + 1) — 5(8 + 1). Note that, given any
choice of «, we would like to choose 3 as small as possible. The smallest value of 5 for any « is |a— N/2|.
We thus wish to maximize

ala+1)—|a—N/2|(Ja — N/2| + 1) ;i 0<a<M/2 (7.97)
We work out the brackets to find
o +a—a*—(N/2)2+2a(N/2) — |a— (N/2)| = 2a(N/2) — (N/2)* + o — |a — (N/2)|  (7.98)
We have
(N/2) a> N/2

200 — (N/2) a< N/2 (7.99)

a—la—(N/2)[ = {
which is an increasing function of «, as clearly « +— 2o — (N/2) is increasing, and at o = N/2 achieves
exactly the value N/2. But then, in order to maximimze our expression we must choose « as large as
possible, i.e. « = M/2. We find (for a tedious derivation, see Appendix A.10.1)

M +2
a=M/2, B=(M-N)/2 — maxw(Tag) = (7.100)

N+2

In the general case of H = C?, we state the solution found in [XW99]:
M+d
Tug) = —— 101
max w(Tug) Nod (7.101)
The careful reader might have already noticed that this expression is similar to w(’f’):
.. M . M N M+d M+d

w(T) NW(T) NNTd M Nd max w(Typ) (7.102)

so indeed, our 7" achieves the highest possible w(T) (equivalently, the highest possible v(T)), and thus is
optimal with respect to Agye. For uniqueness, [[KW99] note that there exists a unique unitary covariant
cloning map, and with a minor adaptation of the argument used to prove optimal fidelity, one can
prove that in this case there is also a unique optimal cloning map, see [KW99, Section F]. This proves
Theorem 7.2.1.



Example of qubit copying

In order to investigate the optimal cloning map, we can compare it to some other cloning maps found
in literature. Most literature focusses on the qubit case (the case where H = C?), and thus we will
restrict our focus to this case as well. Let us consider the smallest example: cloning one qubit to two
qubits, i.e. the case d =2, N =1 and M = 2 in our previous discussions.

In this smallest cloning example, we consider the input Hilbert space H = C2, and the output
Hilbert space H®? = H @ H = C? ® C? =2 C*. Furthermore, consider the canonical orthonormal basis
|0),]1) of H. We use the following basis for H ® #H: |00),]01),|10),|11) where we abbreviate using the
usual convention: [ij) := |i) ® |j). We can now concretely describe our optimal cloning device. After
doing so, we will compare this cloning device to the cloning device of Wootters-Zurek, which clones
orthonormal states perfectly. We look at different figures of merit that are described in the paper by
[BHY6).

8.1. DESCRIPTION OF THE OPTIMAL CLONING DEVICE

Recall that the definition of the optimal cloning device was

5o dN] ®(M-N) QN

T.(0) = g S (po1dg™ ) sy peSHTY) (8.1)
In this case we have d[N] = d[1] = (*"]7") = 2 and d[M] = d[2] = (*"57") = 3. Furthermore, we can
actually construct the symmetric projector So:

1 1 1
TEG

where the subscript (1) denotes the identity element of the G5 group, and (12) the transposition that
swaps element 1 and 2.

It is convenient to look at the matrix representation of these operators, where we can use the
Kronecker product for the tensor product:

P(l) =Idy ® Idy = ; P(12) = (83)

o o = O
o~ OO
_ o0 o O
o O O
o= O O
o o = O
_— o o o

1
0
0
0
where indeed we see for example that o |01) + 3 ]10), which is represented by the vector (0, a, 3,0)7 is

permuted by P19 to (0,5, a, 0)7 which is a'|10) + 3|01), precisely as required. Also, |00) and |11) are
left unchanged. We thus find

1 0 0 0
o 172 172 0

2= 1y 1/2 1/2 0 (8.4)
0 0 0 1
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The input state in this case is some pure state 0 € S(H) (as N = 1). Most generally, this is the
state associated with the vector a'|0) + 3]1), with |a|? 4+ |3]? = 1. Thus, using the Kronecker product
to calculate the tensor product, we find:

o> 0 aB* 0
~(la)* ap* 10y | 0 Jaf* 0 aBf
0 a'p 0 |8

We can now calculate Ss (0 ® Idy) Sz, and with the prefactor 2/3 we find 7} (o):

4la?* 2a8* 2aB* 0
1|20 1 1 2ap6*
4|22 1 1 2aB*

0  2a*B 2a*B 4|B2

. 2 2

8.2. DESCRIPTION OF THE WOOTTERS-ZUREK CLONING MACHINE

We recall from the No Cloning Theorem in Chapter 3 that Wootters-Zurek first proved this by looking
at a machine that perfectly clones the orthogonal states |0) and |1), and then fails to perfectly clone
linear combinations. Thus, any state «|0) + /5 |1) is sent to « |00) 4+ 3 |11).

We can improve the cloner slightly, by also taking into account the Hilbert space in which the cloning
machine itself lives as an ancilla space [BH96]. By this, we mean that we have |0) — [0) ® [0) ® |Qo),.
and [1) — [1) ® |1) ® |Q1),, where |Q;), denotes the state of the quantum cloner (and we thus see our
quantum cloner itself as a subsystem). Choosing an orthonormal basis for the quantum cloner, we then
have

a|0) + B 1) = a|00) |Qo), + B 11) |@Q1), (8.7)
We are then free to choose (Qo,Q1), = 0. The output density matrix can then be described as the

partial trace over the ancilla space, and we denote this cloning map as TVZ:
/> 0 0 0
0 0 0 O
TV = o 00 o » o=@l . W=alo)+s) (8:8)
0 0 0 |5

8.3. PERFORMANCE OF THE CLONING MACHINES

To look at the performance of these cloning maps, we can follow an approach that can for example be
found in [BH96], where we look at several norms. All the norms are based on the Hilbert-Schmidt norm

Definition 8.3.1 (Hilbert-Schmidt). Given an operator A € B(#) for some Hilbert space H, we can
define the Hilbert-Schmidt norm as
[A[l2 == +/Tr [A*A] (8.9)

To keep track of the different distances, we first adopt the notation that [BI96] follow: Let us define
our systems as system a and b with Hilbert space H, and H, in both cases identified with C2. The
output system is thus H, ® H,. We define density matrices living in H, as p,, and pp similarly for
Hp. We denote the superscript "(out)" as the output density matrix of a cloning map, "(in)" as the

input density matrix, and "(id)" as the ideal output. Thus, in general, the input of a cloning map is

pS‘”, the output pé%m), and if we perform the partial trace over this output with respect to system b

we find pg‘)“t), and similarly a partial trace over system a yields p](oom). Ideally, the output state on

system a is unchanged, i.e. psd) = psn), and the output state has been copied onto system b, i.e.

pgd) = pS“’. From the No-Cloning Theorem, we know that is impossible to have the total output
p;f) = p;(;d) ® pl(;d) = p;m) ® pé”‘) (with ideal reduced density matrices pgd) = pgm) and pgd) = pém)).
To look at our density matrices, we look at the following distances:

Definition 8.3.2 (Distances between states). We define four distances:
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o We define the distance between the ideal and achieved output for one subsystem:
, 2
D, :=Tr [(pgd) — pgout)) ] (8.10)

o We define the distance between the achieved output and the tensor product of the partially traced
outputs, which measures the degree of entanglement:

2
D = (62— e Y| 1)
o We define the distance between the entire ideal and achieved output:
2 ou id 2
DY) = Tr |:<p§b - Pgb)) (8.12)
o We define the distance between the ideal output and the tensor product of the partially traced
outputs:
. 2
D =1 [ () e 2 ) 819
We can calculate all the ideal cases, for |¢) = «|0) + 5 ]1):
ot lafag® |aPagr o287
2 * 2% 2312 21312 2 %
Gay _ (le* apB ) () _ d) o ) _ [ lol*a”B Jal*[B1° |al*|5]° - |6]"ap 314
e R Rl S A o s S D

04*252 |ﬂ|2a*ﬂ \B|2a*ﬂ |ﬂ|4

Armed with this knowledge, we can compare the two cloning machines.

8.3.1. PERFORMANCE WITH RESPECT TO D,
o For the optimal cloning map, we compute

(out) _ (out)] _ 5o an\] _ L (Blal*+ (8 daB*
Pa, =Ty |:pab :| =Ty |:T* (pa, ):| 6 ( 4a*5 |a|2 +5|ﬂ|2 (815)

From which one can calculate

(a2 +18P2)° 1

D.(T,) = = 8.16
(%) 18 18 ( )

« For the Wootters-Zurek cloning map TV, the reduced output density matrix is:

2
(out) _ (lef* 0 > 8.17
Pa, < 0 ‘ﬂlQ ( . )
From which one can calculate

Do(TV%) = 2|af[B? = 2]af? (1 —|af?) (8.18)

Again we see that our optimal cloning map does not have a preferred direction, which expresses itself
in a distance measure D, that is independent of our input state. In contrast, the WZ cloner performs
extremely well near || = 1 and |3] = 1, but much worse in the area in between.

) ] (1
8.3.2. PERFORMANCE WITH RESPECT TO DA(\I.?
o For the optimal cloning map, the partial trace over system a yields the same result as the partial
trace over system b. We can thus immediately compute
19

1) /4
Déb (T3) = 394

(8.19)

o For the Wootters-Zurek cloning map, the partial trace over a is also equal to the partial trace
over b. Thus we find

DY(TV?) = 4laf® - 8lal® + 4lal* = DL(TV?) - DL(TV?) (8.20)
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. 2
8.3.3. PERFORMANCE WITH RESPECT TO DA(\B)
o For the optimal cloning map, we have

2) 2
be)(T*) =35 (8.21)
o For the Wootters-Zurek cloning map, we find
DTV = 2.2]af? (1 — |af?) = 2D, (T)V?) (8.22)
8.3.4. PERFORMANCE WITH RESPECT TO Dﬁ‘f}
o For the optimal cloning map, we have
. 43
Dp® T) = — 8.23
ab ( ) 324 ( )
o For the Wootters-Zurek cloning map, we find:
3 1
DENTN?) = —dlaf® + 8o’ = 8laf* +4lal” = 2D.(1)V) - D)(@V?)  (3.24)
8.3.5. COMPARISON BETWEEN PERFORMANCES
Graphically, this looks like:
Performance with respect to D, Performance with respect to D(%)
0.4 0.2
. 0.3 ~ 015
S o2 R 01
0.1 0.05 / \
0 A 0
0 0.5 1 0 0.5 1
|o? ( |o? ,
Iicrformancc with respect to Dé? ()%crformancc with respect to Da}?
0.6
‘E:@ 0.5 ‘E:C 0.4
0.2
: \ \
0 0.5 1 0 0.5 1
laf? laf?

Figure 8.1: All distance measures for |a|? € [0, 1]. The horizontal lines are the constant values of the distance measures

of Tk, the curved lines belong to TWZ,

As expected, the Wootters-Zurek cloning map performs considerably worse than the optimal cloning
map, and more specifically, is always perfectly line-symmetric around |a|? = 1/2, which means that the
cloning machine performs worse the more the input state move away from the two orthonormal basis
elements (which are captured at |a|? = 0 and |a|? = 1 and are copied perfectly).

8.4. EQUIVALENCE WITH OPTIMAL CLONING DEVICE OF BUZEK-HILLERY
In the paper [BH96], the authors optimize a "universal quantum cloning machine' (UQCM), which
means it should perform equally well for any input state, and should perform optimally with regards
to the figures of merit in the previous section. Interestingly, their UQCM is familiar to us: it is in fact
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ezactly T, for the case d =2, N = 1 and M = 2. In their paper, Buzek and Hillery propose a cloning
machine that not only takes into account the Hilbert space of the input qubit, but also the Hilbert space
of the quantum cloning machine itself (thus allowing themselves more degrees of freedom). They start
from the defining equations that are a generalization of the Wootters-Zurek cloning machine described
previously [BH96, Section ITI]:

|0>a ‘Q>’I‘ — ‘00>ab |Q0>r + |+>ab ‘Y6>T (825)
1)q 1@ = 11) 4y [Q1)y + [H)ap Y1), (8.26)

where we define |+) := % (|01) + |10)), and where |Q;)

n_.n

copying machine (system "z"), and all the states |Q;), and |Y;)_ are free parameters in their model. Note

that this generalizes the Wootters-Zurek cloning machine by adding the |+)_, term. After optimization

the authors find the following expression for the resulting density matrix p;c,;ut), where it is assumed

that a, 8 € R:

. and |Y;)_ denotes the state of the quantum

5 = 2% 00) 00/ + Y222 o0y (1 + Y22 11 00+ 25D 1y s
+\/§3aﬂ +) (11 + \/530‘5 1) <+|+2—32\11> (11] (8.28)

When we rewrite this into the matrix notation that we have adopted for the description of 7., we find:

2a2/3 af/3 afB/3 0
(out) — OZB/?) (042—’-62)/6 (a2+ﬁ2)/6 06/3 (8 29)
Pab aB/3 (a®+3%)/6 (a®+6%)/6 aB/3 '
0 afB/3 aB/3 2/3%/3

which is exactly T4 (o) for o = |¢) (1| with 1 = «[0) 4+ §]1) if we assume a, 5 € R.

In their conclusion, Buzek and Hillery write that they have only explored some of the possibilities,
and thus do not know what the best input-state independent quantum-copying machine is. This question
has now been answered in an even more general setting: such a cloning machine exists, namely T, is
unique, and coincides with the work that Buzek and Hillery have performed for the case d =2, N =1
and M = 2.



Conclusion

In this paper, the problem of quantum copying, limited by the No-Cloning Theorem, was studied by
reviewing the work of [Wer08] and [K'W99]. The problem of producing M clones from N provided copies
(with M > N) revealed underlying symmetries that played a pivotal role in the proof of the existence
and uniqueness of an optimal cloning device: these symmetries were the permutation invariance of the
output clones, and the unitary covariance of the cloning device. Given the output system, permuting any
number of clones should not affect the quantum state at all. Furthermore, rotating the quantum state
by a unitary transformation prior to cloning should be identical to cloning and a posteriori rotating
the output state by a unitary transformation. It was shown that the optimal cloning map has these
properties, and that these two symmetries essentially prescribe the entire action of a cloning map, thus
proving uniqueness of the optimal cloning map.

Remarkably, the (unique) proposed cloning map is optimal with regards to two different figures of
merit: the first figure of merit considers the expectation value of the quantum state after cloning with
respect to the ideal output, whilst the second figure of merit measures the difference in expectation values
of an observable on one of the clones before and after cloning. As the first figure of merit considers
the entire output quantum system, it allows for an easier symmetry argument to prove optimality and
uniqueness of the proposed cloning map. To prove optimality and uniqueness with respect to the second
figure of merit takes considerably more work, and requires more involved mathematical arguments.

Furthermore, this optimal cloning device has a remarkably "simple" form: it takes in a quantum
system of size N, initializes all M — N new copies in a maximally mixed state, considers the product
of these states, and makes this quantum system of size M permutation invariant by a projection (that
is, making sure that swapping two clones of the output does not change the output quantum system).

On top of that, this optimal cloning device has been compared to other literature: in the qubit case,
its performance with respect to a single output clone has been compared to literature using a shrinking
factor of the Bloch vector. In the even more specific case of copying one qubit to two qubits, the cloning
device was compared to the universal quantum copying device proposed by [BHI6]. It was discovered
that the device of Buzek and Hillery is a specific instance of the optimal cloning device of Keyl and
Werner, in the case of 1 input qubit and 2 output qubits.

The research into optimal quantum cloning is not merely of theoretical interest; quantum copiers
can be used for eavesdropping [GHI7] , or information retrieval in quantum computers [BH98]. With
the advent of quantum computers and quantum networks, research into the theoretical limitations of
quantum information theory is necessary to support the technological innovations.
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Appendices



Additional proofs

A.1. DIMENSIONALITY AND BASIS OF THE BOSE SUBSPACE H%Y

We wish to establish a basis of 'H?EN and calculate d[N] := dim H%N . An important theorem to help
is us Theorem 2.3.3, which tells us that ’H%N is precisely the span of vectors of the form ¢®VN ¢ H®N
(which is easier to work with than the definition depending on permutations). We thus show that
tensors of that form can be written as a linear combination of a basis that is known in literature as the
occupation number basis, and the proposition that this is indeed a basis for H%N then directly follows
from linearity. Thus we must prove:

Theorem A.1.1. Any vector ¢®N € ’H%N can be written as

d n
N =VN! Y [] A= In,-.na) (A.1)
Ni,...,ng k=1 nK’!

where we use the occupation number basis with ), n, = N. This basis is orthonormal.
Furthermore, we have

d[N] == dim HEY = (d N 1)

N (A.2)

Proof. To prove this, consider any orthonormal basis {e;} for H, and we construct:

d d d
¢:Z¢iei ) ¢®N: (Z ¢i16i1> K- <Z¢iNeiN> (A.3)
i=1 i1

i1=1

Now we can rewrite this to:
d d d
N =N > Giiy iy €, B, @ Dy (A.4)
i1=1142=1 in=1

We now see the motivation for this change of basis: many of the summands have the same coefficient
@iy - iy, as this only depends on how many times a certain index appears, not where it appears.

Given any setting (41,...,4x), let n, be the number of elements in this setting that are equal to the
index k, where 1 < x < d. We can then rewrite ¢;, - ¢;, = @7 -+ o7

Each of the d¥ summands can be characterised by a setting (iy,...,iy). Each of these settings has
an associated configuration (nq,...,n4) as specified above. Let

k=1

d
J::{(nl,...,nd) ‘ Vke{l,...,d} :n, >0 and ZnﬁzN} (A.5)
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be the set of all possible configurations. To each configuration, we can assign the set of all possible
settings:
I(ny,...,ng) = {(z’l, coyIN) ‘ Vk € {1,...,d} : [nr. of indices in (i1, ...,iq) equal to K] = n,
(A.6)
We can then rewrite the expression for ¢®V as:
¢®N: Z 7111 Zd, Z e, Q- Qeiy (A.7)
(n1,..,na)€J (i1,...,in)EI(N1,...,n4a)
We define the sum over I(ny,...,nq) as the basis element |ny,...,nq), up to normalization.

To calculate the normalization constant, we take the inner product of the sum with itself. To shorten
notation, we fix ny,...,ng, so we can neglect the summation set I(nq,...,n4) in the summation sign.

<Z € @ D€y, Z ej1®'”®ejN>: Z Z <ei1®"'®ei1\176j1®"'®ejzv>
“ . ; .

1o IN J1s--0JN 11, UN J1see s JN
(A8)

Now the inner products on the right hand side equal either 1 when all e¢;, = e;, for kK =1to k = N,
otherwise they equal 0. Thus, this simplifies to:

Z Z <6i1®"'®eiNaej1®'“®ejN>: Z lz#l(nla--'and) (Ag)
U1,000N J150-0JN 01,0 0iN

The number of elements of I has a nice combinatoric interpretation, and we can calculate:

N!
#I(n1,...,ng) = —5—— (A.10)
[Tizi na!
If we define |ng,...,nq) to have length one, we must thus compensate for this length, and we find:

OV = Z L g ﬂ |1, ..., nq) (A.11)

1 “Pd 4
(n1,...,na)€J \V [[izy na!

With some rewriting, this is equivalent to the statement we wished to prove.

Note that we can immediately see that {|ni,...,ng)} is an orthonormal basis: for any two non-
identical elements, at least one n, must differ for some 1 < k < d. In the inner product, we then see
that all summands must equal zero, as all ¢;, must equal ej, for the inner product to not vanish, but
this is impossible if a different amount of indices must be equal to k for both elements. So indeed, the
basis is orthonormal.

We can now also calculate the dimension of this symmetric subspace: #.J. This problem has a
combinatoric interpretation, and is known as the stars and bars problem, and we can compute:

d+ N - 1) (A.12)

d[N] == dimHGN = #J = ( N

O

A.2. PROOF THAT ¢®" IS A SMALL PROJECTOR ONTO HFY

We prove our assertion first made in the proof 5.2:

Theorem A.2.1. Consider a pure density matriv o € S(H), and its tensor power c®M. Further,
consider the permutation operator Py : HEM — HOM for any m € Sy We then have

oM P, = Po®M = o®M (A.13)
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Proof. First, note that o = |¢) ()| for some |¢)) € H. We can now look at the action of ¢®* on any
state of the form |¢) @ |¢2) @ -+ @ |ppr) € HOM:

M

a®M (lg1) ® - @ |oar)) = (1) (W]¢1)) ®- - @ (1) (Wlonr)) = <H <w|¢i>> [p)l)@--- oY) (A.14)

i=1

The resulting state is clearly permutation invariant, and thus in ’H?M . By linearity, c®™ acting on any

linear combination of these kind of basis vectors also results in a state in H%M . This also directly tells

us that P,o®M = ¢®M a5 any permutation operator leaves permutation invariant states unchanged.
To prove c®M P, = ¢®M  we can manually compute, again for an state of the form |¢;) ® |¢2) ®

@ [par) € HEM:

c®MPr (I¢1) ® -+ @ |oar)) = oM (|§pr1(1)) @ -+ @ [dr-1(a1))) (A.15)

Using the previous expression, we know that this must evaluate to:

(H <¢|¢ﬂ1(i>>> W) @ @ [¢h) (A.16)

i=1

Note that the product in brackets is independent of which m € &, is chosen. Thus, this evaluates
nicely to

M
(H <¢¢¢>> W)@ )@ - @) =% (|¢1) © - @ lom)) (A.17)

i=1
Thus indeed 0®M = ¢®M P = P .o®M  As a corollary, we immediately see that c®M = ¢®M g, —
Sro®M | as Sy is an average over permutation operators. O

A.3. PROOF THAT Pra) Py = ap))

Theorem A.3.1. Given a permutation ™ € Sy, an observable agy € B(H®M) with an index 1 < k <
M. We can then prove that
Pﬂa(k)P: = a(ﬂ.(k)) (A.18)

Proof. We can show this by computing what happens to an arbitrary 1; ® - --®¢y € H®M. Note first,
that

PP, =15 = Pr =P ' =P, (A.19)

Then we can compute:
agy Pror (W1 @+ @9Yp) = agy (Vr) @+ @ Yr(ar)) = (A.20)
Vr(1) @+ @ V(1) © (r(r)) @ Yr(hs1) ® -+ - @ Vrar) (A.21)

Then applying P, shall put all elements back in the right order. Thus, whilst a() acts on place k, the
current element there is ¢ () (as the first permutation is 7~ 1). This element needs to be shifted back
to its original position by the permutation 7, but takes the action of a with it. Thus, a() acts on ¥y (),
and thus we can write Pragy Py = a(r(k))- O

A.4. PROOF THAT Rp(o) COMMUTES WITH ALL ELEMENTS OF S’
Theorem A.4.1. Given any density operator o € S(H). Let
S := Span{o, Idy} : S":={AeB(H) : AB=BA VBeS} (A.22)

Recall that Rr(o) := R (T (0®N)) is the partial trace over all but the first quantum copy (i.e. partial
trace over M — 1 dimensions). We have: Rr(c) € 8" .= (5').
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Proof. Recall that we have already proven that for any unitary v € S = [Rr(0),u] = 0. We need
to extend this argument to any operator in S’. We prove that any A € S’ can be written as a linear
combination of unitary operators in S’, which directly implies that Ry (o) commutes with A.

Thus, take any A € S’. If A is unitary, we are done. Otherwise, let us look at the eigenspaces of o:
as o is an Hermitian matrix, we have

"= Ex (A.23)
A

where the direct sum ranges over all eigenvalues A of o, and E) the associated eigenspaces. Thus, there
exists a basis for H in which o is a diagonal matrix:

A1
A1

A2
o= )\2 = diag(/\h)\l,)\Q,Ag,)\Q,...7>\n) (A24)

A2

where \; denote the eigenvalues of o, and n the amount of distinct eigenvalues. In this basis, any
operator that commutes with o can be written as

Ay
A= Ay (A.25)

where A; is a matrix with dimensions equal to the amount of times A; appears in the expression for o.

We would like to decompose each A; into a linear combination of unitaries. This is actually possible
for any complex matrix, see for example [Wu94]. Thus, we can write for 1 <i <mn: A4; = Zj czu; for
some cj» € C and unitaries “3 We can then rewrite:

1,,1
225 ¢ju;

A= >, chul (A.26)

However, it is not clear from this decomposition that this is actually a linear combination of unitaries
in S’, as these unitaries act on the entire Hilbert space H, whilst each uj here only acts on a part. We
must thus rewrite:

u; I I,
12 u? Ig
A:ZC;‘ I3 —i—Zc? I3 +ZC§ u? +
J . J . J .
(A.27)
LY 356 ,

3 I Zi;ﬁQ Zj C} 4

I3 Zi¢3 Ej ¢
(A.28)

Each of the diagonal block matrices on the right hand side are unitary because each u; is unitary. We
only need to check the last matrix. We can again write this matrix as a linear combination of unitary
block-matrices. Let us first rewrite the last matrix in the expression for A, by using for 1 < i < n:
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Q= Yy 00 CF, as:

hYin ;6
EDUIEO IS
I3 Zi;&i{ Z] C;' =I:= dlag(al-[la"'van-[n) (A29)

We then see that any matrix of the form diag(qi11,...,¢nIy) is unitary if for all ¢; we choose |¢;| = 1.
We can definitely write I' as a linear combination of the diag(¢q1 11, ..., ¢,I,) matrices. To prove this,
note that any of these matrices can be identified one-on-one by the numbers {g;}? ;, thus there is a
bijection between the set of all these matrices and the set

q1
Q= lgil =1Vi=1,...,n (A.30)

qn
Identifying the vector (au,...,a,)T € C" with our matrix I', we need to show that Span{Q} = C",
because if this assertion holds, then surely (ay,...,a,)T can be written as a linear combination of

elements from @, thus solving our original problem. But this definitely is the case. Let us formally
prove this assertion by writing, for any canonical basis element e;:

ei==1,..., 0" ==(@1,...,1,-1,1,...,1)" € Span {Q} (A.31)
where —1 of the second vector is placed at the i-th entry. Thus we must be able to write I" as a linear

combination of block-unitaries. This concludes the proof that any operator A can be written as a linear
combination of block unitaries that commute with o. O

A.5. PrROOF THAT ~(T) = N . M+d

M) T N+d T M
Theorem A.5.1. We have v(T) = NL_M - Mid
Proof. We have already found
o 1=y(f) _ dIN] [ diM] d[M]
T = N M~—-N)——— A.32
V1) +— anay o N o JaN T 1] (A-32)
Note that
dN] (V) @+ N-1)! (N+DI-(d-1)! N+1 (A.33)
d[N +1] (ﬁlvﬂ) N!-(d—1)! (d+ N)! d+ N '
such that we can rewrite the expression to
. 1-~(T) N M-N N+1
+(T) + g " + i Nid (A.34)

We start with:
1-v N M-N N+4+1_ N@+N) (M-N)N+1) dN+N>+NM+M—-N>-N

YT T MM deN T M@+N) T M@+ N M(d+N)
(A.35)
Thus we find
1 (dN+N*4+NM+M-N*-N 1\ d (dN+N*+NM+M-N*-N 1
Tl M(d + N) d) d—1 M(d + N) d
(A.36)
From which we can deduce
1 1
(d*N +dN? + dNM + dM — dN? — dN — dM — NM) (A.37)

7T d—1 M(d+N)



A.6. PROOF THAT THE SUPREMUM F IS ATTAINED 57

Cancelling the dN? and dM terms, we find:
1 1
TT4-1 M@+N) (
the term in the brackets nicely factors into (d — 1)(dN + N M), thus completing the proof:
_dN+NM N d+M

d*N +dNM — dN — NM) (A.38)

TTMA+N) d+N M (A.39)
O
A.6. PROOF THAT THE SUPREMUM JF IS ATTAINED
Theorem A.6.1. There exist quantum operations T, such that
F(T,) = F := sup F(T%) (A.40)
T,

We prove that F is an upper semicontinuous function, and the set of quantum operations is compact,
which proves that F is indeed attained for some cloning map 7.

A.6.1. PROOF THAT THE SET OF QUANTUM OPERATIONS IS COMPACT
We need to prove that

I':= {T*

is compact. As we work on finite dimensional Hilbert spaces, we can use Heine-Borel: we need to prove
that I is closed and bounded.

T, : BAHSN) — B(H®M) and T, is linear and CPTP} (A.41)

PROOF THAT THE SET IS BOUNDED
Note that we are free to choose whichever norm we prefer, as we work finite-dimensionally, and thus
all norms are equivalent. We are thus free to choose the naturally induced supremum norm on cloning

machines:
1Tl = sup {IT (A sy = A€ B(HE) , | Allgeon, =1} (A.42)

We are again free to choose a norm on B(H®M) and B(”H%N ). We choose again the induced supremum
norm:

| Allgeny = sup {||A|yeorn : b € HOM | |¢]lyom =1} (A.43)

and similarly the norm on B (H%N ). Now we can use the fact that Hilbert space come equipped with a
canonical inner product:

[llpgen =@ [¥) o eH®M (A.44)
and similarly for vectors in H%M . To shorten notation, we will use || - ||g,m to denote the norm on
B(H®M), || - || g~ to denote the norm on B(H$Y), || - |[ar to denote the norm on H®M, and || - || to

denote the norm on H%N.
Norm inequality for positive operators We will first prove that for any positive operator X €
B(H%N) we have (where we write X = A*A for some operator A):
ITe(X) B = 1T (A" A) | 5,ar < |AlB N = A" Al = | XI5~ (A.45)
We know that for any operator A, we have A*A > 0. We claim that then also:
1A% wIdyen — A*A >0 <= (v | |Alf Ndyon — A"A | $) 20V € HYY | [[vly =1 (A.46)
= Allp Ny — AR 20V e HEY | [wllv =1 (AA4T)

and the last statement holds by definition of the supremum norm.
But then, as T, is CPTP, we can surely write:

T, (HA||2B’NIdH§N - A*A) > 0= [|A]% yTdgen > T.(A*A) (A.48)

from which our claim follows.
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Norm inequality for general operators Now that we can estimate the norm of T' in the case of
positive operators, we focus on decomposing general operators into (linear combinations of) positive
operators. In general, for an operator X, we can decompose:

X+ X* X - X*

X = ] = H+iH' A4
5 +1 % +1 (A.49)

where one can check that H and H' are both Hermitian. Consider H. We can decompose this self-
adjoint operator into the difference of two positive operators. To see this, construct an orthonormal
basis {[¢x) }yeo(mr) of H (where o(H) denotes the spectrum of H) and write:

H= % A <Z/\|1/b\ 1/),\> — [ DA (Ul | = Al — A, (A.50)

Ao (H) A>0 A<0

where by construction it is evident that both A; and A, are positive operators. We repeat this process
for H' and decompose it into Az — A4. But then we have

4 4
ITe(X) B <D IT(AR) B <D 1Akl BN (A.51)

k=1 k=1

where the first inequality follows from the properties of any norm, and the second inequality follows
from our previous proof because each Ay is a positive operator. Finally, we need to find an estimate
for each A, in terms of X. We first rewrite this to norms over H and H’. Note that

[H||p.n =max {[A] : A€ o(H)} =max{||Ai] x| A2] 5~} (A.52)
thus, we can safely write (analogously for H'):
[Aills,n + [ A2llsn <2Hlpy 5 | Asllew + [ Adlley < 2(H BN (A.53)

But for H and H’ we have

1
§||XHBN+*HX B,~ (A.54)

X+ X*
|Hllsy = ”

B,N
To calculate || X*||p,n, note that for any 1 € HE™N with [|[¢||x = 1:
IX9l% = (X | X9) = (¢ | XX*9) < [Ylly - [ XX ¢l < |X Xy =1X]5n  (A55)

where we have used Cauchy-Schwarz in the first equality, then the fact that ||¢||xy = 1 and the definition
of the supremum norm.
Putting this together, we have now found that (analogous for H'):

Hlp,N <[ XlBN I1H' |5~ < I X5~ (A.56)
But then we indeed have
4
IT(X)|sar <D I AkllBy < 20H| x5 + 2 H |58 < 41X 5.8 (A.57)
k=1

from which it directly follows that ||T'|| < 4 and thus surely the set is bounded.

PROOF THAT THE SET IS CLOSED
We prove that I' is closed. We can construct this as follows:

F:ﬂl‘k : Ty =
E>1

(T, ®1d;) > 0 ; T linear and TP} (A.58)

i.e. the intersection of all maps that are k-positive for all k. We can prove that ['y is closed for any
k € Zo. Let (Tyy),~, a convergent sequence in I'y, and let T, = lim,,_, T%y, (Where the limit is taken
in the operator norm specified above). We then see:



A.6. PROOF THAT THE SUPREMUM F IS ATTAINED 59

o T, is linear:

nh_{r;o Tin(p+0)= lm (Tun(p) + Tin(o)) = lim Tin(p) + lim Tun(o) = Tu(p) + Ti(o) (A.59)

n—oo n—oo n—oo

for any p,o € B(HEN).

o T, is trace preserving:

T [T.(p)] = Tt [ lim T*n(p)] = lim Tr[Tun(p)] = 1 (A.60)

n—roo n—oo
for any p € B(H%N), where we can swap limit and trace as the trace is a linear operator.
o T, is k-positive:

p>0 = (Tuy @1dg) (p) > 0V € Zog = lim (Toy @ 1dy) (p) > 0 (A.61)

this claim holds by a notion of continuity: the characteristic polynomial of (7%, ® Id;) must
converge to the characteristic polynomial of (T, ® Idy), and thus so must the eigenvalues. As for
each n, all eigenvalues are nonnegative, their limit must be as well, and thus the limit map is in
turn positive.

and thus
p>0 = ( lim T, @ Idk) (p) >0 = (T, ®1dy) (p) >0 (A.62)

where we can swap the tensor product and the limit, which can be seen if we would write out all
matrix elements: the limit of the tensor product T, ® Id, is then the tensor product of the limit
of T,,, and Idy.

But then each I'y is closed, and thus I' is closed.

A.6.2. PROOF THAT THE FIDELITY JF IS UPPER SEMICONTINUOUS
By [CDA06, page 43] , a functional f : A — R on a topological space A is upper semicontinuous if

VeeR : {z €A : f(z)>c} is closed (A.63)

With this, we prove the following lemma:

Lemma A.6.2. Let f, : A — R be a collection of upper semicontinuous functionals labelled by o € T
for some index set T. Then f(a) := inf,ecz fo(a) is also upper semicontinuous

Proof. Observe that, for any ¢ € R:
ﬂ {reAd: folx) >ct={zcA: f(z)>c} (A.64)
acl

Note that, for any ¢ € R, the set on the left-hand side is closed as each f, is upper semicontinuous and
intersections of closed sets are closed. But then the right-hand side is closed for all ¢ € R, and thus f
is indeed upper semicontinuous. O

To apply the lemma, we write

F(T) =wf T[0T (0%Y)] =inf fo(T) 5 fo(T) = Tr [09MT (07)] (A.65)

Then clearly, each f,(7T}) is continuous in T}, as the trace is a linear operator and thus continuous.
But continuous functions are also upper semicontinuous, so we can apply our lemma to F. Thus, F is
upper semicontinuous.
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A.7. PROOF THAT £ IS CONTINUOUS
Theorem A.7.1. Given V : H%M — ’H%N ® K, and given that for any V&M ¢ H%M:

VM =g® N e ey) o @) ek (A.66)
Then & must depend continuously on .

Proof. Recall that we have already proven, for any ¢, ¢ € H with (¢ | ) # 0:
(@), €@ = (o |v)"N (A.67)

We construct the map T, for any ¢ € H?N :
T, :HN @K = K ; acHN . beK : Ty(a®b)= (¢ |a)-b (A.68)

By construction, Ty, is linear in a and b, and anti-linear in . Thus, T is continuous for any . We
can choose ¢ = ¢@V for any ¢ € H. We then have:

Tyon (VM) = Tyen (%N @ €(0)) = 0%V | 6%V - £(0) = (¢ | )" £(0) (A.69)

As V is an isometry, it is linear and thus also continuous. Compositions of continuous maps are
contnuous. thus Tye~ o V' is continuous. Then, we have for any ¢ # 0:

_ Ty (V6OM)
(@] o)

And thus ¢ is continuous everywhere, except possibly at 0. Now, for any ¢ # 0 we have ({(¢) | £(4)) =
(¢ | &)™, such that ||£(¢)]| = ||¢]|™ Y, thus to make ¢ continuous everywhere, we set £(0) = 0. [

Corollary A.7.2. We have (£(¢) | £(¢)) =0 for (¢ | ) =0

Proof. Let (¢,,),~, denote the sequence given by ¢, = ¢+ %w, such that ¢,, = ¢ for n — co. We then
have B

£(9) (A.70)

(€(8) | €)= (lim £(dn) | £())

The key insight is now that, as (¢, | ¥) = = [|¢||*> # 0 for any n € Z~g, we can apply:

Tim (€(gn) | €)= lim (6n [ )" = (g [ )" =0 (A.72)
O

lim (£(¢n) [ £(4)) (A.71)

n

A.8. SOLUTION TO THE OPTIMIZATION PROBLEM IN CALCULATING Aoxg(T)
Theorem A.8.1. Given the optimalisation problem

d
max Y \; (dB; — 1) (A.73)
=1
s.t. 0< A\ <1 Vie{l,...,d} (A.74)
Bi >0 Vie{1,...,d} (A.75)
d
Y Bi=1 (A.76)
i=1

An optimal solution to this optimalisation problem is X o= 1, 31 =1, and N = Bi = 0 for all
i €{2,...,d}, which yields a value of d — 1.

Proof. ! First note that for each i, we either have X = 0or \; = 1. This is due to the following: for
each i, we have three possibilities:

1Largely inspired by the insight of fellow student Nando Leijenhorst
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~

¢ dfB; —1<0: in this case, decreasing the value of \; increases the overall sum, such that we must
have A\; =0

~

e dfB; —1 >0 : in this case, increasing the value of \; increases the overall sum, such that we must
have \; =1

. dﬁ} — 1 =20 : in this case, the value of A\; does not matter, such that we can choose X =1 for
convenience.

We thus immediately see that Bi =0 = ):Z = 0. We now prove that the converse also holds.
Assume there is a A; = 0 for which 3; # 0. There must be a j such that dﬁAj — 1 > 0: the summing
condition of 3; cannot hold if all 8; < é, and the situation that all BZ = % is excluded by the fact that
our proposed solution in the Lemma has a value of d —1 > 0, whilst this solution has a value of 0.
Thus by the previous statement also ):j = 1. We can now find a better solution by setting 5 = 0 and
B; = @ + Bi, as decreasing 3/ does not actually impact the sum as X; = 0. But we cannot improve an

optimal solution, so our assumption is incorrect. Thus indeed ):Z =0 = BAZ = 0, and so we now have
):i =0« Bz =0.

As the optimisation problem is invariant under permutation of the indices, we can first sum over all
indices for which A\; = 1. Say there are k such indices, for 1 < k < d. We can forget about all other
indices, as we have A; = 0 for these indices, and A\; =0 = §; = 0 as proven previously, thus we must

still have Zle B; = 1. We thus now have the problem:

max Ek: g; — 1 (A.77)
st B> E):l Vie{l,....d} (A.78)
zk: Bi=1 (A.79)
121 k<d (A.80)

But this problem is rather trivial, as we have

k k
maXZdﬁi—lzmax[d<Zﬁi>—k]:d-l—k:d—k (A.81)

=1 i=1

where we have used the second constraint. We achieve this maximum by setting k = 1, 1 = 1. Thus
we have found an optimal solution to our original problem: we set 3; = 1, and thus also A; = 1, and
for all other indices 7 we set 8; = 0 and \; = 0, thus proving our proposition. O

A.9. DERIVATION OF THE SECOND CONSTRAINT TO w(7T,z)
Theorem A.9.1. Given o, 3,7 € %Zzo- Given

la—Bl<y<a+p (A.82)
This is equivalent to
a—rl<B<atn (A.83)
Proof. We expand on the left inequality:
la—f|<y<= v<a-f<ye=--a<—-f<y-a (A.84)

which is equivalent to a — v < 8 < a+ 7.
We combine this with the right inequality which reads § > v — «. Firstly, we also have § > a — 7,
which can be combined to 8 > |a — «|. We also have § < o + 7. Thus, we have

la—9<B<a+y (A.85)
O



A.10. DERIVATION OF THE EXPRESSION FOR max w(7,3) 62
A.10. DERIVATION OF THE EXPRESSION FOR max w(7,3)
Theorem A.10.1. Given « = M/2, 3 = (M — N)/2, we have
1 lala+1)-pB+1)  M+2
“Tas) =5+ 3~ N N2+ N+2 (A.86)
Proof.
1 M2/A+ M/2— (M —N?/A—(M—N)/2
w(Twp) = 5t N2V £2) = (A.87)
(1/2)(N+2)  M?*/4+M/2—M?/4— N?/4+ MN/2—M/2+ N/2 .88
(N +2) (N/2)(N +2) = (4.88)
(1/2)(N+2)  (N/2)(M - N/2+1) M+2 A.89
(N+2) (N/2)(N+2)  N+2 (A.89)



Casimir elements

To look at Casimir elements, we first need to define where they live: in the universal enveloping algebras
of a Lie algebra. All following definitions are from [Sn11].

B.1. UNIVERSAL ENVELOPING ALGEBRAS

To define the universal enveloping algebra of a Lie representation, we must first define:

Definition B.1.1 (Tensor algebra or free algebra). The tensor algebra over a vector space V' over
the field F is the vector space

TV)=PV*=FoveVeV)o -aV*ao... (B.1)
k=0

equipped with the associative multiplication:

(M OU® - Qug) (W1 ® - Quw) =11 Q2R QU QWI ® - Quy (B.2)

In the case that we take the tensor algebra T (g) of a Lie algebra g, we can consider the two-side ideal
I
J=Span{Ad®@@@y-y®@r—[v,y])®B : v,y€g, A, BeT(9)} (B.3)

We now arrive at

Definition B.1.2 (Universal enveloping algebra). The factoralgebra

U(g) :=T(9)/T (B.4)

is called the universal enveloping algebra of g

For any representation p of g on the (finite dimensional) vector space V', we can define a representation
p of T(g) on the vector space V:

pl1 @ -+ @ ap) = p(x1) - p(x2) - - p(an) (B.5)
Now, as p is a representation of a Lie algebra, it must hold that

p([z,y]) = p(x) - p(y) — p(y) - p(z) (B.6)

thus we have p(J) = 0. Thus, we can now construct a representation p of l(g) on V:

play=p(4) , (a=A modZ)ei(g), AcT(g) (B.7)

63
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B.2. CASIMIR OPERATORS

Casimir operators are precisely the elements of Z (4(g)), i.e. the elements that commute with all
elements in the universal enveloping algebra. It is sufficient to have, for an element ¢ € {l(g)

ccx=x-¢c Vreg=g® /g (B.8)

to be a Casimir element.
Now, as we have [p(c), p(z)] = 0 for all € g, whenever we have an irreducible p, we must have that
p(c) = Ad by Schur’s Lemma.
For a more complete overview of the Casimir operators applied to this specific quantum cloning
problem, see [KW99, Appendix A.5].



Bibliography

[ABH'03] Gernot Alber, Thomas Beth, Michal Horodecki, Martin Rotteler, and Harald Weinfurter.

[Aud06)]

[BDE*98]

[BEMOS]

[BHO6]

[BHOS]

[CDAO6]

[Dri03]
[Fas11]
[Fey82]

[FHO4]
[Fre12]
[GHIT]

[GMO7]

[Hall5]

[Har13]
[Jan10]

[Jon09]
[KS09]

[KW99]

Quantum Information: An Introduction to Basic Theoretical Concepts and Experiments.
2003.

Koenraad M. R. Audenaert. A Digest on Representation Theory of the Symmetric Group.
2006.

Dagmar Bruf}, David P. DiVincenzo, Artur Ekert, Christopher A. Fuchs, Chiara Macchi-
avello, and John A. Smolin. Optimal universal and state-dependent quantum cloning. Phys-
ical Review A, 57(4):2368-2378, apr 1998.

Dagmar Bruss, Artur Ekert, and Chiara Macchiavello. Optimal universal quantum cloning
and state estimation. Physical Review Letters, 81(12):2598-2601, sep 1998.

V. Buzek and M. Hillery. Quantum copying: Beyond the no-cloning theorem. Physical
Review A, 54(3):1844-1852, sep 1996.

V. Buzek and M. Hillery. Universal optimal cloning of qubits and quantum registers. In 1st
NASA Conference on Quantum Computing and Quantum Communications Palm Springs,

California, February 17-20, 1998, 1998.

Kim Border C. D. Aliprantis. Infinite Dimensional Analysis. Springer-Verlag Berlin Heidel-
berg, 2006.

B. K. Driver. Chapter 12: Hilbert spaces, 2003. Lecture Notes.
Lucio Fassarella. Characterization of Positive Operators. 2011.

Richard P. Feynman. Simulating physics with computers. International Journal of Theoret-
ical Physics, 21(6-7):467—-488, jun 1982.

William Fulton and Joe Harris. Representation Theory. Springer New York, 2004.
Alex Freire. Some Multilinear Algebra, January 2012.

N. Gisin and B. Huttner. Quantum cloning, eavesdropping and Bell's inequality. Physics
Letters A, 232(6):463, aug 1997.

N. Gisin and S. Massar. Optimal quantum cloning machines. Physical Review Letters,
79(11):2153-2156, sep 1997.

Brian C. Hall. Lie Groups, Lie Algebras, and Representations. Springer International Pub-
lishing, 2015.

Aram Wettroth Harrow. The Church of the Symmetric Subspace. 2013.

Bas Janssens. Transformation & Uncertainty. Some Thoughts On Quantum Probability
Theory, Quantum Statistics, And Natural Bundles. 2010.

Vaughan F.R. Jones. Von Neumann Algebras, October 2009.

Yvette Kosmann-Schwarzbach. Groups and Symmetries. Springer-Verlag New York Inc.,
2009.

M. Keyl and R. F. Werner. Optimal cloning of pure states, testing single clones. Journal of
Mathematical Physics, 40(7):3283-3299, jul 1999.

65



BIBLIOGRAPHY 66

[Lanl7]
[L1096]
[LV18]

[Maa04]
[NCO1]

[Sch13]
[ScuT9]

[Sho99]
[Sim95]

[Sti08)]
[WEH18]

[Wer0g]
[Wu94]
(WZ82]

[Sn11]

Klaas Landsman. Foundations of Quantum Theory. Springer International Publishing, 2017.
S. Lloyd. Universal quantum simulators. Science, 273(5278):1073-1078, aug 1996.

Jonathan D. Lee and Ramarathnam Venkatesan. Rigorous analysis of a randomised number
field sieve. Journal of Number Theory, 187:92-159, jun 2018.

Hans Maassen. Quantum probability, quantum information theory, quantum computing,
2004.

M. A. Nielsen and 1. L. Chuang. Quantum Computation and Quantum Information. Cam-
bridge University Pr., 2001.

Kathrin Schécke. On the Kronecker Product, August 2013. Lecture Notes.

H. Scutaru. Some remarks on covariant completely positive linear maps on cx-algebras.
Reports on Mathematical Physics, 16(1):79-87, aug 1979.

Peter W. Shor. Polynomial-time algorithms for prime factorization and discrete logarithms
on a quantum computer. STAM Review, 41(2):303-332, jan 1999.

Barry Simon. Representations of Finite and Compact Groups (Graduate Studies in Mathe-
matics ; V. 10). American Mathematical Society, 1995.

John Stillwell. Naive Lie Theory. Springer New York, 2008.

Stephanie Wehner, David Elkouss, and Ronald Hanson. Quantum internet: A vision for the
road ahead. Science, 362(6412):eaam9288, oct 2018.

R. F. Werner. Optimal cloning of pure states. The American Physical Society, 58(3):1827—
1832, September 1998.

Pei Wu. Additive combinations of special operators. Banach Center Publications, 30(1):337—
361, 1994.

W. K. Wootters and W. H. Zurek. A single quantum cannot be cloned. Nature,
299(5886):802—-803, oct 1982.

Libor Snobl. Representations of Lie algebras, Casimir operators and their applications,
September 2011. Lecture Notes.



	Introduction
	Description of necessary mathematical tools
	On quantum mechanics
	On group theory, Lie theory and representation theory
	On the symmetric subspace

	The No Cloning Theorem
	The No-Cloning Theorem in the Schrödinger picture
	The No-Cloning Theorem in the Heisenberg picture
	Connection to optimal cloning: figures of merit

	Description of problem and result
	Statement of the problem
	Statement of the result

	Symmetries of an optimal cloning device
	Construction of necessary mathematical tools
	Permutation and unitary averaging of a cloning map

	Description of the optimal cloning device
	Proof that the proposed map * is a quantum operation
	Permutation invariance and unitary covariance of *
	The Black Cow Factor and fidelity of *

	Proof of optimality
	Proof of optimality with respect to fidelity
	Proof of optimality with respect to single clone test

	Example of qubit copying
	Description of the optimal cloning device
	Description of the Wootters-Zurek cloning machine
	Performance of the cloning machines
	Equivalence with optimal cloning device of Bužek-Hillery

	Conclusion
	Appendices
	Additional proofs
	Casimir elements
	Bibliography

