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ABSTRACT

This thesis deals with n-to-1 entanglement distillation protocols for bipartite quantum
systems in a group theoretical setting. The local operations in the protocols are restricted
to Clifford operations. An efficient representation of the elements of the Clifford group
in terms of binary matrices is presented. Moreover, a characterization of the subgroup of
the Clifford group which leaves the fidelity and the success probability invariant is given.
Based on this characterization, a novel approach for the optimization of distillation pro-
tocols is presented: instead of checking every element of the Clifford group individually,
it is sufficient to consider one element of every right coset of this subgroup. These new
insights are used to find optimal protocols for n = 2, 3, 4 and 5.
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INTRODUCTION

Entanglement is one of the fundamental concepts in quantum mechanics. It has been
the topic of many studies since it was first described by Einstein et al., 1935. Not only is
entanglement interesting from a theoretical point of view, but it also has a wide range of
applications. Within the field of quantum information theory, entanglement is broadly
used in for instance quantum cryptography (Deutsch et al., 1996) and quantum telepor-
tation (Bennett et al., 1996c¢).

Many of these applications exploit pure maximally entangled states. In practice, how-
ever, setting up entangled states never results in pure maximally entangled states. In-
stead, mixed states are created that have a certain probability of being the intended
maximally entangled state, but also have a nonzero probability of being a different, un-
wanted state. This is referred to as noise. A natural question that arises is how to deal
with this noise. This problem has first been considered by Bennett et al., 1996¢. In their
paper, they established a framework for the distillation (or purification) of entanglement.
The starting point is a number of copies (1) of a mixed state, which is shared by a number
of parties. Using only local operations and classical communication, these noisy states
can be transformed into a smaller number of copies (m) of a state close to a maximally
entangled state. Such a set of local operations and classical communication is called an
n-to-m entanglement distillation protocol.

In this thesis n-to-1 entanglement distillation protocols for bipartite systems are studied.
In Deutsch et al., 1996, a 2-to-1 protocol was published, which has been proved to be
optimal for various input states, see for instance Dehaene et al., 2003b and Rozpedek
et al., 2018. Much is unknown, however, about n-to-1 protocols for larger values of
n. One of the difficulties of studying these protocols lies in the number of possible
local operations that can be performed, because this number increases rapidly with
the number of copies in the input state. Therefore, the main goal of this thesis is to
decrease the number of operations that needs to be considered when looking for an
optimal protocol.



To this end, entanglement distillation protocols are studied in a group theoretical setting.
In this setting, quantum states are described in terms of Pauli matrices. These states are
acted upon by elements of the Clifford group, an important specific class of quantum
operations. Special attention is put to the equivalent description of the quantum states
and Clifford operations in terms of binary linear algebra. This description is based on
Dehaene and Moor, 2003a and Hostens, 2007, but is reformulated here in the context of
entanglement distillation protocols.

To decrease the number of operations that need to be considered, we search for elements
of the Clifford group that do not affect the outcome of the protocol. These elements
form a subgroup of the Clifford group that is referred to as the subgroup that preserves
the distillation statistics. The main novel contribution of this thesis is a characterization
of this subgroup in terms of its order and a generating set of operations. Moreover, it is
shown that every element of the Clifford group can be decomposed into an element of
the subgroup that preserves distillation statistics and an (other) element of the Clifford
group. As a result, in the optimization of the distillation protocols, it is sufficient to
consider only one element of every right coset of the subgroup in the Clifford group,
instead of checking every element of the Clifford group individually. These new insights
are used to find optimal protocols for n =2, 3, 4 and 5.

In Chapter 2 and Chapter 3 the quantum mechanical and mathematical frameworks for
the remainder of this thesis are given. Firstly, in Chapter 2 the necessary concepts of
quantum information theory are introduced. Then, in Chapter 3 the group theoretical
framework to describe distillation protocols is given. This includes the representation
of the relevant group in terms of binary matrix algebra, which we reformulated in a way
that is more convenient to work with in the context of distillation protocols.

In Chapter 4 a general description of entanglement distillation protocols is given. This
includes an introduction to the concept of quantum entanglement and a description of
the structure of distillation protocols. As an example, the protocol published by Deutsch
et al,, 1996 is considered. Starting from the general description of protocols, Chapter 5
describes the restrictions made to arrive at the bi-local Clifford circuits, which are the
protocols of interest in this thesis. We introduce the new concepts of base and pillars,
which allow for a visual way of thinking about distillation protocols. Keeping this visual-
ization in mind, we present and prove two theorems about the structure of the subgroup
that preserves the distillation statistics. Firstly, we come up with a generating set of
operations for the subgroup, and then we provide a proof for the order of the subgroup.
The latter indicates that for optimizing the distillation protocols it is indeed far more
efficient to consider only one element of every right coset of the subgroup

In Chapter 6 we provide an algorithm for finding a transversal of the cosets. Moreover,
it is explained how, using this transversal, optimal protocols can be found, based on a
variety of criteria. The results of this optimization for various input states are shown in
Chapter 7. Finally, Chapter 8 provides a conclusion on the main results achieved in this
thesis and a discussion on the implications of the research in this thesis.

This thesis has been written as part of the double bachelor’s degree Applied Mathematics
and Applied Physics at the Delft University of Technology.



INTRODUCTION TO QUANTUM
INFORMATION THEORY

In this chapter an introduction to the main concepts from quantum information theory
used in this thesis is provided. Firstly, in Section 2.1 the framework that is needed to
describe quantum systems is given. Then, in Section 2.2, the quantum circuit model is
explained. The quantum circuit model is a model to describe quantum computations.
It is used later on in this thesis to describe entanglement distillation protocols. This
chapter is mainly based on Nielsen and Chuang, 2016.

2.1. DESCRIBING A QUANTUM STATE

In this section the framework to describe the state of a quantum system is given. After
a general introduction, including the definition of a qubit, four different aspects of de-
scribing a quantum system are explained. Firstly in Section 2.1.1 the density operator
formulation is treated. In Section 2.1.2 the tensor product is introduced as a way to
describe composite quantum systems. In Section 2.1.3 the knowledge from these two
sections is combined to arrive at the reduced density operator. Finally, in Section 2.1.4
measurements on quantum systems are considered.

In quantum information theory the possible states of a quantum system are often repre-
sented by unit vectors in a Hilbert space.

Definition 2.1. (Driver, 2003) A (complex) Hilbert space (A, :,-)) is a (complex) vector
space with inner product (-,-) such that the induced norm || - || = v/(:,-) is complete.

In this thesis, if A is used, a Hilbert space is implied. We will confine ourselves to finite
dimensional Hilbert spaces. Every finite dimensional Hilbert space of dimension 7 is
isomorphic to C" (see for instance Triebel, 1986). In quantum information theory, the
‘bra-ket’ notation is often used to denote vectors. In this notation a vector is denoted
by |-) € # (the ‘ket’). Its conjugate transpose is denoted by (-| € #* (the ‘bra’). In the
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‘bra-ket’ notation, inner products can be written as (:|-).

As mentioned before, a quantum system can be represented by a normalized vector |V) €
/. The system that we will be most concerned with in this thesis is the qubit.

Definition 2.2. A qubit is a quantum state that can be represented by a vector |¥) € C2,

W) = [Z a,BeC, lal+If2=1

Transformations of a closed quantum system (i.e., a system that is not interacting with its
surroundings) can be described by unitary operators U : & — ./, |1//> -U |1//>

2.1.1. DENSITY OPERATOR

The notation we have used so far can be used to describe pure states. However, some-
times the state of a quantum system is not exactly known. For example, a system is
prepared in state |W1> with probability p; an in state |1//2) with probability p,. The state
of such a system is called a mixed state. To describe a mixed state, a density operator can
be used. Density operators can also be used to describe an entangled state that is shared
by two parties that are separated in distance. Entanglement will be discussed in more
detail in Chapter 4.

Definition 2.3. Suppose a quantum system is in one of the states |1//,' ), each with prob-
ability p;. Then the density operator is given by

p=2pilyi{vil

The density operator for a pure state |1//> simply equals |w) (w| Theorem 2.4 gives a
characterization of general density operators.

Theorem 2.4. (Nielsen and Chuang, 2016) An operator p is a density operator associated
to an ensemble {p;, |1I/i Y} if and only if the following two conditions are satisfied.

1. Tr(p) =1

2. p is a positive semidefinite operator.

Proof. Suppose p =Y ; p; |1//i) (1//l~| is a density operator. Then
Tr(p) = TI(Z pilwi) <1//i|) =2 piT(lyi)(wil) = L pilwilwi) =2 pi=1.
1 1 1 1
To prove that p is positive semidefinite, first note that p is Hermitian. Indeed,

.
p'= (;m Iwi><w1'|) =;m (Jwi) (wil)' =;m lwi){yi|=p.
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Moreover, let |¢) € 7 be an arbitrary vector. Then

(@lolo) =L pilelyi) (wild) =L pil{plwi)I”.

Since the p; are probabilities, they are larger than or equal to 0, so (¢| o |(/)) =0. Thus, p
is positive semidefinite.

Conversely, suppose p is a positive semidefinite operator satisfying Tr(p) = 1. Since p is
positive semidefinite, it follows from the spectral decomposition theorem that

p =241l

where the vectors | j) are orthogonal and A ; are real and non-negative eigenvalues of p.
Because Tr(p) = 1, it follows that Y_; A; = 1. Thus, p can be seen as the density operator
for the ensemble {1}, |j)}. O

Suppose that the evolution of a closed quantum system in time is given by U. If the
system was originally in state |Wi> with probability p;, then after the transformation it
is in state U |wi> with the same probability p;. Hence, the evolution in time of a density
operator is described by

p=Y pily)(yil =X piUwi)(yi| U" = UpU" .1
1 1

2.1.2. COMBINING SYSTEMS: TENSOR PRODUCT

In order to combine multiple quantum systems, the tensor product is widely used in
quantum mechanics. The definition that is used, was provided by Fulton and Harris,
2004. Before stating the definition, firstly a definition of a bilinear map is given.

Definition 2.5. Let V, W and U be vector spaces over the same field K. A function §:
V x W — U is a bilinear map if for all w € W the map v — B(v, w) is linear and for all
v e V the map w— B(v, w) is linear.

A bilinear map : V x W — U thus satisfies the following two properties for all a,b €
K:

1. Forall vy, v € V,w e W: B(avy + bvy, w) = af(vy, w) + bf(v2, w).
2. Forallve V,wy, ws € W: B(v,aw; + bws) = aB(v, w1) + bB(v, wo).
Using this definition, the tensor product can now be defined as follows.

Definition 2.6. The fensor product of two vector spaces V and W (over a field K) is a
vector space V ® W equipped with a bilinearmap : VxW - Ve W, ww)—vew
that is universal: for every bilinear map y: V x W — U to a vector space U, there is a
unique linear map y¥: V® W — U that takes v® w to y(v, w).
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VXWLV®W
14
¥
U

Figure 2.1: B is a universal map: for every bilinear map y: V x W — U, there is a unique linear map
7:V® W — U such that (Yo B) (v, w) = y(v, w).

The picture to keep in mind for this rather abstract definition is shown in Figure 2.1. If
{e;} is a basis for V and {f;} is a basis for W, then {e; ® f;} is a basis for V. ® W. The
tensor product is associative: (U V)@ W =U® (Ve W) =U® V ® W. The tensor power
Ve of a vector space V is defined as the n-fold tensor product of V with itself: V®" =
Ve---eV.

For linear operators acting on V and W, the tensor product is defined as follows.

Definition 2.7. Let A and B be linear operators that act on V and W, respectively. Then
the tensor product of those operators is defined as

(A® B)

Zaivl@ wi) =ZaiA(v,~)®B(vi), YvieV,Vw; e W, Va; e K
i i

This rather abstract discussion can be made more concrete by looking at an example: the
Kronecker product. This is the form of the tensor product that will be used throughout
the rest of this thesis. The definition of the Kronecker product is based on Horn and
Johnson, 1991.

Definition 2.8. Let A= [a;;] € My;xn(K) B = [b;j] € Mpxq(K). Then the Kronecker prod-
uct is defined as

anB algB alnB

lelB ang agnB
A®B=

amB apB -+ ap,B

A useful property of the Kronecker product is the mixed-product property, which gives
a relation between the Kronecker product and the standard matrix multiplication. It is
proved in Horn and Johnson, 1991.

Theorem 2.9. Let A€ My (K), B€ Mpxq(K), C€ Myxy(K) and D € Mgx;(K) Then

(A® B)(C® D) = (AC)® (BD)



2.1. DESCRIBING A QUANTUM STATE 7

2.1.3. REDUCED DENSITY OPERATOR

Suppose now that we have a composite system, consisting of the subsystems A and B,
whose state is described by the density operator p. To go back to the description of either
system A or system B, we can use the reduced density operator.

Definition 2.10. Let p be the density operator describing a composite quantum system.
The reduced density operator for subsystem A is defined by

p™ =Trp(p),

where Trp(p) denotes the partial trace over system B. For a pure tensor product |a; ) {az|®
|b1) (b2|, it is defined as Trg(la1)(az| ® |b1) (b2]) = |a1) (a2 Trg(Ib1) (b2]). This can be
extended linearly for a general tensor product.

The partial trace is a trace-preserving completely positive map, meaning that, if p is
positive semidefinite, then Trg p is positive semidefinite too and that Tr(Trg p) = Tr(p)
(Hayashi, 2006). Consequently, p 4 satisfies the conditions from Theorem 2.4, thus pa
is a density operator. Of course, the roles of A and B can be switched in the discussion
above to derive a similar statement for pp.

2.1.4. QUANTUM MEASUREMENTS

Suppose that we want to perform measurements on a quantum system. Measurements
imply interactions of the quantum system with the environment, which makes the sys-
tem no longer closed. Hence, these interactions are not necessarily described by unitary
operations. In this section a way to describe quantum measurements is provided.

A quantum measurement is described by a collection of operators {M,} acting on ..
Here a refers to the possible outcomes of the measurement. If the system is in state |'¥)
before the measurement, the probability of obtaining outcome a is given by

p(a@) = (w| MM, |y). @.2)

If the measurement yields the outcome a, then the new state (the state after the mea-
surement) is described by

M,
| wa) _ ¢. (2.3)
V(W MaMay)
The measurement operators must satisfy the completeness relation
Y MM, =1 (2.4)
a

This relation ensures the fact that the probabilities associated to the measurement out-
comes sum to one:

Y pta) =Y (y|MiMaly) = (yly) =1. 25)
a a

An important example of a measurement is the measurement of a qubit in the compu-
tational basis. This measurement is defined by the measurement operators My = |0) (0|



2.1. DESCRIBING A QUANTUM STATE 8

and M, = [1)(1]. Suppose that the state that is being measured is |(,b) =a|0) + B1). The
probability of obtaining the outcome 0 then equals

p© = (y|MyMoly) = laf’. (2.6)
If the outcome 0 is obtained, the state after the measurement is

Molp) _ a

|0), 2.7
|| ||

which is equal to the state |0) up to a phase factor. Similarly, the probability of obtaining
the outcome 1 equals p(1) = |f|? and the state after the measurement is % [1).

Measurements can also be expressed in terms of density operators. If the system was
originally in state |wl~>, then it follows from equation (2.2) that the probability of mea-
suring the outcome a is equal to

plali) = (| M{Mq ;). (2.8)
Hence, the probability of obtaining outcome a is given by
pla)=)_plali)p;

a

= piyi| MEMa i)
‘ ) 2.9)

= ¥ i Tr (MM |wi) (i)
a

=Tr (M Mp).

Using equation (2.3) it can be derived that the state after the measurement can be de-
scribed by

pa=2_plla)|yi){v]|

1
Ma'Wi><Wi|MZz (2.10)
(| MiM, |y)

It follows from Bayes’ theorem that p(ila) = p(i,a)/ p(a) = p(ali)p;/ p(a). By equations
(2.8) and (2.9) we can thus conclude that

=_plila)

M, i ,'MT
AL
7 Tr(MaMap)
¥ (2.11)
_ MgpM,

- Tr(MuMZp).
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2.2. QUANTUM CIRCUITS

In this section a model to describe quantum computations, the quantum circuit model,
is explained. This section includes the introduction of important transformations of sin-
gle qubit states (Section 2.2.1) and of multiple qubit states (Section 2.2.2). The quantum
circuit model will be used later on to describe entanglement distillation protocols.

Classical computation is based upon the concept of a bit, which can take the value ‘0’
or ‘1’. Similarly, quantum computation is based on the concept of a qubit. As we saw in
Definition 2.2, a qubit can have many different states. It is customary to associate the
classical bits with qubits as follows

1 0

o) 1=m=}]

Note that |0) and |1) form a basis for the Hilbert space CZ2. This basis is referred to as the
standard basis or computational basis. The state of a general qubit can now be described
by

O—>|O>:

aloy+B1), a,BeC, la?+p*=1. (2.12)

2.2.1. SINGLE QUBIT OPERATIONS

We start off with operations on a single qubit. In Section 2.1 we saw that transformations
of quantum states can be described by unitary operations. For a one-qubit system,
these transformations are thus represented by 2 x 2 unitary matrices. In the context of
quantum computation, we will often refer to the transformation operators as gates. For
a general gate U, the gate can visually be represented as shown in Figure 2.2.

a0y +BI1) aU|0)+BU 1)

Figure 2.2: Visual representation of a single qubit gate.

Important examples of such gates are the Pauli gates:

1 0 01
=19 1 X:[l 0]
0 i Lo 2.13)
=1
T B ]

The action of the X and Z gate on a qubit is shown in Figure 2.3. Note that Y = iXZ,
so the action of Y can be derived from the actions of X and Z, up to a factor i. This
factor i only results in a multiplication of the whole state with i, which will show to
be irrelevant in the context of entanglement distillation protocols, as explained in more
detail in Chapter 5.
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aloy+ By —{X|— alb)+pI0)
aloy+ By —{zF—  aloy-gIn

Figure 2.3: Action of the X and the Z gate on a single qubit.

Another gate that we will encounter more often is the Hadamard gate.

11 1
H:ﬁ[l —l] (2.14)

The action of the Hadamard gate on a single qubit is shown in Figure 2.4.

771 [0y+]1) 10)—11)
al0)+pI1) — H| a= 5 thT 5
Figure 2.4: Action of the Hadamard gate on a single qubit.

The final single qubit gate that we discuss here is the phase gate.

1 0
S:[O i] (2.15)

The action of the phase gate on a single qubit is shown in Figure 2.5.

aloy+BI1) aloy+ifI1)

Figure 2.5: Action of the phase gate on a single qubit.

In the rest of this thesis, we will use the notation U; to indicate a U gate that acts on
qubit i.

2.2.2. MULTIPLE QUBIT OPERATIONS

Now let us continue with generalizing to operations on multiple qubits. One of the most
used operations in classical computing is the controlled operation: IfA is true, then do B.
In quantum circuits this type of operations can be implemented as well. For an arbitrary
unitary operation U we can define the controlled-U operation as an operation on two
qubits, one of which will be referred to as the control qubit and the other one as the
target qubit. If the control qubit is in state |0), then the target qubit is left alone. If the
control qubit is in state |1), then U is applied to the target qubit.

An example of a controlled-U gate is the controlled- X or controlled-NOT gate (CNOT).
In terms of the computational basis it acts as follows: if the control qubit is in the state
|1), the target qubit is flipped. Otherwise, the target qubit is left alone. The matrix
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representation (in the computational basis) is given by

CNOT = (2.16)

S O O -
o o = O
—= o O O
o = O O

We will use the notation CNOT;; to indicate a CNOT gate with control qubit i and target
qubit j. The visual representation of the CNOT gate together with its action on a two-
qubit state is shown in Figure 2.6.

|a) — &)
by —&——  laeb)

Figure 2.6: Action of the CNOT gate on a two-qubit system. The qubits are originally is states |a) and |b). After
applying the CNOT gate, the target qubit is in state |a @ b), where & denotes addition modulo 2.

Another important example of a two-qubit gate is the controlled-Z gate (CZ). In the
computational basis, this gate can be represented as follows.

1 0 0 O
01 0 O

CZ = 001 0 (2.17)
0 0 0 -1

The visual representation of a CZ gate is shown in Figure 2.7a. If the control qubit is
in state |0), then the target qubit does not change. If the control qubit is in state |1),
then the CZ gate acts as a Z gate on the target qubit. As a result, the CZ gate acts as the
identity on |00), [10) and |01) and changes |11) to —[11). Thus, the CZ gate is symmetric
in the control and the target qubit. Therefore, it is often represented by two controls, as

is shown in Figure 2.7b.
T

b
(@) ®

Figure 2.7: Two visual representations of the CZ gate.

We will use the notation CZ;; to indicate a CZ gate between qubits i and j. We will end
this section with two useful circuit identities that will be used frequently in the rest of this
thesis. Firstly, by noting that X = HZ H, it follows that the CNOT gate can be rewritten
into a CZ gate and vice versa. This equivalence is shown in Figure 2.8.
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—o— —=
(@) (b)

Figure 2.8: CNOT gate rewritten in terms of a CZ gate and two H gates on the target qubit (a) and vice versa
(b).

Secondly, using 3 CNOT gates a SWAP gate can be made. The SWAP gates permutes the
two qubits that it acts on. The SWAP gate is represented by a cross on the two qubits. It
can be built from CNOT gates as shown in Figure 2.9.

Figure 2.9: SWAP gate written in terms of 3 CNOT gates.



GROUP THEORETICAL
FRAMEWORK

This chapter describes the group theoretical framework for the description of distillation
protocols. In Section 3.1, we start with the introduction of the Pauli group, which will be
used to describe the state of a quantum system, as will be explained in Section 4.1.2. The
other group that plays an important role in this thesis is the Clifford group. This is the
group that consists of all local operations in distillation protocols that are considered in
this thesis (see Chapter 5).

After these groups are introduced, in Section 3.2 an alternative representation of the
Pauli group and the Clifford group in terms of binary matrices is presented. It is shown
that every Clifford operation can be represented as an element of the symplectic group
Sp(2n,Z,). The main result of this section is the characterization of the homomorphism
from the Clifford group to the symplectic group. In Theorem 3.12 it is shown that the
homomorphism is surjective. That is, all symplectic matrices correspond to a Clifford
operation. Moreover, in Theorem 3.13, a description of the kernel of the homomorphism
is provided.

3.1. THE PAULI GROUP AND THE CLIFFORD GROUP

In this section, the Pauli group and the Clifford group are introduced and some of their
properties are discussed.

13



3.1. THE PAULI GROUP AND THE CLIFFORD GROUP 14

3.1.1. PAULI GROUP
We begin this section with a recap of the definition of the Pauli matrices

10 01
00_1_[0 1]' Ul‘X‘[l 0]’
0 —i 1 0 G-D
—1
UZ_Y‘[i ol ‘73_2_[0 1)’

which are widely used in quantum mechanics. The Pauli matrices, including the multi-
plicative factors +1, +i, form a group under matrix multiplication:

Pr={x1,+il,+X,+iX,+Y,+iY,+ Z,+iZ}. (3.2)

The group P is referred to as the Pauli group on one qubit and has order [P, | = 16. The
group P can be extended to P,, the Pauli group on n qubits. The group P,, contains
all 2" x 2" matrices of the form AP; ®---® P, with A € {£1,+i} and P; € {I, X, Y, Z} for
all i € {1,...,,n}. An element of this form will be referred to as a Pauli string of length n or
a Pauli string if n is clear from the context. The Pauli strings of length n form a group
under standard matrix multiplication, which can be carried out using the mixed-product
property (see Theorem 2.9). The order of P,, equals |P,| = 4"*1.

The commutator of two matrices is defined as

[A,B] = AB—-BA, (3.3)
and the anti-commutator is defined as

{A,B} = AB+ BA. (3.4)

It can be easily verified that the identity matrix oy commutes with all Pauli matrices.
Furthermore, the Pauli matrices 01, 0, and o3 obey the following commutation rela-

tions:
3

loj,00l =2i) €jrio,  j ok 1€1{1,2,3}, 3.5
=1

where € j; is the Levi-Civita symbol for three indices:

L, (,kDel1,2,3),231,31,2)}
=4 —L (,kDe{321),21,3),(1,3,2)}, (3.6)
0, otherwise.
Moreover, they obey the following anti-commutation relations:
{oj,0}=2000, J ke{1,2,3}, (3.7

where § ;i is the Kronecker delta:

(1, j=k
5]k_{ o ik 3.8)

Using the mixed-product property of the Kronecker product (Theorem 2.9), these com-
mutation relations can be extended to general Pauli strings.
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3.1.2. CLIFFORD GROUP

In this section the Clifford group, which will be extensively used in the remainder of this
thesis, is introduced. The Clifford group is a group of unitary matrices that maps the set
of the Pauli group to itself under conjugation. Let U(n) denote the group of all unitary
n x n matrices. Observe that the Pauli group P,, is contained in the unitary group U(2").
The normalizer of P,, in U(2") is defined as

Nyen(P,) =1CeU@R") :YPeP, CPCT e P,}. (3.9)

Note that Nynr)(Py) has an infinite center (2™ 07 ,0 € R}. Although quantum mechan-
ically, a factor 22™19 makes no difference (€29 Pe 2% = p for all @ € R, P € P,,), we
prefer to work with a finite group. For this reason, in some literature the Clifford group is
defined as {C e U2") : VP e P, CPC' € P,}/{e*" I, 0 € R} (see for instance Ozols, 2008).
However, we prefer to work with matrices instead of equivalence classes of matrices,
which is why a different definition is adopted here. In accordance with the definition
provided by Calderbank et al., 1998, the Clifford group is defined as follows:

Definition 3.1. The Clifford group on n qubits is the subgroup of Ny@n) (P,) whose

elements are matrices with entries from the field Q(n), with n = 1—\;5’ :

The field Q(n) is the smallest field which contains @ and 7. It consists of the elements
{a+bn+ cn2 + dn3 1a, b, c,d € Q}. The motivation behind this restriction to entries from
Q(n) is that it is the smallest field such that C,, contains the Pauli matrices, the phase gate,
the Hadamard gate and, for n > 1, the CNOT gate. The Clifford group from Definition
3.1 is known to have order |C,| = 27 +21+3 H;?ZI (4/ - 1) (see Calderbank et al., 1998).
Moreover, it is proved in Section 5.6 and 5.8 of Gottesman, 1997 that C;, is generated
by the set of phase and Hadamard gates on every qubit and CNOT gates on every pair of
qubits.

The next theorem tells us something about the structure of these Clifford operations.

Theorem 3.2. Let C € C,, be a Clifford operation. Then o : P, — P, defined as o(P) =
CPC" is an automorphism.

Proof. Let P.Q € P,. By definition, C is unitary, so CC" = C'C = I. Thus, o(PQ) =
CPQC' = CPC'CQC" = 6(P)a(Q), so o is a homomorphism. This directly implies that
o is an endomorphism. To show that o is an automorphism, it is now enough to show
that o is injective, since P,, is finite. We have
o(P)=1= CPC' =1
= c'cpc'c=c'Ic

= P=1.

Thus, ker(o) = {I} and o is indeed injective. O

n the definition from Calderbank et al., 1998 the ring Q[n] is used, which is the smallest ring that contains Q
and 7. However, because 7 is an algebraic number, we have Q[n] = Q(n).
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It follows from Theorem 3.2 that conjugation by Clifford operations preserves the com-
mutation relations of the Pauli strings. Indeed, suppose that P,Q € P, commute. Then
o(P)o(Q) =0(PQ)=0(QP)=0(Q)a(P), so o(P) and 0(Q) commute. Similarly, if P and
Q anti-commute, then g(P)o(Q) = 0(PQ) = 0(—QP) = —0(QP) = —g(Q)a(P), so o(P)
and o (Q) anti-commute.

Since o is a homomorphism, it is fully determined by the image of a generating set of
Pr. In Theorem 3.4 it is proved that this determines C up to a phase factor, but first a
preliminary lemma is proved.

Lemma 3.3. The elements from the group P, span the matrix space M(2",C).

Proof. Firstly, we show that the Pauli matrices I, X, Y and Z form a basis for the matrix
space M,»(C). Because dim(M,.2(C)) = 4, it is sufficient to show that the four Pauli
matrices are linearly independent. Let ¢y, ¢, ¢2, c3 € C such that

cl+aX+cY+c3Z=0.

Then

Co+C3 c1—ico _ 0 0

c+ic C()—Cg]_[o O]
so ¢y = ¢; = ¢ = c3 = 0. Thus indeed, the set {I,X,Y, Z} is a basis for M,,»(C). As a
consequence, the set of n-fold tensor products of I, X, Y and Z is a basis for Mn «on(C).
Because P;, contains these tensor products, it follows that P, spans Manyon(C) too. O

Theorem 3.4. Let C € C,, such that CPCT = P forallPeP,. ThenC=AI withAeC.

Proof. Note that CPC" = P implies that CP = PC for all P € P,,. Thus, C commutes with
all elements of P,,. From Lemma 3.3 it follows that C must commute with all elements
of M(2",C). We show that this implies that C = Al with A € C.

Let E;; € Manyon(C) denote the matrix with a 1 on position (i, j) and 0 elsewhere. Note
that every matrix in Man on (C) is alinear combination of matrices E;; with i, j € {1,..., 2",
Hence, C must commute with Ej; foralli,je{l,...,2™.

Note that we can write
2n on

C= Z Z ck1Er.
k

=11=1
It follows that
2n
CEjj=) = ckiEkj
k=1
and that
2”!
E;jC= Z =cjiEj.
=1

To satisty CE;; = E;;C it must thus hold that ¢;; = ¢;; and that ¢; = 0 and ¢;; = 0 for all
k,1#1,j. Since thismust hold forall i, j € {1, ..., i}, it follows that C=AI foraleC. O
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From Theorem 3.4 it follows that C is fixed up to a scalar once the image of a generating
set of Pauli matrices under conjugation by C is known.

3.2. BINARY REPRESENTATION

As an alternative to the notation used above, Pauli strings and Clifford operations can
be described efficiently in terms of binary matrices. A disadvantage of this binary rep-
resentation is that we lose the information about any multiplicative factor in front of a
Pauli string. However, as we will discuss in more detail in Chapter 5, this information is
not important in the context of entanglement distillation protocols. In this section it is
shown how Pauli strings and Clifford operations can be represented as binary matrices.
This representation is adjusted from Dehaene et al., 2003b.

Firstly, the Pauli matrices defined in equation (3.1) can be represented by binary vectors.
Let
TO():I, T10=X, T11=iY, TOIZZ. (3.10)

Neglecting the multiplicative factor +1, +i, a Pauli string can be denoted by

v n
Wl vWeZs. (3.11)

Ta=Tpun ® " ®Ty,w, a=

For example, the Paulistring I® X® Y ® Z isequal to 7g9 ® T19 ® 711 ® To1 up to a factor i.
For this Pauli string, we thus have
I I

v=0 1 1 0], w=[0 0 1 1

So, in the binary notation, the Pauli string I® X® Y ® Z is represented by the vector

a=[o 1. 1.0 0 0 1 1]".

Recall that the Pauli strings form a group under matrix multiplication. What does this
matrix multiplication look like in the binary representation? To determine this, suppose
that we have two Pauli strings 74,,74, € Z%”, with

14} T
al:[wl :[l/gl...llzn le...LUgn] . Then

T U2
= [Uu...vln wn...wln] andag = wo

TayTa, = (Tv“w“ ®"'®Tvlnw1n)(TV21W21 ®"'®Tvznw2n)

n (3.12)
= ®TU1kW1kTV2kW2k'
k=1
Forall ke {l,...,n} we have
Toewir Tvogpwar = XUk z Wik X Pk Z 102k
— XVIk(_l)vzkwlkXVZkalkazk
(3.13)

U W Vit Wi+ w:
= (=1)Y2kWik X Vik+V2k 7 Wik+Wak

— (=1)Y2k W1k
—( 1) Tu1k+v2k,w1k+w2k-
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As aresult,

n

— VoW
TulTag - ®(_1) 2k lkTU1k+U2k,w1k+w2k
k=1

Uy w
:(_1)Zk:] Wk T

(3.14)

w1+ wsy

— U2 w
—(_1) 2 1TU]+U2,W]+WQ'

Here v, - w is the standard vector dot product. We can rewrite this dot product in terms
of the vectors a; and ay:

0 I
To =
V2w = a, Eay, == [O 0"] (3.15)
Hence, the product of two Pauli strings is given by
T
Talrag = (_l)az =a Ta1+a2- (316)

In the binary representation, the matrix product of Pauli strings can thus be calculated
by adding the corresponding binary vectors, where the addition is performed modulo 2.
This completes the binary representation of Pauli strings.

Next, let us look at the Clifford operations. Let C € C;, be a Clifford operationand o : P,, —
Pn, 0(p) = CpCT be the corresponding automorphism. We are looking for a representa-
tion 7 : Z%” — Z%” of this automorphism in the binary picture. Let a,b € Zg”. Then we
know that C7,.,C' = (-1)2"24C1,47,C" = (-1)?"Z4C7,CtC1),CT. In the binary repre-
sentation, the prefactor (—1)” "Za does not make a difference. Thus, n(a+b) = n(a)+n(b),
so 7 is a linear map. Because the vector space over Z%” has finite dimension, it follows
that there is a (binary) 2n x 2n-matrix M such that n(a) = Maforall a e Z%".

Furthermore, by Theorem 3.2 we know that o preserves the commutation relations be-
tween Pauli strings. Thus, 7 must preserve the commutation relations too. By equation

(3.16) we have 7,7 = (=1)?" 297 4, and 774 = (=1)% =01, }, s0 that
[
TaTp = (=10 Ea+a Eby o 3.17)

Note that a’=b = (aT=Zbh)T = "= a. Thus

= = 0 I
Tatp = (1P Earb'Elag o ()b Qag, o -z 4El = Lo (3.18)
n
Similarly, it can be derived that
T
TraTyp = ()M OMaz, g0 (3.19)

In order to preserve the (anti-)commutation relations, it must hold that b MTQMa =
bTQaforall a,be Z%”, so MTQM = Q. The matrices M that satisfy this condition form
a group known as the symplectic group over Z,. The symplectic group can be defined
over an arbitrary ring R.
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0o I,
-I, O
fined as the set Sp(2n,R) = {M € Mapx2n(R) : MTQM = Q} under matrix multiplication.

Definition 3.5. LetneN, let Rbearingand Q = [ . The symplectic groupis de-

The elements of a symplectic group are referred to as symplectic matrices. The following
proposition gives a useful characterization of the symplectic matrices.

for M e Sp(2n,R)

Proposition 3.6. Letn e N and let R be a ring. If we write M = [é IB)
with A,B,C,D € M, «x,(R), then A, B,C and D must obey the following relations:
B'D-D"B=0,
ATc-cla=o,
A'D-Cc'B=1,,
BTc-DTA=-1I,.

Proof. The proposition follows immediately from substitution of M = [é g] into the

equation M7 QM = Q and working out the matrix multiplications. O
Note that, if M is symplectic, then M is invertible. Indeed, from M ToM = Q it fol-
lows that det(Q) = det(MT)det(Q)det(M). Because det(Q) = 1, we have det(M)? = 1,

so det(M) # 0 and M is invertible. Proposition 3.7 provides a way to calculate the inverse
of a symplectic matrix.

Proposition 3.7. LetneN and letR bearing. Let M € Sp(2n,R), M = [é g] Then

_ pT -BT
M= —cT AT
Proof. From MTQM = Q it follows that
4 a1 Te [0 =L [AT ¢l o 1] [DT -BT
M‘QMQ‘In o ||BT DT||-I, 0] |-cT AT

O

Note that it follows from Proposition 3.7 that a symplectic group can indeed by defined
over any ring and not only over fields, as one might expect in the first place, since the en-
tries of the matrices do not necessarily need to have a multiplicative inverse in R.
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As mentioned earlier, Clifford operations can be represented as binary matrices, so R =
Z,. The order of the symplectic group over Z, is well-known to be equal to

1Sp(2n, Z)| =2" [] @&/ - 1. (3.20)
j=1

A proof of this formula can be found in Artin, 1957.

Let ¢p: C,, — Sp(2n,Z,) denote the function that maps C € Cj, to the symplectic matrix
M that satisfies 7y, = C1,C' forall a € Z%". In Theorem 3.9 it is proved that ¢ is a
homomorphism, but first it is shown in Lemma 3.8 that ¢ is well-defined.

Lemma 3.8. The function ¢ :C, — Sp(2n,Z,) that maps C € C,, to the symplectic matrix
M that satisfies Tprq = C14C' forallae Z%” is well-defined.

Proof. Let C1,C; € Cy, with ¢(Cy) = M; and ¢(C,) = M. Suppose that C; = C,. Then
TMya = ClTaCIr = CgTaC; =Ty forall ace Zg”. Using equations (3.10) and (3.11) it
follows that M;a = Mya for all a € Z%". In particular, it holds that M;e; = Mye; for all
standard basis vectors e; € Z%". Because M e; and Mae; are equal to the ith column of
the matrices M; and M,, respectively, and the equality must hold for all i € {1,..., 1}, it
follows that M; = M>. So indeed, ¢ is well-defined. O

Theorem 3.9. The function:C, — Sp(2n,Z,) that maps C € C, to the symplectic matrix
M that satisfies T = Ct,C' forallae Z%" is a homomorphism.

Proof. Let Cy,C; € Cp, with ¢(Cy) = My, ¢p(C,) = M>. Because C CzruC;rCI ~ CleraCI ~
T, M,a» Where ~ indicates equality up a phase factor, it follows that ¢(C;Co) = M1 M, =
@(CP(Cy). So, ¢ is indeed a homomorphism. O

3.2.1. IMPORTANT CLIFFORD OPERATIONS IN THEIR SYMPLECTIC FORM

As proved in Section 3.1.2, an element C € C,, is fixed, up to an overall phase factor, once
we know the image of a generating set of P,,. This notion is used in this section to com-
pute the binary representation of the Clifford operations H, S, CNOT and CZ. Moreover,
two results to represent combinations of those Clifford operations in the binary picture
are presented.

We start off by determining the images of the generators H, S, CNOT and CZ under ¢. As
generating set we use the union of the Pauli strings Xi=h® 0 18X;0[;,10--01,,
with one X matrix on the ith position and identity matrices on every other position, and
similar Pauli strings Zi=h® -0l 1®Z;®I; ®- I, with one Z matrix. Thus as
generating set, the following union is used:

(X;:ie{l,..,ntuiZ;:iedl,.., ni. (3.21)

From equation (3.11) it follows that the string X; is represented by the standard basis
vector e; € Z%” and that Z; is represented by e,,,;. Note that since we are interested in
the binary representation and we cannot represent an overall phase there, it is indeed
enough to consider the generators from equation (3.21).



3.2. BINARY REPRESENTATION 21

Firstly, let us consider the Hadamard gate. This is a single qubit gate, so ¢p(H) isa 2 x 2
matrix and we only need to consider X and Z. Using equation (2.14) it can be easily
verified that HXH' = Z and HZH' = X. In the binary representation, this boils down
to

1 0 0 1
¢(H) ol = 1] ,  $(H) 1= 0] . (3.22)
From equation (3.22) it can be concluded that
0 1
O(H) = 1 0] . (3.23)

For the phase gate, which again is a single qubit gate, it can be verified using equation
(2.15) that SXST = Y and SZST = Z. Thus we have

o[ wolf-[

from which it follows that
1 0
&(S) = [1 1]. (3.25)

The CNOT gate is a two qubit gate, thus ¢(CNOT) is a 4 x 4 matrix. Using equation (2.16)
the following relations can be verified:

CNOT;2(X ® DCNOT, ' = (X @ X),
CNOT;,(I ® X)CNOT;, = (I® X),

¥ (3.26)
CNOT12(Z® I)CNOT12' =(Z® 1),
CNOT;2(I® Z)CNOT, = (Z ® 2).
Thus, ¢(CNOT) must satisfy
1 1 0 0
0 1 1 1
(p(CNOle) 0 = 0 y (P(CNOTIZ) 0 - 0 »
L0 10 ] 10 0]
. . (3.27)
[0 [0] [0 [0
0 0 0 0
(/)(CNOTIZ) 1 = 1l (P(CNOTIZ) 0 - 1]
0] 1O] |1 [ 1]
From equation (3.27) it follows that
1 0 0 O
1 1 0 O
¢(CNOTp) = 00 1 1 (3.28)
0 0 0 1
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Similary, it can be derived that

¢(CNOT2;) = (3.29)

S O O =
S O = -
—— 0 O
- o oo

Finally, for the CZ gate it can be derived from equation (2.17) that the following relations
hold.

CZ12(X®DNCZ1, = (X ® 2),
CZ12(I® X)CZ1, = (Z® X),

(3.30)
CZ12(ZeDCZ, = (Ze D),
CZ1,(I® Z)CZ1, = (I 2).
In a similar way as for the CNOT gate it can be derived that
1 0 0 O
01 0 O
¢$(CZy2) = o1 1 ol (3.31)
1 0 0 1

Using equation (3.11) the binary representation of the Kronecker product can be de-
rived.

Proposition 3.10. (Hostens, 2007) Let Cy, C, € Cy, such that

My le]
Cy) =
¢(c) [Mlz Mo,
M lel
C)=|"% z
P(c2) M, M

Then the Kronecker product C, ® C, is represented by

My, 0 Mo, 0
0 Mu 0 MZI
My 0 My 0

0 My 0 My

Pp(C1eC) =

Note that if C is the identity Clifford operation, then ¢(C) is the identity matrix. Thus the
following statement is an immediate consequence of Proposition 3.10.

Corollary 3.11. (Hostens, 2007) A Clifford operation C € C,, with binary representation
¢(C) that acts on a subset of the qubits S € {1, ..., n} is represented by the 2n x 2n identity
matrix, with the rows and columns with indices in SU (S + n) replaced by the rows and
columns of p(C).
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3.2.2. CHARACTERIZATION OF THE HOMOMORPHISM ([)

In the previous section it was explained how the image of an element C € C,, under the
homomorphism ¢ : C;,, — Sp(2n,Z,) can be determined. In this section, these images
are used to obtain more information about the homomorphism ¢.

Suppose that M € Sp(2n, Z,). Using Corollary 3.11 and equations (3.25), (3.28) and (3.29)
the action of left multiplication by ¢(H), ¢(S) and ¢(CNOT) gates on M can be de-
rived:

* A Hadamard gate on qubit i results in swapping row i and n + i.
* Aphase gate on qubit i results in the addition of row i to row n +i.

* A CNOT gate from qubit i to qubit j results in the addition of row i to row j and of
row n+ j torow n+i.

In Theorem 3.12 these notions are used to prove that the homomorphism that maps
the Clifford group C, to the symplectic group Sp(2n,Z,) is surjective. Although used
to prove a slightly different statement, the structure of this proof is based on Hostens,
2007.

Theorem 3.12. The homomorphism ¢ : C, — Sp(2n,Zy) that maps C € C, to the sym-
plectic matrix M that satisfies T, = CtC' forallae Zg” is surjective.

Proof. We know that C,, is generated by the set of H and S gates on all qubits and CNOT
gates on every pair of qubits. Thus ¢[C,,] is generated by the images of H, S and CNOT
under ¢. We prove that any M € Sp(2n,Z,) can be written in terms of these generators
by showing that M can be transformed to the identity through left multiplication by (a
part of) the generators. M is then equal to the product of the inverses of these generators
in reverse order, so M € ¢[C,,].

Let M € Sp(2n, Z,). We first look at the first column M; of M. We take the following steps,
where we keep on referring to intermediate stages as M.

1. Make sure that M;; = 1. Suppose that M;; = 0. If there is a qubit i > 1 such that
M;; =1, then we apply a CNOT gate from qubit i to qubit 1. If the upper half
of M, contains only zeros, then we first apply a Hadamard gate to a qubit i with
Mn+i1 =1 and then apply the CNOT gate from i to 1. Note that there must always
be at least one entry of M; which is equal to 1, otherwise M is not invertible.

2. For all i with M;; =1, apply a CNOT gate from qubit 1 to qubit i. This ensures that
all entries M;; with i € {2,..., n} are equal to zero.

3. If M(y+1)1 = 1, apply a phase gate to qubit 1. As a result, M(,+1y1 =0.
4. Apply a Hadamard gate to qubit 1.
5. For all i with M(;+;1 =1, apply a CNOT gate from qubit i to qubit 1.
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Steps 1 to 5 are schematically summarized below.

1 1 1 0 0

. 0 0 0 0

1 : 2 0 3 0 4 0 5 0
M=o | || |

. . . . 0

. . . . 0

After steps 1 to 5, M; is thus transformed to the standard basis vector e;,+;. Since M
is a symplectic matrix and it is multiplied by symplectic matrices only, the transformed
matrix is still symplectic. As a consequence, it must satisfy MlT QM, 1 = 1. Because
M, = ey, it follows that Mj(,+1) = 1. We proceed with the transformation as follows:

6. For all i with M;(,,+1) = 1, apply a CNOT gate from qubit 1 to qubit i. This results in
all entries M;(,+1) with i € {2,..., n} being equal to zero, without changing M.

7. If M(n+1)(n+1) = 1, apply a phase gate to qubit 1. This ensures that M(;+1)(n+1) = 0.
8. Apply a Hadamard gate to qubit 1 to switch rows 1 and n+ 1.
9. For all i with M(;,+;)(n+1) = 1, apply a CNOT gate from qubit 7 to qubit 1.

Steps 6 to 9 are schematically depicted below.

0 0 | 0 1] [ 1]
0 0 0 0 0
0|6 | O 7 [O0O] 8 | O0] 9 [0
M=l = o o T e
0 0 0 0 0
0 0 | 0 | 0 | | 0 ]
[ 1 1] [ 1] 0 | [ 0 ]
0 0 0 0
6 |0 7 [0 8 | 0| 9|0
M=l=m = | 7o | || |
0
0

The columns M; and M,,;+; now equal the corresponding columns of the 2n x 2n identity
matrix. Using Proposition 3.6 it can be derived that also the rows 1 and n + 1 of M are
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equal to the corresponding rows of the identity matrix. That is,

[ 1]l0 -~ ololo .- o]
0
MA MB
0
M= 00 o[1]0 0
0
Mc¢ : Mp
0 0
Let
| Ma Mp
M= M¢c Mp |’

then we can repeat the procedure described above for M’. Finally, this results in the
identity matrix. So indeed, M € ¢[C,] and ¢[Cy] = Sp(2n, Z»). O

Thus, the homomorphism ¢ : C,, — Sp(2n,Z5) is surjective. From the first isomorphism
theorem it now follows that C,,/ker(¢) = Sp(2n, Z,). This isomorphism is used in Theo-
rem 3.13 to characterize the kernel of ¢.

Theorem 3.13. Let ¢ : C,, — Sp(2n,Z3) be the homomorphism that maps C € Cy, to the
symplectic matrix M that satisfies T, = CtC' forallae Z%”. Then ker(¢p) = (Py,nI).
Proof. Firstly, we show that (P,,nI) < ker(¢p). Note that C € C,, is contained in ker(¢) if
and only if CPC' ~ P for all P € P,,, where ~ denotes equality up to an overall phase.

Recall from Section 3.1.1 that the Pauli group on n qubits consists of all 2" x 2" matrices
of the form APy ®---® P, with 1 € {+1,+i} and P; € {I, X, Y, Z}. It can easily be verified
that (P, nI) consists of all 2" x 2" of the form x P, ® - - - ® P,, with x € {1, +i,+n, +in} and
P, e{l,X,Y, Z}.

Let C € (P, nl), then C = xC with x € {+1,+i,+n,+in} and C = P; ®...® P, with P; €
{I,X,Y, Z}. It follows that, for all P € P,

xCPxC) =xx'€PCT = CPCT.
Moreover, by equation (3.7) it follows that
CpP=+PC,

so that
CPC'=+P (3.32)

Thus indeed, C=«xC ¢ ker(¢). It follows that (P,,nI) c ker(¢).
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To prove the equality of (P,,,nI) and ker(¢), recall that |C,| = on*+2n+3 H;’zl (47 = 1) and

that |Sp(2n,Z,)| = 2 H;‘Zl(4f—1). Because C,, /ker(¢p) = Sp(2n, Z,) it follows that [ker(¢)| =
ICul _ _ 22n+3

[Sp2n,Z,)]

By counting the elements of the form xP; ® --- ® P,, with x € {+1,+i,4n,+in} and P; €

{I,X,Y,Z} for i = 1,..,,n, it follows that the order of (P,,nI) is equal to 8-4" = 227+3,

which is the same as the order of the kernel. Thus indeed, ker(¢p) = (P, nI). O

From Theorem 3.12 and Theorem 3.13 it can be concluded that C,,/ (P, nI) = Sp(2n, Z,).
This is the group of operations that is considered in the distillation protocols in this
thesis, as will be explained in more detail in Section 5.3.

Finally, observe that the steps in the proof of Theorem 3.12 can be used to find a circuit
of Clifford gates that corresponds to a given symplectic matrix. These steps will be used
in Chapter 7 to find Clifford operations that correspond to optimal symplectic matri-
ces.



ENTANGLEMENT DISTILLATION

This chapter describes the framework for entanglement distillation. The system that is
considered, is a bipartite quantum system that is shared by two parties. These parties
are referred to as Alice and Bob or A and B.

In Section 4.1 the basic characterizations of bipartite entanglement that are relevant in
the context of distillation protocols are given. These include the concepts of entangle-
ment and fidelity, based on the definitions provided by Nielsen and Chuang, 2016. In
this section the Bell states are introduced and it is argued why we focus on Bell diagonal
states in the remainder of this thesis. In Section 4.2 the general structure of entangle-
ment distillation protocols is explained. This explanation is illustrated in Section 4.3 by
the description of a protocol known as the DEJMPS protocol, which was published by
Deutsch et al., 1996.

4.1. CHARACTERIZATION OF BIPARTITE ENTANGLEMENT

In this section a characterization of bipartite entanglement is given. In Section 4.1.1 an
introduction to the concept of entanglement is given. After introducing the Bell states as
maximally entangled states, the concept of fidelity is introduced. In this thesis, fidelity
of an arbitrary state and a Bell state is used to quantify the entanglement of the arbitrary
state. In Section 4.1.2, a correspondence between the Bell states and the Pauli matrices is
introduced. This correspondence gives rise to an alternative description of our system,
which will be used in the remainder of this thesis.

4.1.1. INTRODUCTION TO QUANTUM ENTANGLEMENT

A central topic in this thesis is the topic of entanglement. Quantum entanglement is the
phenomenon that two or more systems are connected in such a way that they cannot
be described independently from each other. For instance, if we have two entangled
photons and measure the polarization of one photon, then immediately the polarization
of the second photon is known, even if the photons are physically separated. Albert
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Einstein called this phenomenon ‘spooky action at a distance’. He believed that this
apparent non-local behaviour could be explained by classical correlations between local
hidden variables (Einstein et al., 1935). These local hidden variables are unobservable
hypothetical variables that satisfy the concept of local realism, which is the principle
that a system is only influenced by its immediate surroundings. This principle implies
that an event at one point cannot simultaneously cause a result at another point, since
information cannot travel faster than the speed of light.

However, in Bell, 1964 an inequality known as Bell’s inequality was presented. It was
shown that this inequality cannot be violated if there are local hidden variables in the
system. This inequality and variations of it were experimentally tested and violated
many times, for instance by Aspect et al., 1982, hereby contradicting Einstein.

Entanglement can be seen as ‘the amount of non-locality’ in a quantum system consist-
ing of multiple subsystems. It is usually defined as the negation of separability.

Definition 4.1. A state p4p is said to be separable with respect to the parties A and B if
it can be written as
— i) i)
pa=Y.pip? epy,
i

where PX) and pg) are the density matrices for the systems A and B and {p;} is a proba-
bility distribution. If a state is not separable, it is said to be entangled.

Ifthe parties are only allowed to use local operations and classical communication (LOCC),
it is not possible to create an entangled state from a separable state. Moreover, the
amount of entanglement does not increase under LOCC. This gives rise to a certain
ordering of entanglement: one state contains at least as much entanglement as another
state if it can be transformed into the other state under LOCC (Plenio and Virmani,
2007).

The entanglement of a pure state can be quantified by its entropy of entanglement.

Definition 4.2. The entropy of entanglement of a pure state |1p> is defined as

E(|ly))=-Tr(palog, pa) = - Tr(pglog, pp)-

Here p 4 and pp are reduced density operators (see Definition 2.10). Because p 4 is a den-
sity matrix, it is Hermitian and thus diagonalizable. Hence, we can write py = VAV 1,
where V is a matrix that consists of the eigenvectors of p, and A= V~1p,V is a diag-
onal matrix. Because A is a diagonal matrix, log, A can be obtained by replacing each
diagonal element of A by the log, of this element. The quantity log, pa is then equal
to

log, pa = Vlog, AV (4.1)

Of course, log, p can be calculated in a similar manner. The quantity S(p) = —Tr(plog, p)
is known as the Von Neumann entropy. The entropy of entanglement ranges from zero
for separable states to one for so-called maximally entangled states (Bennett et al., 1996a).
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Well-known examples of such maximally entangled states for a bipartite system are the
Bell states:

1
[0%) = —= 100) + 11,

1
|w*) = —2(|01>+|10>),

‘{— 4.2)
¥7)=—(l01)—[10)),
) \/Z(l ) —110))
1
@) =—(/00) - [11)).
D7) \/z(l )—11)

To illustrate the computation of the entropy of entanglement and show that the Bell
states are indeed maximally entangled, E (|<1>+)) is calculated below. From Definition
2.3 it follows that the density matrix corresponding to |CI>+> is equal to

p=|0") (@ :%(|00> (00] +100) (11| +[11) 00| +[11) (11).
The reduced density operator p 4 is thus equal to
pa= % (10> €01 Trp (103 <O + 10} <1 Trp (10) €11) + 1) 0| Trp (11) (0N + 1) {1 Trp (11} <11))
= % (103 €014010 +10) {1I<110) + [1) €0 €O[1) + 1) (1I{1[1})
=2 10) 01+ 1y 1)

1

==-I.
512

Because p4 is a diagonal matrix, it follows that log, p4 can be obtained by taking the
logarithm of the elements on the diagonal. Thus
=23
=—|-=-=|=1
2 2

1 1
E(|o*)) = —Tr(—]zlogz (—12)) = —Tr(
2 2
So indeed, we see that |CD+) is maximally entangled. Similar calculations can be per-
formed for the other three Bell states.

0 1/2{|]0 -1

172 0 ] [—1 0

Any other two-qubit state, including the Bell states themselves, can be created from a
Bell-state under LOCC. It therefore is a legitimate choice to use the Bell states as standard
unit of entanglement for a bipartite system. The measure of entanglement that will be
used in this thesis is the fidelity to one of the Bell states. The fidelity of two arbitrary
states is defined as follows.

Definition 4.3. Let o and p be two density operators. Then the fidelity is defined as

2
F(U,p)zTr(\/alfzpa”Z) .
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The fidelity is a measure for how close two arbitrary quantum states are. It yields a
number between 0 and 1, where F(o, p) = 1 corresponds to the situation where o = p.
Note that for a pure state o = |¥) (¥| we have o2 = ¢. Thus

2 2
FQW)(¥1,p) = Tr (VW) (WTp W) (V1) = (W1 p [ 0) Tr (VPP = (Wlplw).  (43)

4.1.2. CORRESPONDENCE BETWEEN BELL STATES AND PAULI MATRICES

The Bell states, which were introduced in equation (4.2), form a basis for the Hilbert
space of a two-qubit system. In this thesis we will focus on initial states of the protocol
that are diagonal in the Bell basis:

p=A|D")(OT|+B|¥)(PT|+CI¥HIYT|+D|D) (D], (4.4)
where A=(®*|p|®*), B=(¥*|p|¥*), C=(¥ |p|¥ )and D= (D |p|®").

A two-qubit state that is not Bell diagonal can be be transformed into a Bell diagonal
state through twirling. Twirling is a technique in which each of the unitary operations
in a set T = {U;} is applied with equal probability to an input state. In the case that T is
finite, this results in the transformation

1
- — UipU!. 4.5
P oy P @5

To transform an arbitrary two-qubit state into a Bell diagonal state, twirling over the set
T={I®][,X®X,Y®Y,Z® Z} can be applied (Bennett et al., 1996b).

Using equations (3.1) and (4.2), it can be derived that

|[P*)=(TeX)|0Y),
P)y=UeY)|d"), (4.6)
07) = (o 2Z)|0).

This results in an alternative description for 4.4:

p=pr|® ) (DT |+ pxUeX) |0 )(@F|IeX)+py(I8Y)|d")(dT|UeY)

+pz(182)|0")(D*| (e 2). @D

Note that the coefficients p;, px, py and pz are equal to A, B,C and D in 4.4, respectively,
but are renamed here for convenience. One way of interpreting this formula is that Alice
prepares a qubit pair in the state |<I>+>. Then she transmits one qubit of each pair to Bob,
possibly introducing errors. These errors on Bob’s qubits can be modelled as letting a
Pauli operator P act on the qubit with a certain probability pp.

Note that Pauli operations are performed on Bob’s qubits only. We will shorten the
notation by writing P instead of I ® P and writing P; P, for the tensor product (I ® P;) ®
(I® Py).

If we have n independent two-qubit states, their combined state can be fully described
by the probabilities pp,p,..p, = pp, - ...- pp, that the system is in the state obtained by
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applying P; P,...P, to the initial state |<1>+)®n. Note that for states that are not indepen-
dent, the joint probabilities are in general not equal to products of the probabilities of
the separate states. In this thesis, however, we will focus on protocols with independent
input states.

For a system that consists of two qubit pairs, for example, these probabilities are given
in Figure 4.1a. Vertically written is the Pauli operation that acts on Bob’s qubit of the first
pair, horizontally the operation on the second pair. This can be extended to a cube for
three dimensions (Figure 4.1b) and a hypercube for higher dimensions.
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Figure 4.1: Probabilities that describe the state of a 2-pair system (a) and a 3-pair system (b). Each dimension
corresponds with one qubit pair.

4.2. STRUCTURE OF DISTILLATION PROTOCOLS

This section gives a general description of the structure of distillation protocols that are
considered in this thesis. As mentioned before, we will consider a system that consists
of two parties, Alice and Bob. Alice and Bob have access to n independent, known input
states. These states may be mixed or pure states, and are entangled. Of each pair, Alice
and Bob possess one qubit. In the protocol, only LOCC is used by Alice and Bob. Firstly,
Alice and Bob perform local (unitary) operations on their qubits, which we denote by
U4 and Up. Then, they perform a measurement on n — m of the qubit pairs, with n—m
strictly smaller than n. Alice and Bob report their measurement results to each other via
a classical communication channel. Based on the outcomes, they either keep or discard
the remaining m qubit pairs. In Figure 4.2, this procedure is visualised for n = 2 and
m=1.

If Alice and Bob keep the qubit pairs, the protocol is called successful. The precise details
of this decision depend on the chosen protocol, but the result is always that success-
ful measurements result in states that have entanglement greater than or equal to the
entanglement of the input states.
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UA @
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Figure 4.2: Structure of distillation protocols for n = 2 and m = 1. We start with two independent two-qubit
states described by density operators p; and p» (left). Alternatively, the states can be described in terms of
Pauli matrices on Bob’s qubits that act on the state p = |¥* ) (7|, as explained in Section 4.1.2 (right). Alice
and Bob both perform unitary operations on their qubits, given by U4 and Up respectively. Finally, one of the
qubit pairs is measured. The outcomes are communicated via classical communication.

Since the protocol starts with n qubit pairs and it outputs m qubit pairs, it is called n — m
distillation. Figure 4.3 gives a schematic overview of n — m distillation.
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Figure 4.3: Quantum entanglement distillation for two parties, Alice and Bob. They measure n — m of the
qubits. If the protocol is successful, Alice and Bob are left with m pairs with higher entanglement than the
input states.

To further increase the entanglement, it is possible to use a recurrence scheme. For
instance, for arbitrary n > 1 and m = 1, the protocol is performed n times. The n in-
dependent output states are used as input for the next iteration. Of course, it is possible
to do more than two iterations. Recurrence schemes that use a protocol with m # 1
are also possible, but then the input for the second iterations no longer consists of n

independent pairs.

In the limit of high output fidelity, however, the yield of using a recurrence scheme
approaches zero, because in each iteration at least half of the qubit pairs is lost: the
pairs that are measured are always discarded and the pairs that are not measured are
discarded in case of unsuccessful measurements. The yield can be improved by switch-
ing from a recurrence scheme to a hashing protocol, as soon as doing so results in more
good qubit pairs then doing another iteration of the recurrence scheme.
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Suppose that we have n copies of a Bell diagonal state described by the four probabil-
ities p = {p1, px, py, pz}. In the limit of large n, the m output states approach perfect
maximally entangled states and the yield 7 approaches 1 - H(p). The quantity H(p) is
known as the Shannon entropy and is given by

H(p)=-)_ pilog, pi. (4.8)
piep

The details of the hashing method can be found in Bennett et al., 1996b. The yield in a
hashing protocol can be used as a measure to compare distillation protocols. For this,
we first perform one round of the n-to-1 distillation protocol and then we use the output
of this distillation protocol as input for the hashing protocol. For a fair comparison
of the distillation protocols, the number of copies used in the n-to-1 protocol and the
probability of success of this protocol should be taken into account. Altogether, this
results in a measure that we will refer to as the rate.

Definition 4.4. The rate of an n-to-1 protocol with success probability p;, . and output
state described by p = {py, px, py, pz} is defined as

- (1-H(P)psuc
D

4.3. DEJMPS PROTOCOL

An example of a distillation protocol is the DEJMPS-protocol, which was published by
Deutsch et al., 1996. The DEJMPS protocol is a protocol for 2 — 1 distillation. The mea-
sure of entanglement used in the DEJMPS protocol is the fidelity F (|®*)(®*, p) of the
Bell state |(I>+> and an arbitrary state p. It can be proved that the DEJMPS-protocol, yields
the best possible fidelity that can be achieved through one iteration for input states with
p1> px = pz = py- Such an ordering of the coefficients can be achieved using single-
qubit operations. In a recurrence scheme, this reordering of the probabilities can be
done after every iteration (Dehaene et al., 2003b). In this section we give a description of
the DEJMPS protocol.

We start with two qubit pairs, whose density operators we denote by p and p’. The whole
system is assumed to be in the state p ® p’. Firstly, Alice performs a unitary operation
given by

1
Ua: |0>'—>—2(|0>—i|1>),

7

1 4.9
1) — — (1) —i10)).
V2
Bob performs the inverse of this operation, which is given by
1
Up:10)— —(10) +i[1)),
V2 (4.10)

1
1)——(1)+il0)).
1) \/§(|>+l|>)
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Then Alice and Bob both perform a CNOT operation on their qubits. Here, the two
control qubits belong to the same pair p. Finally Alice and Bob both measure the target
qubit in the Z basis. This is equivalent to the measurement in the computational basis,
which was described in Section 2.1.4. If the outcomes of Alice and Bob coincide, they
keep the control pair. The control pair can be used in further iterations of the protocol.
However, if the outcomes do not coincide, the protocol was unsuccessful and the control
pair is disregarded. The target pair is disregarded in both cases. The DEJMPS protocol is
graphically summarized in Figure 4.4.

SlSl

@ Alice

Jj @ Bob

Figure 4.4: Quantum circuit of the DEJMPS protocol. Alice and Bob share two qubit pairs p and p’. They first
perform a unitary operation given by equations (4.9) and (4.10), respectively. Then Alice and Bob both apply a
CNOT operation and finally they perform a measurement of the target qubits in the o ; basis.

allal

Using equations (4.2) and (4.6) the result of the operations Uy, Up and the CNOT oper-
ations can be translated to permutations of the probabilities from Figure 4.1a. These
permutations are shown in Figure 4.5. In each step the probabilities in bold are the
probabilities that have changed in that step.
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Pair 2

Figure 4.5: Overview of the permutations of the probabilities due to U4 and Up (first to second table) and the
CNOT operations (second to third table). The probabilities in bold are the probabilities that have changed in
that step.

Keeping in mind that the protocol is successful if the measurements of Alice and Bob
coincide, it can be derived from equation (4.2) that the protocol is successful if the mea-
sured qubit pair (pair 2) is in state |d)+) or |®7). From (4.6) we know that these states
correspond to the Pauli I and Z matrices, respectively. The probability that qubit pair 2
is described by either I or Z after applying the protocol can be read from the third table
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of Figure 4.5: it is equal to the sum of the elements of the first and the last column. That
is, the success probability is equal to

Psuc=P11+pxx+pzx+pyi+pyy+pzz+pxz+piy. (4.11)

Moreover, the fidelity of the remaining control pair is equal to the probability that the
remaining pair (pair 1) is in state |~2DJr ), which is described by I. Taking into account that
pair 1 is discarded if pair 2 is in the X or Y column, it follows that the fidelity is propor-
tional to the sum of the probabilities in the bottom corners. Finally, since all probabilities
of the remaining state must add up to 1, the probability should be normalized by dividing
by the probabilities of all possible states. That is,

_ pIrtpyy
psuc

F (4.12)



BILOCAL CLIFFORD CIRCUITS

In this thesis we restrict ourselves to Clifford circuits. Clifford circuits are circuits that
are composed of the Hadamard gate (H), the Phase gate (S) and the controlled-NOT
gate (CNOT). The Hadamard and Phase gate are allowed on every qubit and the CNOT
gate is allowed on every set of two qubits. Note that this set of operations is exactly equal
to the Clifford set that was defined in Section 3.1.2. It is a well-known result, known as
the Gottesman-Knill theorem, that these Clifford circuits can be simulated in polynomial
time on a classical computer (Gottesman, 1998).

In Section 5.1 the structure of the Clifford circuits is explained in more detail. The start-
ing point for this discussion is the general structure that was explained in Section 4.2.
From here, Clifford circuits are characterized by putting restrictions on the operations
and the measurements.

Then, in Section 5.2 the concepts base and pillars are introduced. The introduction of
these concepts yields a more visual and intuitive way to think about distillation proto-
cols.

Finally, in Section 5.3 a characterization of the subgroup of all Clifford operations that
preserves the distillation statistics (the fidelity and the success probability) is given. In
this section, two important new results are proved. Firstly, a generating set (Theorem
5.9) for the subgroup is given and proved and then, the order of the subgroup is deter-
mined (Theorem 5.13).

5.1. CHARACTERIZATION OF BILOCAL CLIFFORD CIRCUITS

This section covers the structure of the bilocal Clifford circuits. The general structure of
these protocols is the same as the structure explained in Section 4.2, but restrictions are
put on the operations and the measurements.

Firstly, Alice and Bob perform only Clifford operations. These are operations that can

36
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be decomposed into Hadamard gates (H), Phase gates (S) and Controlled-NOT gates
(CNOT). The Clifford gates that Alice and Bob use are strongly correlated. Suppose that
Alice uses a gate C, then Bob uses the Hermitian conjugate of this gate, C*. Note that
C* is again a Clifford operation, because H* = H, CNOT* =CNOT and S* = S3. For two
qubit pairs, the structure of a bilocal Clifford circuit is shown schematically in Figure
5.1a. In this figure, the representation of Bell diagonal states in terms of Pauli matrices is
used (see Section 4.1.2).

The following theorem yields a way to rewrite a bilocal Clifford circuit in terms of opera-
tions on Bob’s qubits only. Although in this thesis only qubits (d = 2) are considered, the
result holds for general d = 2.

Theorem 5.1. Let |V) = \/Lﬁ Z?;OI lii) be a maximally entangled quantum state, where

{li )}f:‘o1 denotes the standard computational basis. For every d x d matrix A we have A®
1Py =10 AT |¥).

Proof. Let A be a d x d matrix. Then we can write A = Z?I‘OI Z;.tol aijli)(j|. Letk,le
{0,...d — 1}. Then
d-1

1 d-l 1 1
(e =— Y lkdlieliy=—Y sk eliy=—Ik 8|l).
Va & va L Nz

By linearity of A it follows that A® I|¥) = \/LH Yy ag koD,

On the other hand, note that A” = ¥4 Z;tol aij|j)il. Again,let k, 1 €{0,...,d—1}. Then

ld—l ld—l
D KkDIY)=—= ) [De|Dh(kli)=— ) D&k =1k)I),
ik v e
and thus 1® AT |¥) = =X {2 3 a [ky @ 1). Soindeed, A® I|¥) =T AT|¥). O

Note that we can indeed apply this theorem if we use the Pauli description of the Bell
states, because the two-qubit states are then equal to the maximally entangled state p =
|<I>+> <q>+| acted on by some Pauli operations on Bob’s qubits. Thus if Alice performs the
Clifford operation C and Bob performs the operation C*, then this is effectively the same
as Bob performing C”(-)C*. Note that C” is again a Clifford operation itself, because
HT = H, CNOTT =CNOT and S” = S, so instead of CT we can write C or just C. As a
result, C* — C'. The resulting circuit is shown in Figure 5.1b.

Note that the operations on Bob's qubits, C(-)C, are exactly the automorphisms on the
Pauli group that were discussed in theorem 3.2.

Now that we have discussed the unitary operations performed by Alice and Bob, we
arrive at the measurements. In this thesis, the choice is made to aim at increasing the
fidelity of the input state and the |®) state. Note that it does not matter which of the
Bell states we chose, since the amount of entanglement of all four Bell states is equal and



5.2. BASE AND PILLARS 38

¢t

ﬁ
=]
é

(@) (b)

Figure 5.1: Bilocal Clifford circuit for two-qubits. Figure (a) shows the original description of the circuit, figure
(b) shows the description after applying Theorem 5.1. Alice and Bob both perform a measurement in the
computational basis on one qubit.

maximal. However, a choice should be made, because this influences the measurements
that should be performed.

In our protocols, measurements in the computational basis are performed. The possible
outcomes of the measurements thus are 1 (corresponding to |0)) or —1 (corresponding
to [1)). Hence, the measurements are successful if the measured state is either |®*) or
|®7).

5.2. BASE AND PILLARS

To illustrate the characterization of bilocal Clifford circuits in the previous section, in this
section we consider the examples of two and three qubit pairs. These examples give rise
to the introduction of the definitions of the base and pillars, which will allow for a more
efficient description of the distillation protocols.

Firstly, we will consider the simplest non-trivial situation, namely the situation with
two qubit pairs. We look at the results of the measurements in terms the probabilities
described in Section 4.1.2. In Figure 4.1a a visualisation of these probabilities was given
in the form a square. Which elements of the square do now correspond to a successful
protocol? Keeping in mind that the protocol is successful if the second qubit pair is in
state |<1>+> or |®7), that correspond with the Pauli matrices I and Z, respectively, we see
that the protocol is successful if we are in the first or in the last column. These columns
are highlighted in Figure 5.2a.

We see that the probability of success is equal to the sum of the probabilities in the

highlighted columns. So in this case,

Psuc=P11+Ppxi+pyr+pzi+piz+pxz+pyz+pzz. (5.1)

Note that the probabilities in Figure 5.2a are not permuted compared to the initial sit-
uation. Of course, due to performed Clifford operations, the probabilities may be per-
muted, resulting in different probabilities occupying the highlighted columns. In each
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Figure 5.2: Probabilities that describe the state of a 2-pair system (a) and a 3-pair system (b). Each dimension
corresponds with one qubit pair. The light grey rectangles/cylinders highlight the probabilities that
correspond to the success probability (pillars).The darker circles highlight the probabilities that correspond
to the fidelity (base).

case, the success probability is equal to the sum of the probabilities occupying the high-
lighted columns.

Following as similar argumentation as above, it can be derived that in general the success
probability can be calculated as follows:

Lemma 5.2. Let.¥ be an n-qubit bipartite quantum system. The success probability of
an n-to-1 bi-local Clifford protocol is given by

Psuc = Z PPQ1Q;..Qn-1-
Pe(l,X,Y,Z}, Qjell, Z}

For a three-qubit pair system, these probabilities are highlighted in light grey in Figure
5.2b.

Next to the success probability of the protocol, the fidelity of the remaining state is also
of great importance. Since we are interested in obtaining the |<D+> state, the fidelity is
given by the probability that pair 1 is in the I-row. Because pair 1 is only kept if pair 2
is in the I- or Z-column, this probability is determined by the sum of p;; and pyz, the
probabilities highlighted by darker circles in Figure 5.2a. (Again, this only holds for the
situation with no permutations.) Moreover, since the probabilities of all possible states
of pair 1 must add up to 1, we have to normalize p;; + p; by dividing it by the sum of all
relevant probabilities. Thus for this situation, the fidelity is given by

q)+>) _ pir+ pIZ.
Psuc

F(p, (5.2)

Again, this can be expanded to the general situation with n qubits, as is done in the
Lemma 5.3.
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Lemma5.3. Let.# be an n-qubit bipartite quantum system. The fidelity of the remaining
qubit pair and the |‘P+ )-state in an n-to-1 bi-local Clifford protocol is given by

2.Qjetl,2) P1Q1Q2.-Qun

F(Pl»iqﬁ)) B Psuc

We will refer to the fidelity and the success probability as the distillation statistics. More-
over, we will refer to the light grey columns as the pillars and to the darker circles as the
base. For an arbitrary number of qubit pairs, this implies the following definitions for the
base and the pillars.

Definition 5.4. The base of an n-qubits bipartite quantum system is given by

B = {IQle...Qn_l EPn : Q] € {I,Z}Vj ef{l,..,n—1}}.

From equation (3.11) it follows that, in the binary representation, an element in the base
2 is represented by a vector

b:[:/], vweZl, v=0,w =0. (5.3)

Definition 5.5. The pillars of an n-qubits bipartite quantum system are given by

P ={PQ1Q2...Qn-1€ Py: P, X, Y, Z},Qj € {, Z)Vj € 1,..,n—1}}.

An element in the pillars &2 can be represented by a binary vector

p:[b’;], vweZl, v;=0 Viel2,.,nh (5.4)

Note that every element of the pillars can be seen as a combination of a base element
and a Pauli string P; with a Pauli matrix P on the first position and identity matrices
on every other position. In the binary representation, p can thus be written as a linear
combination of a binary base vector b and a vector with zeros on every position, except
for, possibly, position 1 and n+ 1.

It is not hard to see that the probabilities that contribute to the success probability are
exactly those probabilities that correspond to the elements of the pillars. This minor, but
useful result is summarized in the following lemma.

Lemma 5.6. Let . be an n-qubit bipartite quantum system with pillars 22, then the
success probability of an n-to-1 distillation protocol on this system is given by

Psuc = Z pp.
Pe
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Similarly, the following relation between the base, the pillars and the fidelity can easily
be seen.

Lemma 5.7. Let.¥ be an n-qubit bipartite quantum system with base % and pillars 2,
then the fidelity of the remaining state after the distillation protocol is given by

_ Lpem PP

FE =8

The Clifford operators performed in the protocol cause a permutation of the probabili-
ties pp, p,..p,. By choosing the right Clifford operators, we can thus increase the fidelity
or the success probability. However, as can be seen from Lemma 5.7, there is a trade-off
between the two quantities: a high success probability leads to a lower fidelity and vice
versa. Moreover, the probabilities of the base and pillar elements cannot be changed
independently, as can be seen from Theorem 5.8.

Theorem 5.8. Let.¥ be an n-qubit bipartite quantum system with base 9% and pillars 2.
Leto: P, — P,,0(P) = CPCt, withCe C,, such that o[B8 = B. Then o[P] = P.

Proof. Let P € 2. Then P = PQ;...Q,-1 with P € {I,X,Y,Z} and Q; € {I, Z} for all j €
{1,...,n—1}. Note that P commutes with I and that for all j, Q; commutes with both I
and Z. As a result, P commutes with all elements of 2.

Now let R € P,\%. Write R = PRy Ry...R,_1, where P, Rj € {I,X,Y, Z}. Note that there is
anief{l,..,n—1} such that R; {I, Z}. As a result, R does not commute with
IN.Ii_1Z;I;:1..I,-1 € 8. Hence, R does not commute with all elements of %.

We see that the elements of the pillars are exactly those elements of P, that commute
with all elements of the base. By Theorem 3.2 we know that ¢ is an automorphism on
P,,. Thus o preserves the commutation relations between the Pauli strings. Let B € %
and P € 2. Then B and P commute. Thus o(B) and ¢(P) must commute too. Thus by
the statement above o (P) € 2. Finally, since o is an automorphism, we know that it is
bijective and thus o[2?] = 2. O

From Theorem 5.8 we can conclude that operations that leave the base invariant also
leave the pillars invariant and thus preserve the distillation statistics.

5.3. PRESERVATION OF DISTILLATION STATISTICS

Recall from Section 3.1.2 that the Clifford group has order |C,| = gn?+2n+3 H;’zl 4/ -1).
The order thus increases really fast with n. A better understanding of the permutations
that preserve the distillation statistics significantly limits our search space of protocols.
Therefore, in this section a characterization of the subset D,, c C,, that leaves the dis-
tillation statistics invariant, is given. Firstly, note that D,, actually is a subgroup of C,,.
Indeed, if two operations D1, D, € D,, leave the base invariant, then their product D; D,
also leaves the base invariant. Moreover, the identity operation of course leaves the
base invariant. And finally, the inverse of an operation D € D,,, which is an element
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of C,, again leaves the base invariant, since D yields a permutation of the base ele-
ments.

In the trivial case that n = 1, we have D; = C;. In this case, the only base element is
the identity I, which is always mapped to itself under an automorphism. For all n > 1,
however, D, is a proper subgroup of C,,. Consider for instance the Hadamard gate on
the second qubit, which is an element of C,,. This gate induces the swap of X, and Z,
and hereby changes the base.

The aim of this section is to prove two theorems about the structure of D,,. Firstly, in
Section 5.3.1 a generating set of quantum gates is given. Then, in Section 5.3.2 a formula
for the order of D,, in the binary representation is given and proved.

5.3.1. GENERATORS OF D,,
Theorem 5.9. Consider an n-to-1 distillation protocol with n > 1. The subgroup Dy, of C,,
that preserves the distillation statistics is generated by the union of the sets

{H1} (Hadamard gate on first qubit),
{S;:i=1,..,n} (Phase gate on every qubit),

{CNOT;j:i,j=2,...,n, i # j} (CNOT gate with not the first qubit as control or target qubit),

{C4;:i=2,..,n} (CZ gate between the first qubit and every other qubit).

Throughout the rest of this section, the set {H1} U{S; : i = 1,...,n} U{CNOT;; : i,j =
2,.,n, i # jlu{CZy;:i=2,..,n} is abbreviated as SP. Theorem 5.9 is proved at the end
of this section, but firstly some preliminary results are discussed and proved.

First of all, observe that (SP) is a subgroup of D,,. This can easily be checked by con-
sidering the permutations induced by the elements of SP. To prove equality of the two
subgroups (SP) and D,,, we claim that it is enough to show that (SP) is a maximal sub-
group of C,,. Indeed, suppose that (SP) is a maximal subgroup of C,. Then there does
not exist a proper subgroup F c C,, such that (SP) c F is a proper subgroup. We already
showed that (SP) is a subgroup of D,, and that D,, is a proper subgroup of C,,. Thus if
(SP) is maximal, then it must be equal to D,,. To prove that (SP) is a maximal subgroup,
we use the following lemma, which holds for general groups.

Lemma 5.10. Let G be a group and let H = (S™) be a subgroup of G. The subgroup H is a
maximal subgroup of G if and only if forall g € G, (S",g) = H or (", g) = G.

Proof. Suppose H = (S} is a maximal subgroup of G. Let g € G. Then g € H or g € G\H.
If g € H, then (S¥,g) = H. If g € G\H then H = (S) is a proper subgroup of (S, g).
Because H is maximal, it then must hold that (S¥, g =0G.

On the contrary, suppose H is not a maximal subgroup of G. Then there exists a proper
subgroup F of G such that H c F c G. Define T = F\H. Let t € T < G, then (SHy <
(S, cFcdG. O
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The idea of the proof of Theorem 5.9 thus is to show that for every element C € C,,,
we either have (SP,C) = (SP) or (SP,C) = C,,. As mentioned before, every element in
Cp can be written in terms of Hadamard gates, phase gates and CNOT gates. Yet, this
still leaves many possible combinations of gates to consider. Therefore, before going
into the proof of Theorem 5.9, firstly a more efficient description of the Clifford gates is
introduced.

Our starting point for this description is the Bruhat decomposition of the Clifford group.
The Clifford group can be written as a disjoint union

n
Co= || UBn(HHih")an. (5.5)

hel0,1}" geS,, i=1

Here, B,, is the Borel subgroup of C,,, which is generated by the gates S, CZ and CNOT'.
The notation CNOT! is used to indicate all CNOT; j gates with i < j. From equation (5.5)
it follows that every C € C,, can be written as C = FW F', with F, F' € B, and W a layer of
Hadamard gates followed by a permutation o € S, (Bravyi and Maslov, 2020; Maslov and
Roetteler, 2018).

Next we define the alternative Borel subgroup B,, as the group generated by S, CZ and
CNOT!, where CNOT! denotes the set of al CNOT; j gates with i > j. In the following
lemma, it is shown that 53,, and B n are isomorphic.

Lemma5.11. Lett1€S,, 1=01n@n-1..([5]|5+1)). Let f: B, — Cy, B— 1BT.
Then f is a homomorphism and f(B,] = B. Moreover, f : B, — By, is an isomorphism.

Proof. The permutation 7 reverses the order of all qubits. That is, qubit n becomes the
first qubit, qubit n — 1 the second qubit, and so on. Let By, By € 3,,. Because T = 71 we

have f(B1B2) =1B1 BT =1B111B2T = f(B}) f(B>2). So indeed, f is an homomorphism.

To prove that f[,] = B, we show that the images of the generators of 3,, are exactly the
generators of 3,,. Firstly, let us look at the phase gates. It can easily be checked that for
alli e {1,...,n} we have f(S;) = S;+1-;. As a consequence, f[{S;:i€{l,...,n}}] =
{S;:iefl,..,n}}.

Now, let B = CZ;;. Observe that f(CZ;;) = CZ;; = CZ;;. So obviously,
FUCZij i, jefl,..,n}i# jH={CZ;;:i,jell,.,nLi#j}

Finally, for B = CNOT;; we have f(CNOT;;) = CNOT};. Thus,
FICNOT!] = {CNOT; : i, j € {1,...,n},i > j} = {CNOT;; : i, j € {1,..., n}, i < j} = CNOT'. So
indeed f[B,] = B,.

To show that f : B, — B, is an isomorphism, we have to show that it is injective and
surjective. Since 7Bt = I implies that Bt = 7, which only holds for B = I, it follows that f
indeed is injective. Now let B’ € 3,,. Let B = TB't. Then B € B, and f(B) = B'. Thus f is
surjective. O
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From Lemma 5.11 it follows that B, and B,, are isomorphic. As a result, we can rewrite

equation (5.5) as
n

Cn,= |_| TBnT(H )O'TBHT, (5.6)

he{0,1}" 0eS,

or equivalently,

Cht= || (H )018,1. (5.7)

he{o,1}" aeSn =1
To further simplify this expression, observe that C,, = 7C, 7. Indeed, we know that 7C,, T
is the image of the function defined as f : C,, — C;,, G — 1G1. Because 7 = 771, this
map is equal to conjugation of C,, by 7, which is an isomorphism. Thus it follows that

1Cht =Cp.

Regarding the middle part t ( i1 H; i ) o1, note that the set {( 1

is symmetric in all qubits. Thus th1s set is left invariant under a relabeling of the qubits,
as a consequence, the 7’s can be removed from the expression.

The result of the above discussion is that we can rewrite equation (5.5) in terms of the
alternative Borel subgroup 5,:

Co= L (1‘[ ) (5.8)

hefo, 1}"0€S,, i=

It follows from equation (5.8) that every element C € C,, can be written as C = GWG’, with
G, G' € B;,. The importance of this representation of C,, in terms of the alternative Borel
subgroup 55, instead of the standard Borel subgroup B, becomes clear from Lemma
5.12.

Lemma5.12. B, is a subgroup of (S®)
Proof. Since [3',, and (SP) are both groups, it is enough to show that all generators of l’;’n
are contained in (SP). Recall that 5,, is generated by {S;:i =1,..., nju

{CZ;ij:1,j=1,..,n,i# jtU{CNOT;; :i,j=1,..,n,i > j}. Since S; € SP for all i, it is clear
that S; € (SP).

Next, we show that CZ;; € (SP) for i,j#1. We use that CZy;, CZ,j, H, € SP. Then we can
rewrite CZ;; as shown in Figure 5.3. An extended proof of this equivalence can be found
in the Appendix A.

1 — 1 {H A H {9 H]
A B
J

Figure 5.3: CZ;; gate rewritten in terms of CZy;, CZ; j and Hj.

H )U:h(—:{O,l}”,aeSn}
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To conclude, we show that CNOT;; € SP for all i > j. The set SP already contains the
CNOT gates between all qubits except for the first qubit, so the only thing left to show is
that CNOT}; is contained in SP for all i > 1. That this is the case, follows from the fact
that CZ,;, H; € SP and the equivalence of the ciruits in Figure 5.4.

i

1 —*— 1

Figure 5.4: CNOT;; gate rewritten in terms of CZ;; and H;.
Thus indeed, all generators of /3, are contained in S? and 8, is a subgroup of (SP). O

Note that unlike Bn, B, is not a subgroup of (SPy. A CNOT}, gate, for instance, is con-
tained in B, but it is not contained in (SP). This motivates the reformulation of equa-
tion (5.5) to equation (5.8).

Finally, we have covered all tools needed to complete the proof of Theorem 5.9.

Proof. Let C € C,,. Then we can write C = GWG' with G, G’ € B, and
W = (H Hi 1)0',
i=1

with h € {0,1}", 0 € S,,. We consider the group (SP, C). Because G,G' € B,,, it follows
from Lemma 5.12 that G,G' € (SP). Thus G',G"' € (§P) and W = G''CG!. Asa
result, (SP, C) =(SP, w).

It is left to show that for all W either (S?, W) = (SP) or (SP, W) = C,,. That is, we need
to show that either W € (SP) or that by adding W to the generators we can ‘build’ a
Hadamard gate on every qubit i > 2 and a CNOT}; gate with i > 1. To prove this, it is
enough to show that we can a SWAP;; gate for one i > 1, because H; can be built from
H, and SWAP,; (Figure 5.5a) and CNOT}; can be built from CNOT;; and SWAP,; (Figure
5.5b). Moreover, for all qubits j > 1, H; and CNOT| ; can be obtained by swapping qubits
i and j. The SWAP operation of qubits i and j can be composed from CNOT gates that
are already in S” (see Figure 2.9).

71
1 —-{H] 1—— 1

a
%

@ ()

Figure 5.5: H; gate rewritten in terms of two SWAP;; gate and an H; gate (a) and a CNOT; gate rewritten in
terms of two SWAP 5 gates and a CNOT;; gate (b).
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Firstly, we consider the case where o is the identity permutation, so that we only have
a column of Hadamard gates. Trivially, if i; = 0 for all i, then (SP, W) = (SP). Suppose
that h; = 1 and h; = 0 for all i > 1, then we have have the W = Hj, so (SP, Wy = (SPy.
Now suppose that h; is either 0 or 1, that there are k qubits ¢,...,qx > 1 such that
hg; = 1 for all i € {1,...,k} and that h; = 0 for all other elements. In Figure 5.6 it is
shown that the SWAP; 4, gate can be composed from W, Hy and CZ; 4, . It follows that for

W = H" H,, ...Hy, we indeed have (SP, W) =Cj.

w w w w
—1 —1 —1 —1
! gl (e
[ [ [ [ [ [ [ [
7l [l 71 71
0 L SLH L
: I I I I I I I I
| 7] | [yl | 77| | 7]
k
7 I I
1 HM H gl o oM
= 0 S 2

A [H—H[—H[—H

1
= C/l

h

qdi

Figure 5.6: Composing the SWAP; 4, from Hy, W = thl Hg, ...Hq, and CZ12.
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Next, consider the case that &; = 0 for all i, but let ¢ now be a non-identity permuta-
tion. Then o can be written as one cycle or as a product of disjoint cycles. We distin-
guish two types of cycles, namely cycles that include the first qubit, (1 g; ... gx), and
cycles that do not include the first qubit, (q; ... gx). Here qi,..., qx denote different,
arbitrary qubits other than 1. It is well-known that any such cycle can be written as a
product of transpositions (see for instance Rotman, 1995). In particular, (q; ... qx) =
(g1 92)(g2 g3)...(gk-1 qx)- In terms of quantum gates, we can thus rewrite any permuta-
tion in terms of SWAP gates. Now for cycles of the form (g ... gi) this only includes SWAP
gates between qubits i > 2, which are already included in (SPy. On the other hand, if the
permutation includes a cycle of the form (1 ¢q; ... gi), then it contains one SWAP 4, gate.
All other SWAP gates that are part of the permutation can be removed by multiplying
with elements in (S”), leaving only the SWAP; 4, gate. Thus in this case, the whole group
Cy, can be generated.

Finally, let us consider elements W that are combinations of permutations and Hadamard
gates. Note that if the permutation does not include a SWAP,; gate, we can rewrite the

element to a column of Hadamard gates, which was discussed earlier. Similarly, if the

Hadamard column only contains Hj, then we are in the same situation as when there

is no Hadamard column. Now suppose that our element contains a SWAP;; gate and a

Hadamard gate Hj, j > 1. By the arguments above, we can reduce such an element to a

single SWAP;, gate an a column of Hadamard gates. We distinguish two cases, with or

without a Hadamard gate on qubit i. Firstly, suppose that W has no H; gate, but there is

an H; gate and possibly other Hy gates. This gate can be rewritten to a SWAP, ; gate by

adding H; gates and a SWAP; ; gate, as shown in Figure 5.7.

w w
e e L T i i S
, I R
! A I B - - T i
A AP e
Ipnilllg=l (H—{H] -
k |__| _| k k

Figure 5.7: The combination of a SWAP,; gate and a column of Hadamard gates H; Hy without H; can be
rewritten to SWAP, ; by adding two H) gates and a SWAP; ; gate.

Note that if W contains additional Hadamard gates on other qubits that 1, 7, j and k, that
these will vanish, just as the H gates do.

Secondly, suppose W has a Hadamard gate on qubit i. Then by adding a H; gate, we can
rewrite it as a SWAP;; gate, as shown in Figure 5.8. Note that if there are also Hadamard
gates on other qubits i > 2, that after rewriting as shown in Figure 5.8 this case reduces
to the first case (no H; gate).
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1;;_

w
|
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|

Figure 5.8: The combination of a SWAP;; gate and a H; gate can be rewritten to SWAP;; by adding a H; gate.

The results of the discussion above are summarized in Table 5.1.

Table 5.1: For all possible elements W that are a combination of a Hadamard column H?:1 thi and a

permutation o either (SD, W= (SD) or (SD =Cp.

Hadamard Permutation (SP, wy

None None (SPy

None Does not permute qubit 1 (P
None Permutes qubit 1 Cn
Only H; None (SP

Only H; Does not permute qubit 1 (P
Only H; Permutes qubit 1 Cn
Includes H;, i #1 None Cn
Includes H;, i #1 | Does not permute qubit 1 Cn
Includes H;, i #1 Permutes qubit 1 Cn

We see that for all possible W = (Hl'.’zl Hl.h")cr, indeed (SP, W) = (SP) or (SP, W) = C,,.
This completes the proof of Theorem 5.9. O

We have thus found a characterization of the subgroup of C,, that preserves the distilla-
tion statistics. At the beginning of this section it was claimed that a better understanding
of this subgroup D,, limits the search space of protocols. And indeed, consider a protocol
C € Cy,. Then we can freely add or remove elements from D,, at the end of this protocol,
without changing the fidelity and the success probability. That is, all elements in the
right coset D,,C = {DC: D € D,,} yield the same distillation statistics. Instead of optimiz-
ing over all possible Clifford circuits it thus suffices to optimize over the right cosets of
D, inCy,.

5.3.2. ORDER OF ¢[D,,]

Recall from Section 3.2 that there is a homomorphism ¢ from the Clifford group Cj,
to the symplectic group Sp(2n,Z,) that maps every Clifford operation to a binary ma-
trix. In Section 3.2.1 it was proved that this homomorphism is surjective. The Clifford
operations that are in the kernel (P,,nI) of ¢) map every Pauli string to itself, up to a
phase factor. However, since we are only interested in the outcomes of measurements
and we are working in the density operator formalism, this phase factor does not make
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a difference for the distillation statistics (see Section 2.1.1 and Section 2.1.4). For the
optimization of entanglement distillation protocols, it thus is sufficient to consider the
elements of the Clifford group in the binary representation.

Because ¢ is a group homomorphism, the image of the subgroup D, ¢[D,], is a sub-
group of ¢[C,,] = Sp(2n,Z,). At the end of Section 5.3.1 it was shown that is is enough to
consider right cosets of D, in C;,, for the optimization of distillation protocols. Thus, in
the binary representation, it is sufficient to optimize over cosets of ¢[D;,] in ¢[C,]. Note
that the right cosets of D, translate to left cosets in the binary picture.

To see how much looking at (left) cosets of ¢[Dy] in ¢[Cy] limits the search space of
protocols, in this section a formula to compute the order of ¢[D,] is presented and
proved. As mentioned earlier, in the trivial case that n = 1 we have D; = Cj, so also
¢[D1] = ¢IC1] and thus [¢p[D;]] = |¢pIC1]] = 6. For n > 2 the order of ¢[D,] is given in
Theorem 5.13.

Theorem 5.13. For an n-to-1 distillation protocol, with n > 1, the order of $|D,,] is given
by

n-1
PID,11=6-2" 1 [T 27 - 1).
j=1

Proof. Recall from Section 3.2.1 that X;, i € {1,...,n} denotes a Pauli string with an X-
matrix on the ith position and I matrices at all other positions and Z; denotes the similar
Pauli string with a Z-matrix on position i. Recall that an element D € D, is fixed up to a
phase factor by the image of the generating Pauli strings X; and Z; under conjugation by
D. Since this phase factor vanishes in the binary representation, ¢ (D) is fully determined
by this image.

We count how many transformations of X; and Z; are possible. Let us start by looking
at Z,. The Pauli string Z,, is a base element, thus it must again be transformed to a base
element, because D preserves the distillation statistics. There are 2"~! base elements,
but the identity element I®" is always mapped to itself under conjugation. Thus there
are 2"~ ! —1 possibilities for the transformation of Z,,. That all transformations are indeed
possible, is proved by giving a construction in a similar way as was done in the proof of
Theorem 3.12. Recall that Z, is represented in the binary representation by a vector aZ €
Z3" with af, = 1 and zeros on every other position. Suppose that Z, is mapped to a base
element b € 2. We show that b can be transformed to a“ through left multiplication by
elements of ¢[D,,]. The transformation from a to b can then be obtained by taking the
product of the inverses of these generators in reverse order.

Recall that the action of left multiplication by ¢(S) and ¢(CNOT) gates is as follows:
* Aphase gate on qubit i results in the addition of row i to row n +i.

* A CNOT gate from qubit i to qubit j results in the addition of row i to row j and of
row n+ jtorow n+i.
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Moreover, using equation (3.31) it can be derived that the action of left multiplication by
a CZ gate is as follows.

* A CZ gate on qubit i and j results in the addition of row i to row n + j and the
addition of row j to row n + i.

Note that by, ..., by+1 = 0. The vector b can be transformed to a by taking the following
steps.

1. If by, = 0, apply a CNOT,,; gate with i chosen such that b,.; = 1. Note that there
always is a i > 2 such that this is possible, because otherwise b is the zero vector,
which corresponds to the identity element I®”. This ensures that by, = 1.

2. Forall i € {2,...,n} with b,4; = 1, apply a CNOT;,, gate. As aresult, by4; = D4 +
brp=1+1=0.

Steps 1 and 2 are visually summarized below.

Regarding X,,, we know that conjugation preserves the commutation relations between
Pauli strings, so DX,, D must anti-commute with DZ, Df. Observe that every element
P € P,\{I®"} anti-commutes with exactly half of the elements of P, '. Thus there are
Pul = % =221 possibilities for the transformation of X,,.

Pnl —
2

Recall that X, is represented in the binary representation by a vector a* € Z, with aX =1
and zeros on every other position. Suppose that D maps X, to a Pauli string whose
binary representation is equal to c¢. Because X, and Z, anti-commute, it follows that
steps 1 and 2 map c to a string that anti-commutes with a?. By equation (3.19) it follows
that then ¢, = 1. Now c can be transformed to a* without affecting a? by taking the

following steps.

3. For all i with ¢; = 1 apply a CNOT,,; gate. This ensures that the upper half of ¢
contains only zeros.

4. Forall i # nwith ¢,4+; =1, apply a CZ;,, gate.
5. If ¢;; = 1, apply an S gate on qubit n.

ILet P e Py\I®". Let k be a position where P does not have an identity matrix. Then the Pauli strings that
anti-commute with P can be constructed by selecting random Pauli matrices for all positions but position k
and then choosing the Pauli matrix on position k such that the string anti-commutes with P.
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Steps 3 to 5 are visually summarized below.

0
. 0
1 3 1
c=|1—|— |—

0

0

1
- | =4

0

0

The gates used in this construction are CNOT,,;, CNOT;,, with i > 1, CZ;,, and S;,, which
are indeed all contained in D,,. Thus in total there are 22"~ 1(2""1 - 1) possible transfor-
mations for X, and Z,,.

The elements of ¢[D,] that leave X, and Z, invariant form a subgroup that is isomor-
phic to ¢[D,,_1], with the number of cosets in ¢[D,,] equal to 22”1 (2”1 —1). Thus

IpID,]| =221 2" — 1)|p[D, 1]l

By induction on # it follows that
n . .
[Pl = 1[D]1 [] 22712/ - 1)
j=2

n . n .
=622 V@l -1
j=2

, n=l .
=6-2""1T]@/-D.
j=1
Corollary 5.14. The index of $[D,] in ¢[C,] is given by

1 no
[91Ca1: ¢ Dnl] = 2" =D [T+ D).
j=1
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Proof. Recall that |p[Cp]| = 27 H7:1(4f —1). As a consequence,

. _1pICall
[$1Cal s plDul] =17

2" I @ - 1)
62T @ -
H;?:l(zf -DEI+1)

B -D
M., @/ -ne/+1

= . 2" -1
317,27 - 1) @b
n .
D@ +.
j=1

5.3.3. FURTHER REDUCTION FOR SYMMETRIC INPUT STATES

In Section 5.3.1 it was explained that all elements in a right coset of D, in C, yield
the same distillation statistics when applied to a general input state. In literature on
quantum information theory, often input states that possess some sort of symmetry are
considered. A frequently used input state, for instance, is the n-fold tensor product p®”
of a single qubit pair p. Because all qubit pairs are initially equal, we can freely choose
which qubits we measure and which one we keep, without changing the distillation
statistics. In other words, we can apply a permutation to the qubit pairs at the beginning
of the protocol without changing the results. As a result, all distillation protocols in a left
coset CS, in Cp,, with C € C;, and S, the group of permutations of {1, ..., n}, yield the same
distillation statistics.

Another type of state that is often considered in quantum information theory is the
isotropic state. Isotropic states are states that are invariant under any unitary operation
of the form Ueo U™:

pag=UeU")papU e (UM, (5.9)

An isotropic state has the form

1_
pag=p|®*)( <D+|+—p

3p1

1
(5.10)
|0+ )( q>+|+ Pty (W |+ 197) (W +107) (@),

An isotropic state is invariant under the permutation of [®7), |‘IJ+> and [W7). Again, it
follows that all distillation protocols in a left coset CS, with S a permutation group, yield
the same distillation statistics.

Suppose that the input state indeed possesses some form of symmetry. Let S be the per-
mutation group that leaves the input state invariant. Then it follows from the previous
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section and the discussion above that all distillation protocols in the double coset D,,CS
in C, yield the same distillation statistics. As a consequence, we only need to optimize
over the double cosets. Especially for input states that possess a lot of symmetry, such as
the n-fold tensor product of an isotropic state, this may result in a large reduction of the
search space of protocols.

However, it is not clear yet how much this would limit the search space of protocols. In
contrast to right (or left) cosets, double cosets do not necessarily all have the same order.
Because C;,, D, and Sy, are finite, the order of D,,CC,, is equal to

IDullShnl

—_. 5.11
D, nCS,C71 ( )

|DnCSn| =

This expression depends on C and is thus not necessarily equal for all double cosets.



ALGORITHMS FOR OPTIMIZATION

This chapter provides algorithms for the optimization over cosets of C;,. In Section 1 it is
described how a tranversal for the cosets can be found. Using this transversal, in Section
6.2 it is explained how the distillation statistics can be calculated. An implementation in
SageMath can be found in Appendix B.

6.1. ALGORITHM FOR FINDING A TRANSVERSAL

In this section an algorithm for finding a transversal of the right cosets of D, in C; is
described. This algorithm uses the binary representation of the Clifford operations that
was explained in Section 3.2. The transversal is found by sampling random elements
from the symplectic group Sp(2n,Z5), which is already implemented in SAGEMATH. '
For every new sampled element, it is checked whether or not the coset that this element
belongs to is already represented in the transversal. If the coset is not represented yet,
then the sampled element is added to the transversal.

For this approach to work, it is thus necessary to be able to check if two elements belong
to the same coset. Recall that two elements belong to the same coset if and only if they
result in the same distillation statistics (for a general input state). This is the case if the
same Pauli strings are mapped to the base and the pillars (see Section 5.2). By Theorem
5.8 it is enough to check if the same Pauli strings are mapped to the base.

More formally, consider an n-qubit pairs bipartite system with base 9. Let M, M, €
Sp(2n,Z,). Let 01, 0, denote the permutations of the Pauli strings induced by M; and
M, respectively. Let 7 denote the set of Pauli strings that are mapped to the base under
the permutation o7 and let #” denote the set of Pauli strings that are mapped to the base

1The definition of the symplectic group that is implemented in SAGEMATH slightly differs from the definition
used in this thesis. In SAGEMATH the symplectic matrices are defined as the matrices M € M,,x2,(Z3) such
that MT PM = P with P the anti-diagonal identity matrix. These matrices M can be transformed to matrices
from t;w symplectic group from definition 3.5 via the transformation M — TMT~! with T chosen such that
P=T'QT.
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under o,. Then M; and M, belong to the same coset if and only if 7 = #. Because
o1 and o, are permutations, this is equivalent to 01‘1[.98] =0, 1[9]. To check if M;
and M, belong to the same coset, it thus suffices to check if the image % under 01_1
and o), ! is the same. In terms of the binary representation, we thus need to check that
left multiplication of the binary base vectors by M; land M; ! results in the same set of
vectors.

Of course, this can be calculated by simply carrying out the matrix multiplications. We
propose a more efficient manner below. Let M € Sp(2n, Z,). Firstly, using Proposition
3.7, the matrix M~! can be efficiently calculated. Note that the base element I®”, the
zero vector in the binary representation, is always mapped to itself under left multiplica-
tion by a matrix. Since the image of the zero vector is the same for all symplectic matri-
ces, it can be omitted when comparing the images of the base under left multiplication
by different symplectic matrices. The image of the other binary base vectors under left
multiplication by M~! can be calculated as follows. Firstly, the image of simplest non-
trivial base element is calculated: a Pauli string Z; with i € {2,..., n}, with a Z matrix on
position i and identity matrices at every other position. From equation (3.11) it follows
that, in the binary representation, Z; is represented by a vector a € Z%” with a,4; =1
and zeros at every other position. It follows that M~ a is equal to the (1 + i)th column
of M~1. By linearity of M~!, the image of a base element with a Z matrix on position i
and j can be obtained by adding the image of Z; and Z 7 modulo 2. This can be extended
to calculate the image of an arbitrary base element. Thus the image of the binary base
vectors under M~ is equal to the set that consists of the zero vector of length 2n, the
columns 7 +1,...,2n of M~! and all linear combinations of these columns.

The algorithm used to find a transversal is summarized in Algorithm 1.

Algorithm 1: Finding a transversal

input : Number of copies 7 in the input state of the distillation protocol.

output: A transversal for the right cosets of D), in C;, in the binary representation.

Transversal = {}

while length(Transversal) < [p[C,,] : $[D;]] do

Sample a random element M from Sp(2n, Z,).

Calculate M~! using Proposition 3.7.

Calculate the image M, of the base under M~!. This is equal to the set
containing columns n+1,...,2n of M ~1 and all linear combinations of these
columns.

if there is no N € Transversal with Npgse = Mpgse, Where Ny, is the image of the
base under N~' then

Add M to Transversal.

end

Note that, when calculating the distillation statistics, the inverse of M is needed again.
Therefore, in the implementation of this algorithm in SageMath, the matrix M~! is added
to the transversal instead of M.
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6.2. ALGORITHM FOR CALCULATING DISTILLATION STATISTICS
In this section an algorithm to calculate the distillation statistics of a specific protocol
applied to an initial state is described. Recall from Lemma 5.6 that the success probabil-
ity of a distillation protocol can be calculated from the pillars £ as follows:

Psuc = Z pp. (6.1)
PeZ?

Similarly, by Lemma 5.7, the fidelity can be calculated from the base 28 and the pillars &2
as follows:
_ Y. pes PP

G Ypew PP

(6.2)
The first step towards calculating the fidelity and the success probability thus is to cal-
culate which Pauli strings are mapped to the base and to the pillars by application of the
operation with binary representation M. Recall from Section 6.1 that this is the same
as calculating where the binary vectors corresponding to the base and the pillars are
mapped to by the inverse matrix M~!. In Section 6.1 it was described how this image
can be determined for the base elements. For the pillars, recall from Section 5.2 that
the binary representation of each pillar element is a linear combination of a binary base
vector and a vector with zeros on every position, except for, possibly, position 1 and n+1.
Thus, once the image of the base is known, the image of the pillars can be calculated by
taking all linear combinations that consist of the image of one base vector and the image
onevector[x; 0 ... 0 z 0 ... 0 T with x1,21 € Zy. The latter is equal to

x M7t +z1 M|, where M;! and M}, denote the first and (n + 1)th column of M,
respectively.

The input for this algorithm is a Bell diagonal input state, specified by the four prob-
abilities p;, px, py, pz. Firstly, the n-fold tensor product is calculated to obtain the
hypercube of coefficients (see Figure 4.1). For a given protocol M, the success probability
can now be found by adding the coefficients from the array that correspond to the image
of the pillars. The fidelity can be found in a similar way, namely by adding the coefficients
from the array that correspond to the image of the base and then dividing this by the
success probability.

In Section 4.2 another measure of the quality of entanglement distillation statistics was
discussed, namely the rate. To calculate the rate, not only the fidelity is needed, but also
the other three coefficients that describe the output state are needed. To calculate these
coefficients, observe that the pillars can be seen as four 'layers’: one that corresponds
to the I matrix on the first qubit, one that corresponds to X on the first qubit, one that
corresponds to Y and one that corresponds to Z. The coefficients of the output state can
be obtained by adding the coefficients in each layer of the pillars and dividing it by the
success probability. Then, the rate can be calculated using Definition 4.4.

Using the algorithm described above, either a list of all possible distillation statistics can
be obtained or the best achievable fidelity, success probability or rate can be calculated.
If it is desired, the symplectic matrices can be translated back to a Clifford circuit by
following the steps from the proof of Theorem 3.12.



RESULTS OF OPTIMIZATION

In this chapter the results of the optimization using the algorithms described in the
previous chapter are shown.

7.1. ISOTROPIC STATES

Let us start by considering isotropic input states. Recall that an isotropic state has the
form 1_F

paB = Fin|@7) (@7 [+ ——== ([¥T) (YT +197) (¥7| +107) (@71), (7.1)
where Fj,, is the fidelity of the input state. Because of their symmetry, isotropic states are
widely considered in quantum information theory.

As input states we consider n copies of an isotropic state. In Figure 7.1 the fidelity of the
output state is plotted against the success probability for different input fidelities.

Note that for larger n the maximal achievable fidelity increases, but the success proba-
bility decreases. The latter is due to the fact that a protocol is called successful if and
only if all measurements yield the same outcome. Of course, when more states are
measured, the probability of all measurement outcomes being the same decreases. If
a higher success probability is desired, one can always perform a protocol on only a part
of the qubits instead of all of them. For n = 4, for instance, a 3-to-1 protocol can be
performed, leaving the fourth qubit pair untouched.

In Figure 7.1 it can also be seen that there is only a small number of possible outcomes.
Recall that the distillation statistics are calculated for %(2” -1) H}Ll (2/ +1) cosets. For
n =2, 3,4 and 5 this is equal to 15, 315, 11475 and 782595 cosets, respectively. However,
as can be seen in Figure 7.1, there are only 2, 4, 12 and 31 different outcomes for n = 2,
3, 4 and 5. This supports the discussion in Section 5.3.3 and is worth further investiga-
tion.
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Figure 7.1: Possible distillation statistics of an n-to-1 distillation protocol applied to the n-fold tensor product
of an isotropic state with input fidelity F;,.

In Figure 7.1 it can be seen that there are many protocols that are not optimal: they are
dominated by other protocols that yield a higher fidelity and a higher success probability.
In the end, however, we are interested in the best achievable distillation statistics. These
distillation statistics are shown in Figure 7.2, where the Pareto front (the set of points that
are not dominated by other points) is plotted in combination with linear interpolation
between the points. The distillation statistics of the DEJMPS protocol are plotted as well.
It can be seen that DEJMPS yields the best achievable fidelity for an n = 2 protocol and
obtains this fidelity with the highest possible success probability.
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Figure 7.2: Best achievable distillation statistics of an n-to-1 distillation protocol applied to the n-fold tensor
product of an isotropic state with input fidelity Fj,,.

In Figure 7.3 the highest achievable rate in a hashing protocol is plotted for isotropic
states with different input fidelities. The results for n = 5 are not shown here, because
the calculations were too computationally intensive. It can be seen that for low input
fidelity (F;, < 0.77), distillation protocols for larger n result in a higher rate than a 2-
to-1 protocol or no protocol. For higher input fidelities, however, the best rate can be
obtained by not performing any n-to-1 protocol at all. Apparently, the larger number of
copies needed in the n-to-1 protocol and the lower success probability for higher values
of n significantly decrease the rate.

The rate achieved by applying the DEJMPS protocol is plotted as well. It can be seen that
the DEJMPS protocol yields the highest achievable rate for n = 2.
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Figure 7.3: Best achievable rate in a hashing protocol for different input fidelities in an n-to-1 protocol with
n =2, 3 and 4. The rate achieved by applying DEJMPS is plotted as well.

7.2. BELL DIAGONAL STATES

Next, let us consider general Bell diagonal states. As mentioned earlier, any two-qubit
state can be brought into this form by twirling. We consider Bell diagonal states of the
form

pag=p1|®T )@Y+ p2 [P+ p3 @@+ (A= p1—p2—ps) ¥, (7.2)

with p; > 0.5 and p; = p2 = p3 = 1 - p1 — p2 — p3s. Any Bell diagonal state with one
coefficient larger than 0.5 can be transformed into this form by using local operations
only. This ordering of the Bell coefficients allows us to obtain the best achievable fidelity
(see Dehaene et al., 2003b).

The input state was randomly generated, which resulted in the coefficients p; = 0.7526,
p2 = 0.1057, p3 = 0.0938. In Figure 7.4a the possible outcomes of distillation protocols
are shown. It can be seen that there are a lot more different outcomes compared to
the isotropic states in Figure 7.1. However, it cannot be said with certainty how many
different outcomes there are, because it is difficult to determine which outcomes are
really different and which outcomes are only different due to the computations of the
computer.

In Figure 7.4b the best achievable distillation statistics are plotted. The DEJMPS protocol
is indicated here as well. It can be seen that for n = 2, DEJMPS yields the best achievable
fidelity (F,,; = 0.8356) and that it is obtained with the highest possible success probabil-
ity (psuc = 0.6806).
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Figure 7.4: Possible outcomes for distillation protocols applied to an initial state that is the n-fold tensor
product of a Bell diagonal state with p; = 0.7526, p2 = 0.1057, p3 = 0.0938 (a) and the best achievable
distillation statistics for this input state (b).

For n = 3 the best achievable fidelity for this input states is equal to F,,; = 0.8763. It can
be obtained with success probability ps,. = 0.4895. One of the protocols that results in
this fidelity and success probability is

1 0 0 0 01

01 1 1 1 0

N 1 1 0 0 1 1
Mi=s=10 11 0 0 1 (7:3)

1 1 1 110

1 1 0 0 0 O

In terms of Clifford gates, it can be implemented as

C =CNOTj3S51 H1CNOT>;CNOT3;CNOTj2S1 H1CNOT2; CNOT;2 H; CNOTy; 7.4)

S1H1CNOT2; S;.

For n = 4 the best achievable fidelity equals F,,; = 0.9228. It can be obtained with
success probability p;, = 0.3494. One of the corresponding protocols is

0000 1 1 1 1]
11110000
11001001

. 10100110

Mp=a=17 1 0 1 0 0 1 1| (5
10010001
010100 11
100100 1 1]
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It can be implemented as

C =CNOT5;CNOT;,CNOT;5CNOT 4 H; CNOT4; CNOT,CNOT14 H; CNOTy; Ho
CNOT,; CNOT;,CNOT;3S1 H; CNOT,; CNOT3, CNOT;,CNOT13S, Hy Ho (7.6)
CNOT,;CNOT; 2 H; CNOT,; CNOT; 2 H; CNOT2; Hj .

Finally, for n = 5 the best achievable fidelity is F,,; = 0.9621, which can be achieved
with success probability pg, = 0.2515. A Clifford circuit with which these results can be
obtained, can be found in the same way as the n = 3 and n = 4 circuits were found. This
circuit, however, consists of many Clifford gates and does not provide any new insights,
thus it is omitted here.




CONCLUSION

In this thesis bilocal Clifford circuits were studied from a group theoretical point of view.
The main goal was to limit the search space for an optimal protocol by getting a bet-
ter understanding of the structure of the Clifford group. This was achieved by finding
a characterization of the subgroup of the Clifford group that preserves the distillation
statistics. Starting from the Bruhat decomposition of the Clifford group, a generating
set of gates for the subgroup was found. It was shown that, when optimizing the distil-
lation statistics, it is sufficient to consider only one element of every right coset of this
subgroup in the Clifford group, instead of every element of the Clifford group, which is
an improvement upon previous work on the optimization of entanglement distillation
protocols. By establishing a formula for the order of the subgroup, it was proved that this
indeed significantly limits the search space.

Special emphasis was put to the representation of Clifford operations in terms of bi-
nary matrices from the symplectic group. This representation was proved to be 'onto’:
every element from the symplectic group corresponds to an element from the Clifford
group. This result was used to develop an algorithm that calculates a transversal of
the right cosets. For n = 5, however, this algorithm requires a very high random access
memory. As an alternative, a probabilistic approach could be used, were protocols are
sampled randomly and directly applied to an initial state. If the number of samples is
high enough, an optimal protocol can be obtained with a certain probability. Time-wise,
this takes about the same time as first calculating a transversal and then applying it to
one initial state, but it requires less memory. However, once the transversal is calculated,
the application to an initial state can be performed rather fast. Because various initial
states were used in this thesis, the approach of first calculating the transversal was cho-
sen.

For isotropic input states and a Bell diagonal state, the possible distillation statistics were
calculated. Remarkably, it was found that for isotropic states the number of possible
outcomes is much lower than the number of cosets. Although it is not very surpris-
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ing that for a symmetric input state the number of outcomes decreases, the degree to
which this happens indicates that there is great potential in further investigation of this
problem. A better understanding of the consequences of this symmetry for distillation
protocols can lead to a more efficient optimization for isotropic input states and may
enable optimization for larger values on n. For the Bell diagonal state, a decrease in
possible outcomes was found as well. However, this decrease was a lot less significant
than the decrease that was found for isotropic states.

Lastly, the best achievable distillation statistics were calculated. For n = 2 it was found
that the DEJMPS protocol yields the highest achievable fidelity with the best success
probability possible. For n = 3 and n = 4 protocols that result in the highest achievable
fidelity with the best success probability possible are given in both their symplectic form
and as a Clifford circuit. Possibly, for these protocols a shorter Clifford circuit can be
found, for instance using the Bruhat decomposition, but this is not further investigated
in this thesis.
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EQUIVALENT QUANTUM CIRCUITS

A.1. PROOF THAT CZ;; € (SP)

It was claimed in Figure 5.3 that a CZ;; gate can be rewritten in terms of CZ;;, CZ;; and
H; gates. The equivalence of the circuits of Figure 5.3 is proved here. In the proof the
distributed CNOT operation (Figure A.1a) is used. A proof of this equality can be found
in Garcia-Escartin and Chamorro-Posada, 2008. Moreover the CNOT-CZ transformation
rule (Figure A.1b) is used. Although this rule has been used before in this thesis, it is
repeated here for convenience.

- —&—

(@) (b)

fan)
A
a
N
a

Figure A.1: Distributed CNOT operation (a) and a CNOT gate rewritten in terms of two Hadamard gates and a
CZ gate (b).

A proof of the equivalence in Figure 5.3 is shown in Figure A.2.
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Figure A.2: Proof that CZ; ; can be rewritten in terms of Hy, CZ;; and CZy .



IMPLEMENTATIONS IN SAGEMATH

In this appendix implementations in SageMath of the algorithms described in Chapter 6
can be found. All implementations, including the code used for the figures of Chapter 7,
can also be found at https://github.com/sarahjansen08/optimization-entanglement-distillation.

B.1. FINDING A TRANSVERSAL
import numpy as np
import itertools as it

def baseM) :
# calculate the image of the base under a matrix M
s = list ([M[0:2#n, i] for i in range(n+1l, 2n)])
powerset = it.chain.from_iterable (it.combinations(s, r) for r in range
(1, len(s)+1))
base_map = set ()
for i in powerset:
v = vector (sum(i))
v.set_immutable ()
base_map.add (v)
return frozenset (base_map)

# number of qubits (n > 1)

n=2
# calculate number of cosets
prod = 1

for i in range(1,n+1):

prod = prod * (2*xi + 1)
index = 1/3 * (2**n — 1) * prod
# load symplectic group
Cn = Sp(2#n, GF(2))
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# calculate matrix needed for transformation from ‘sage symplectic’ to \\
literature symplectic’

anti_identity = matrix.identity (n)

for i in range(0, (n/2).ceil()):

anti_identity.swap_rows(i, n-i-1)
T = block_matrix(GF(2), [[matrix.identity(n), zero_matrix(n,n)], |
zero_matrix(n,n), anti_identity]], subdivide = False)

transversal_inv = {}
while len(transversal_inv)<index:
# generate random element of symplectic group
M =T % Cn.random_element() = T
# calculating M inverse
A =M[0:n, 0:n]
B =M[0:n, n:2xn]
C = M[n:2*n, 0:n]
D = M[n:2*n, n:2xn]
M_inv = block_matrix ([[D.transpose (),—B. transpose () ],[—C. transpose () ,A.
transpose () 11, subdivide=False)
M_basecol = base (M_inv)
# check whether coset is already in transversal
if M_basecol not in transversal_inv:
transversal_inv [M_basecol] = M_inv

B.2. CALCULATING DISTILLATION STATISTICS
import numpy as np
import itertools as it

m= 2
# Load transversal
transversal_inv = load(’2_transversal_inv.sobj’)

# FUNCTIONS

def base(M, n):

# calculate the image of the base under a matrix M

s =[]

for i in range(n+1, 2xn):
s.append M[0:2x*n, i])

powerset = it.chain.from_iterable(it.combinations(s, r) for r in range
(1, len(s)+1))

res = [vector (GF(2),2*n)]

for i in powerset:
v = vector (sum(i)) # calculate the sum of the elements of each

combination (e.g 1ZZ = 1ZI + IIZ)

res .append (v)

return res

def pillars (M, n):
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def

def

# calculate the image of the pillars under a matrix M
X1 = vectorM[0:2*n, 0])
Z1 = vector M[0:2+n, n])

Yl = X1 + Z1
pl = base(M, n)
pX = [(X1 + b) for b in pI]

pY = [(Y1 + b) for b in pI]
pZ = [(Z1 + b) for b in pI]
return [pl, pX, pY, pZ]

tensor (A, n):
# calculate the n fold tensor product of a matrix A
kron = A
count = 1
while count < n:
kron = np.kron (kron,A)
count = count + 1

if n ==

res = np.reshape(kron, (4,4))
elif n == 3:

res = np.reshape(kron, (4,4,4))
elif n == 4:

res = np.reshape(kron, (4,4,4,4))
elif n == 5:

res = np.reshape(kron, (4,4,4,4,4))

dist_stat (initial , M, n):
# returns the success probability, fidelity and rate
pil = pillars (M, n)
out = []
for layer in pil:
coef = 0
for elt in layer:
if n ==
coef = coef + initial [int(elt[0]) + 2+xint(elt[n]), int(elt
[1]) + 2+int(elt[n+1])]
if n == 3:
coef = coef + initial [int(elt[0]) + 2*xint(elt[n]), int(elt
[1]) + 2xint(elt[n+1]), \
int(elt[2]) + 2xint(elt[n+2])]
if n ==
coef = coef + initial [int(elt[0]) + 2+xint(elt[n]), int(elt
[1]) + 2+xint(elt[n+1]), \
int(elt[2]) + 2xint(elt[n+2]), int(elt
[3]) + 2+int(elt[n+3])]
if n ==
coef = coef + initial [int(elt[0]) + 2*xint(elt[n]), int(elt
[1]) + 2+int(elt[n+1]), \
int(elt[2]) + 2xint(elt[n+2]), int(elt
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[3]) + 2+int(elt[n+3]), \
int(elt[4]) + 2«int(elt[n+4])]
out.append (coef)
sp = sum(out)
fid = out[0]/sp
r =1
for i in out:
r =1 + float(i = log(i) / log(2))
I = r*sp/n
return sp, fid, r
return res

def best_protocol(initial, transversal_inv, n, measure = "fidelity"):

# calculates the best protocol from a dictionary of inverses of
protocols (transversal_inv) applied to an initial state; as quality
measures the fidelity ("fidelity"), success probability ("sucprob")
or rate ("rate") can be chosen

if measure == "sucprob":
res = 0
for key, M in transversal_inv.items():

s = (dist_stat(initial, M, n))[0]

if s > res:
res = s
opt_inv =M
if measure == "fidelity":
res = 0

for key, M in transversal_inv.items():
f = (dist_stat(initial , M, n)) [1]
if f > res:

res = f
opt_inv = M
if measure == "rate":
res = —100

for key, M in transversal_inv.items():
r = (dist_stat(initial, M, n)) [2]
if r > res:
res = r
opt_inv =M
Calculate inverse of optimal protocol
= opt_inv[0:n, 0:n]
opt_inv[0:n, n:2xn]
opt_inv([n:2*n, 0:n]
opt_inv([n:2*n, n:2+n]
opt = block_matrix ([[D. transpose () ,—B. transpose () ],[ —C. transpose () ,A.
transpose () |1, subdivide=False)
return res, opt

OO0 w > %
1l

def sucprob_fid_lists(initial , transversal_inv, n):
# calculate the possible distillation statistics (success probability &
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fidelity) of the protocols in a transversal applied to an initial
state
fid = []
sp = [l
fslist = []
for key, M in transversal_inv.items():
s = dist_stat(initial , M, n)[0]
f = dist_stat(initial , M, n)[1]
if (s,f) not in fslist:
sp.append(s)
fid .append (f)
fslist.append((s,f))
return sp, fid

# INPUT STATES

# isotropic input state

fid_in = [0.55, 0.575, 0.6, 0.625, 0.65, 0.675, 0.7, 0.725, 0.75, 0.775,
0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95, 0.975]

init_iso = []

for f in fid_in:
init_iso .append(vector ([f, (1-f)/3, (1-f)/3, (1-f)/3]))

# Bell diagonal state
pO0 = np.random.uniform (0.5, 1)

pl = np.random. uniform (0, 1-p0)
p2 = np.random.uniform (0, 1-p0-pl)
p3 =1-p0 - pl — p2

Ist = [p0, pl, p2, p3]

Ist.sort()

init_bell = vector ([1lst[3], Ist[2], Ist[1], 1lst[O]])

print(init_bell)

#init_bell = vector([0.752604752074101, 0.10567340022267524,
0.0938043735551225, 0.04791747414810121])

for i in init_iso:
print(sucprob_fid_lists(tensor (i, m), transversal_inv, m))

print(sucprob_fid_lists (tensor(init_bell , m), transversal_inv, m))

r_list = []
for i in init_iso:
r_list.append((best_protocol(tensor(i, m), transversal inv, m, measure =
"rate")) [0])
print(r_list)
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