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Most applications in quantum information processing make either explicit or implicit use
of entanglement. It is thus important to have a good understanding of entanglement and
the role it plays in these protocols. However, especially when it comes to multipartite
entanglement, there still remain a lot of mysteries. This thesis is devoted to getting
a better understanding of multipartite entanglement, and its role in various quantum
information protocols.

First, we investigate transformations between multipartite entangled states that only
use local operations and classical communication (LOCC). We mostly focus on three
qubit states in the GHZ class, and derive upper and lower bounds for the successful
transformation probability between two states.

We then focus on absolutely maximally entangled (AME) states, which are highly
entangled multipartite states that have the property that they are maximally entangled
for any bipartition. With them as a resource, we develop new parallel teleportation pro-
tocols, which can then be used to implement quantum secret sharing (QSS) schemes.
We further prove the existence of AME states for any number of parties, if the dimen-
sion of the involved quantum systems is chosen appropriately. An equivalence between
threshold QSS schemes and AME states shared between an even number of parties is
established, and further protocols are designed, such as constructing ramp QSS schemes
and open-destination teleportation protocols with AME states as a resource.

As a framework to work with AME states, graph states are explored. They allow for

i



efficient bipartite entanglement verification, which makes them a promising candidate
for the description of AME states. We show that for all currently known AME states,
absolutely maximally entangled graph states can be found, and we were even able to
use graph states to find a new AME state for seven three-dimensional systems (qutrits).
In addition, the implementation of QSS schemes from AME states can be conveniently
described within the graph state formalism.

Finally, we use the insight gained from entanglement in QSS schemes to derive neces-
sary and sufficient conditions for quantum erasure channel and quantum error correction
codes that satisfy the quantum Singleton bound, as these codes are closely related to
ramp QSS schemes. This provides us with a very intuitive approach to codes for the
quantum erasure channel, purely based on the entanglement required to protect infor-

mation against losses by use of the parallel teleportation protocol.
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Chapter 1
Introduction

Quantum mechanics was developed at the beginning of the 20th century to cope with
several problems like the black body radiation, describing the atomic model and the pho-
toelectric effect. While the theory that developed was able to solve these problems; it also
created a lot of discomfort among many physicists, because interpreting the predictions
often seemed counterintuitive to their acquired classical intuition.

Among the most famous is Heisenberg’s uncertainty principle, which says that the po-
sition and momentum of a particle cannot have definite values at the same time. Instead,
the more constrained the position of a particle is, the more uncertain is its momentum,
and vice versa. Thus, there is always an intrinsic uncertainty when performing mea-
surements in quantum mechanics. A view that, among others, Einstein did not want to
accept. His dissatisfaction with a theory that only gives probabilities for certain out-
comes is famously captured in his quote “God does not play dice”. In his eyes, a theory
that can only give probabilities for certain measurement outcomes had to be incomplete.

Oddly enough, Einstein, Podolsky, and Rosen (EPR) [36] used another striking phe-
nomenon predicted by quantum mechanics to construct an apparent paradox to demon-
strate the incompleteness of quantum mechanics. Said phenomenon was entanglement, a
term coined by Schrédinger when he introduced his famous Schrodinger’s cat gedanken-
experiment, which made its way into countless discussions among physicists and philoso-
phers. Entanglement refers to correlations between quantum systems, which can have
a much stronger bond between the involved systems than ever possible with classical
correlations.

An example of creating classical correlations is to take two pieces of paper, one blue
and one red, and put them into two envelopes. Then one of the envelopes is randomly
given to Albert and the other to Erwin. They go their different ways and the moment

one opens his envelope, he knows what the other one will see when he opens his. Thus
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these two events are correlated. In a similar fashion, for a quantum system, two particles
can be entangled in such a way that by measuring the position of one particle, one knows
what a position measurement of the other particle will give. For such an entangled state,
however, it is also possible for one party to measure the momentum instead of the position,
and from the result deduce the momentum of the other particle. If we now again assume
that Albert and Erwin each take one of the entangled particles and go far away from
each other, Erwin’s position measurement outcome is determined when Albert measures
the position of his particle. Similarly, when he measures the momentum, the momentum
of Erwin’s particle is determined. If we now assume that Albert and Erwin moved so
far apart that Erwin’s particle cannot receive a signal from Albert’s measurement before
Erwin performs his, Erwin’s measurement outcome cannot depend on which measurement
Albert performs and thus position as well as momentum have to be predetermined, which
is in contradiction to Heisenberg’s uncertainty principle. This is the paradox that EPR
constructed to argue that the theory of quantum mechanics is incomplete and is missing
some local hidden variables that actually predetermine the measurement outcomes for

which quantum mechanics only predicts a probability distribution.

This controversy resulted in heated discussions between Albert Einstein and Niels
Bohr, but it was not until 30 years later that Bell showed how this dispute can be settled
once and for all [9]. He formulated an inequality for two spin 1/2 particles that would hold
for a theory in which the measurements are predetermined due to local hidden variables
as Einstein suggested, but which is violated by predictions made by quantum mechanics.
Experimental testing showed that inequalities that have to be satisfied by local hidden
variable theories can indeed be violated, showing that EPR’s claim of incompleteness of
quantum mechanics does not hold. There still exist minor loopholes in the experiments
that have been carried out, but due to the overwhelming evidence these experiments

provide, almost all physicists now rule out the existence of local hidden variable theories.

After the existence of entanglement had been confirmed, people slowly started to
recognize entanglement as a valuable resource, and the field of quantum information was
born. Since then a multitude of information processing protocols have been proposed
and experimentally implemented that make heavy use of entangled states to accomplish

tasks that are impossible in a classical setting.

Hence, in order to find new ways of making use of these quantum correlations, it is
important to have as good an understanding of entanglement as possible. And while en-
tanglement between two systems is already relatively well understood, the entanglement
structure of more than two systems is very complicated and only little progress has been

made in understanding this structure. This thesis is devoted to gaining a better under-
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standing of multipartite entanglement and its role in quantum information processing

protocols.

1.1 Overview of the Thesis

My PhD study was directed towards gaining a deeper understanding of multipartite
entanglement and its role in quantum information protocols. First, I studied possible
transformation between multipartite entangled state within the regime of local operations
and classical communications (LOCC). During this part I was mostly dealing with pure
three qubit states.

After that I focused on a special kind of highly entangled multipartite states, called
absolutely maximally entangled (AME) states, which have the property that they are
maximally entangled with respect to any bipartition. These states are then used to
develop a new parallel teleportation protocol, which leads to the derivation of thresh-
old quantum secret sharing (QSS) protocols [30] that solely rely on the entanglement
of the initial AME state. We then use that insight to derive necessary and sufficient
entanglement condition for a wider class of “ramp” QSS schemes.

Due to fact that quantum information cannot be copied, QSS schemes are intrinsically
very similar to quantum codes that protect quantum information against losses, described
by a quantum erasure channel (QEC) [48]. Thus, with our entanglement based approach,
we can also provide a very intuitive treatment of the quantum erasure channel that only
relies on the entanglement of the state used for encoding and the parallel teleportation
protocol. The necessary and sufficient entanglement condition of the QSS schemes trans-
late to “optimal” codes for the QEC, those that satisfy the quantum Singleton bound.
Furthermore, since codes for the QEC are equivalent quantum error correction codes
(QECC) [48, [72], this also gives necessary and sufficient entanglement conditions for
QECCs that satisfy the quantum Singleton bound, also referred to as quantum MDS
codes or optimal quantum codes.

When dealing with multipartite entangled states in the Dirac notation, a lot of the
entanglement features are “hidden” within the notation. Hence, when looking for other
methods to represent quantum states, I found graph states to be a particularly useful
tool [20]. Entanglement in graph states is either “on or off”, which is ideal to study
maximally entangled states. Thus, in addition to the standard Dirac notation, I used
the graph state formalism for d-dimensional systems (qudits) to investigate AME states.
This approach also leads naturally to quantum error correction codes, this time in the
form of graph codes [113| [49].
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Additionally, graph states have the benefit, that they, at no extra cost, provide a
quantum circuit that generates the state. This should prove useful for the actual imple-
mentation of AME states once our experimentalist friends figure out how to implement
controlled-Z gates for qudits. At the moment, experimental implementations of graph
states still mostly focus on qubits, with the successful generation of an eight qubit graph
states with photons [64, 139], and a 14 qubit graph state with ions [92]. This will be
further discussed in the Conclusion.

The thesis is structured into the following chapters:

Chapter [2t This chapter provides a short overview of the basic tools used in entangle-

ment theory.

Chapter [3} In collaboration with Wei Cui and Hoi-Kwong Lo. Here we derive upper and
lower bounds for the probabilities of LOCC transformations between multipartite
entangled states, for the most part dealing with three qubit states in the GHZ class.
I collaborated in deriving upper and lower bounds for the transformation from the
GHZ state to a GHZ class state. I had little part in deriving the upper bound
provided in Section for a more general initial state, which was almost entirely
my coauthors’ work, but is included for completeness. The results of this chapter
are published in Ref. [32].

Chapter [4: In collaboration with Wei Cui, José Ignacio Latorre, Arnau Riera, and
Hoi-Kwong Lo. This chapter introduces the concept of AME states and presents
protocols for new parallel teleportation scenarios and threshold QSS schemes based
on AME states. I derived the general protocols for the construction of parallel
teleportation protocols and threshold QSS schemes from AME states. The results
of this chapter are published in Ref. [58].

Chapter [5 In collaboration with Wei Cui. In this chapter, we further investigate AME
states. We show their existence for a general number of parties and prove that there
is a one-to-one correspondence between AME states for an even number of parties
and threshold QQSS schemes. More applications for AME states are presented in
form of ramp QSS schemes and open-destination teleportation. I formulated the
proofs that show the general existence of AME states and their equivalence with
threshold QSS schemes. I further developed the protocols leading to ramp QSS
schemes and open-destination teleportation. The results of this chapter can be
found in Ref. [57].
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Chapter [6: For this chapter, I used the graph states formalism for qudits of prime
dimension to describe AME states. I showed two methods for checking the bipartite
entanglement in graph states: one graphical method, and one that can be efficiently
implemented on a computer. I showed that for all parameters, for which we know
that AME states exist, AME graph states can also be found, and I additionally
found a new AME graph state for 7 qutrits. I further showed that the derivation
of ramp and threshold QSS schemes can be conveniently formulated in the graph
states formalism and elaborated on methods of dealing with non-prime dimensions,
which was demonstrated by giving an example of an AME graph state for four 4-
dimensional systems. To investigate AME graph states, I wrote a simulation that
can check the entanglement properties of graph states efficiently using the methods

presented in this chapter. The results of this chapter can be found in Ref. [56].

Chapter 7} In this last project, I extended the previously derived one-to-one corre-
spondence between AME states and threshold QSS schemes to derive necessary
and sufficient entanglement conditions for the ramp QSS schemes introduced in
Chapter | This then led to necessary and sufficient entanglement conditions for
optimal codes of the quantum erasure channel, and thus optimal QECCs. Again,
graph states proved to be a useful tool in this investigation, and I showed a one-
to-one correspondence between the existence of stabilizer codes that satisfy the
Singleton bound and highly entangled graph states. The results of this chapter can
be viewed as first step to a very intuitive, purely entanglement based approach to

quantum error correction.

Chapter [8: In this last chapter, I give a quick summary of the key results of the thesis

and provide an outlook on possible future research directions based on this thesis.



Chapter 2
Background Information

In this chapter, we give a short introduction to the basic tools of entanglement theory
that are used throughout this thesis. This is by no means an exhaustive coverage of
the subject. For a more extensive treatment, which we refer the reader to the excellent
review of quantum entanglement by Horodecki et al., found in Ref. [62], and to Ref. [90]
for an introduction to quantum information in general. Anyone already familiar with the

material may want to skip this chapter.

2.1 Bipartite Entanglement

2.1.1 Definition

A bipartite entangled state is a state consisting of two systems that possess correlations
that are stronger than anything that is possible in a classical setting. Operationally that
means it is a state that cannot be created by only performing local (quantum) operations
on each system when the two systems are only allowed to exchange classical information.
Thus a pure state |¥) € Ha ® Ha, is entangled if and only if it cannot be written in the

form
) = [¥a)s |¥n)p (2.1)

for some [W4) , € Ha and |¥p),z € Hp. A state of that form is called separable. A mixed

state pap is separable if it can be written in the form

pas =Y pips ® P, (22)
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where p; > 0, and p'; are states in system A and p% in system B, respectively. In
this case, there exist correlations between the two systems, but they can be created by
merely performing local operations and classical communications (LOCC) between the
two systems and thus can be regarded as classical correlations. Entanglement is only
created if a joint quantum operation is performed on both systems together.

A state that cannot be written in the form of Equation is the state

1
W) = E(H\)A M+ 1 alds), (2.3)

which is the spin 1/2 analog of the state used by EPR to construct their paradox. It is
thus commonly referred to as a EPR pair or Bell state. For two d-dimensional systems,

one can always write a pure state in the form of its Schmidt decomposition

d—1

) =D Nili)ali)s (2.4)

i=0
where \; > 0, and |i) , and |i) 5 form an orthonormal basis in system A and B, respec-
tively. The Schmidt coefficients \; are unique and we will always assume that they are
ordered, \; > \;11. They satisfy Y. A? = 1, and contain all the information about the

entanglement in the state. If there is only one \; # 0, then the state is separable.

2.1.2 Entanglement Transformations

Given two states, | V) and |®), with Schmidt coefficients x; and y;, respectively, one may
ask the question which one is more entangled. A question that turns out to be much
more difficult to answer than one might expect. One thing we can certainly say, however,
is that if one |¥) can be transformed into |®) by only using LOCC, |W¥) possesses at least
as much entanglement as |®). The answer when this is possible in the bipartite setting
has been answered by Nielsen [96]. This is elegantly done by using the concept of vector

majorization. A d-dimensional vector y majorizes x, written as y < x, if

k k
y<z: Y y; <Y a; forall k=0,...,d—1 (2.5)

J=0 Jj=0

Then |W) with Schmidt coeflicients x; can be transformed into |®) with Schmidt coeffi-
2

cients y; by LOCC if and only if y? < 2. Here 2 refers to the vector with the entries z2.
For two-dimensional system, this gives a strict ordering, the closer the two Schmidt co-

efficients are, the more entangled the state is. However, for higher dimensional systems,
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it is possible that neither y? < 2%, nor z? < y?, and thus neither transformation can be
deterministically performed by LOCC. A state for which all Schmidt coefficients have
the same value (1/v/d) is maximally entangled, as it can be transformed into all other
d-dimensional states by LOCC. As such the EPR pair in Equation (2.4)) is maximally

entangled for two spin 1/2 particles.

Instead of requiring a success probability of one, we may consider transformations
that succeed with a non-zero probability, not necessarily one, while allowing only local
operations and classical communication. If such a transformation exists from |¥) to |®),
we say that |¥) can be transformed into |®) by stochastic local operations and classical
communications (SLOCC).

The problem of finding the maximal transformation probability by SLOCC was con-
sidered by Lo and Popescu [81] for a maximally entangled target state, and by Vidal
[131] for the general case. They found that the maximal transformation probability from

a state |¥) to |®) with Schmidt coefficients z; and y;, respectively, is given by [131]

P(|¥) = |®)) = min Qi T

. 2.6
i ST 0

This includes Nielsen’s majorization result, since the probability is 1 if and only if y? < 2.

2.1.3 Entanglement Measures

The treatment of possible entanglement transformations already gives us a good idea
about which states are more entangled than others. However, it is still helpful to formally
define functions that quantify entanglement. This will especially turn out to be helpful
in the treatment of multipartite entanglement, for which the maximum probability for
SLOCC transformations is far from solved. The formal definition is not particularly
difficult, an entanglement measure is defined as a function over the state space that
cannot increase under LOCC operations [129] [132]. Thus an entanglement measure F(p)

satisfies

E(A(p)) < E(p) (2.7)

for all LOCC operations A.

It is often easier to define entanglement measures for pure states and then extend
them to mixed states. This can be done with the conver roof extension. Given an

entanglement measure E(|V)) for pure states, an entanglement measure for mixed states
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is given by its convex roof extension [12§]
E(p) = inf ) p;E(|Wy)), (2.8)
J

where the infinum is taken over all possible pure states ensembles {p;, |¥;)} for which
p=>_;p; V) (¥]. In the following, we will give examples of entanglement measures that

will become useful in the following chapters.

Maximum SLOCC Transformation Probability

Quite trivial, but nonetheless useful is the observation that for a given state o, the
maximum probability to transform to that state from p by SLOCC cannot be increased
by LOCC. This means

E(p) = Puax(p — 0) (2.9)

is an entanglement measure.

Schmidt Rank

For a pure state |U) with Schmidt coefficients \;, the Schmidt rank k, defined as the
number of non-zero Schmidt coefficients, is an entanglement measure [81]. This can be
seen directly from Equation (2.6). The Schmidt rank has the interesting property, that
if £(|®)) > k(|V)), the transformation probability from |¥) to |®) by SLOCC is zero.

In general, this is not a property that holds for an entanglement measure E. If
E(|®)) > E(]V)), we only know that |¥) cannot be transformed to |®) by LOCC, i.e.,
with probability 1. What can be deduced from the defining equation for an entanglement
measure, Equation , is that

i
C

Prax([¥) = |®)) <

(2.10)

In fact, this is what Vidal used to show that Equation (2.6) is an upper bound for the
SLOCC transformation, since Fy(|¥)) = S2¢-' 22 are entanglement monotones and then

he provided an actual protocol that accomplished this upper bound.

Concurrence

For two pure state of two qubits, it is not hard to determine which one is more entangled,

we just have to look at the Schmidt decomposition, and the state for which the Schmidt
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coefficients are closer together is more entangled. However, there is no such simple
method for mixed states of two qubits. In this case we need a proper entanglement
measure. Such an entanglement measure is the concurrence, which for pure states is
defined as [60], 136]

C(1w) = [(¥|¥) |, (2.11)

where |¥) = 0, ® 0, |¥*), and |U*) is the complex conjugate of |¥) when expressed in
the Z-Basis. One can show that the concurrence for pure states is equal to C(|¥)) =
2y/det pa, where py4 is the reduced state of the first qubit [31].

The nice thing about the concurrence is that a closed form for its convex roof extension

exists. It is given by [136]
C(p) = max{0, \; — Aoy — A3 — Ay}, (2.12)
where \; are the square roots of the eigenvalues of pp in decreasing order, where
p=(oy®0y)p(oy @ 0y), (2.13)

and p* again is the complex conjugation of p when expressed in the Z-basis.

2.2 Multipartite Entanglement

2.2.1 Definition

The basic definition for entanglement in multipartite states is the same as for bipartite
systems. A state is entangled if it cannot be created by LOCC from previously uncor-
related systems. A state that possesses no entanglement is called separable. A pure
multipartite state shared among n parties is separable if it can be written in product

form

) =01 @+ @ [Vy). (2.14)

For a mixed state p we have that it is separable if it can be written as

p=3 pp®- 0, (2.15)
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with p; > 0, and p;'» density matrices for the individual systems. This definition also

classifies, e.g., the tripartite state

0 = % 104 (10)5 [0} + 1) [1)0) (2.16)

as entangled, although party A possesses no correlations with B and C'. The state thus
contains only bipartite entanglement and is not really entangled between all systems.
Hence it makes sense to further classify a state shared between n parties as being truly
n-partite entangled if it is entangled for any possible bipartition of the n parties. An
example of a state for n qubits that possesses n-partite entanglement is the Greenberger-
Horne-Zeilinger (GHZ) state [51]

1

GHZ) =

(J0)®"™ 4 [1)®™). (2.17)

2.2.2 Entanglement Measures

Entanglement in the multipartite setting has a much richer structure than in the bipar-
tite case. As outlined above, in addition to the bipartite entanglement that can exist in
multipartite states, and which can be quantified with bipartite entanglement measures
by dividing the parties into two sets, there also exists true multipartite entanglement
that calls for appropriate measures to quantify it. In the following, we present two en-

tanglement measures that are crucial in classifying entanglement classes for three qubits.

3-tangle

Given three qubits, one may ask, if qubit A is entangled with B, does that affect its
ability to be entangled with C'? If A and B are maximally entangled, their state has to
be locally equivalent to an EPR pair, i.e., a pure state. This means that in this case
the pair AB, and therefore also A, cannot be entangled with C'. However, if A is only
partially entangled with B, then it seems plausible that it can also at the same time be
partially entangled with C.

It turns out, that this can be nicely expressed by quantifying the bipartite entangle-
ment between the systems in terms of the concurrence. If C4p, Cac and Cypcy denote
the concurrence between A and B, A and C, and A and the pair BC, respectively, than
the following inequality holds [31]

Cisey = Cap + Clc- (2.18)
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We can interpret this in the sense that the entanglement that A shares with B and C'
individually cannot be more than the entanglement that A shares with BC' when regarded
as one system. And since the possible entanglement between A and BC' is limited, if A
already shares all that entanglement with B, there is no more entanglement left that can
be shared with C'.

Furthermore, if Equation (2.18)) is a strict inequality, the difference of the two sides
can be regarded as new form of mulitpartite entanglement that the three qubits share as

a whole, and is called the 3-tangle Tapc,
Ci(BC) = Cip + Chc + Tasc. (2.19)

Although not obvious from this equation, the 3-tangle is in fact permutationally sym-
metric, and it has been shown to satisfy the requirements of an entanglement measure
[34].

Schmidt Rank

Similar to the case of bipartite states, one can define the Schmidt rank r(|¥)) for a pure
multipartite state |¥) as the minimum number of terms required, when it is expressed

as a superposition of product states,
k
T) = o [U) @ ® L) (2.20)
i=1

The Schmidt rank, as in the bipartite case, tells us that |¥) cannot be transformed into
|®) by SLOCC if r(|®)) > r(|¥)).

2.2.3 Classification of Pure Three Qubit States

For two qubits in a pure state, the classification of entanglement is fairly easy. If two
states are entangled, then they can be transformed into each other with a non-zero prob-
ability by SLOCC, and the maximum probability can be determined by Equation ({2.6)).
Furthermore, there exists only one type of entanglement, and, given two pure states, we
can definitely say which one is more entangled, e.g., by using the concurrence as entan-
glement measure, and the more entangled state can be deterministically transformed into
the other one by LOCC.

For the multipartite case, however, things get a lot more complicated. Even for the

simplest case of pure states of three qubits, there exist different types of entanglement
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that cannot be transformed into each other. Hence it makes sense to categorize states
into different entanglement classes. Every state of one class is SLOCC-convertible into
any other state of the same class, i.e., there exists a SLOCC protocol that has a success
probability greater 0 for the transformation in either direction. We say that two such
states are equivalent under SLOCC, or in the same SLOCC equivalence class. There are

six different SLOCC equivalent classes for pure states of three qubits [34]

1. The GHZ-class with its representative

1

IGHZ) = —(]000) + [111)) (2.21)

Sl

2

2. The W-class with its representative

1

W) 7

(J001) + ]010) + [100)) (2.22)

3. Three bipartite entanglement classes, which contain states that are entangled in
only two of the parties, i.e., states of the form |0),|®),. and equivalently for
disentangled Bob and Charlie.

4. Separable states of the form |a) |b) |c).

States from the GHZ-class and the W-class cannot be transformed into each other via
SLOCC. Two states |¥) and |®) are equivalent under SLOCC if an invertible local
operator A ® B ® C' transforming |¥) into |®) exists. However, by employing non-
invertible operators, GHZ-class and W-class states can be converted into states from
the bipartite and separable class, and bipartite entangled states can be converted into
separable states. These processes, however, do not work in the opposite directions. The
GHZ-state itself can be converted with probability 1 into a maximally entangled bipartite
state and thus also with probability 1 into any bipartite entangled state.

By calculating the 3-tangle 745¢, and the rank of the three reduced density matrices
pa, pB, and pc, we can determine to which class a state belongs. For GHZ- and W-class
states, all reduced density matrices, pa, pg, and pc have rank 2, for bipartite entangled
states, the one of the qubit that is not entangled with the other two has rank 1, and all
of them have rank 1 for separable states. States in the GHZ-class have 74pc > 0. For
the other five classes, the 3-tangle is 0. This can be used to distinguish states in the
GHZ- and W-class. It further tells us that a state of the W-class cannot be transformed
by SLOCC to a state in the GHZ-class because the 3-tangle is an entanglement measure.
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Another way to distinguish GHZ- and W-class states is by its Schmidt rank. States
in the W-class have Schmidt rank of 3 (i.e., the minimal number required for writing the
state as a sum of product states is 3), separable states obviously have a Schmidt rank of 1,
and states from the other four classes have a Schmidt rank of 2. Since the Schmidt rank
is an entanglement measure, SLOCC transformations from GHZ-class states to W-class

states are not possible.

2.3 Quantum Information Protocols

Entanglement is a valuable resource in a lot of quantum information protocols. In this
section, we quickly review three protocols that will play a major role later in this thesis.
The first, teleportation of a quantum state [13], makes explicit use of entangled states
as a resource. For the other two, quantum secret sharing (QSS) [30, 45] and quantum
error correction codes (QECC) [72, [44], the importance of entanglement is not imme-
diately obvious from its formulation. However, we will see later that highly entangled

multipartite states are a crucial requirement for these protocols to exist.

2.3.1 Quantum Teleportation

In quantum mechanics, it is not possible to copy quantum states, something known as
the no-cloning theorem [135]. Thus, if Alice and Bob are at two separated positions and
only able to exchange classical information, and Alice possesses an unknown quantum
state |W), it does not seem possible for her to acquire classical information by some sort
of measurements, that would allow Bob to generate |W¥) if he receives this information.
Otherwise Alice could just send copies of this classical information to more people, who
can then all generate |V), and they together would have created multiple copies of the

initial state.

This task, moving an unknown quantum state from one place to another by only
exchanging classical information, can, however, be achieved if the two parties share en-
tanglement by performing a quantum teleportation protocol [I3]. The trick is that the
required measurement on Alice’s side destroys her state |¥), and the classical information
is only valuable for the other party of the entangled state that is used in the measure-
ment. Thus only one copy of the state can exist after performing the protocol, and thus

the no-cloning theorem is not violated.
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2.3.2 Quantum Secret Sharing

In quantum secret sharing (QSS) [30} 45], a dealer wants to encode a quantum state, the
secret, into a multipartite state that is then distributed among a number of players. The
part of the multipartite state that a player gets is referred to as his share. The encoded
state should have the property that only certain sets of players are able to recover the
secret from their shares by applying joint quantum operations to them, i.e., they must be
at the same location or have some way to exchange quantum information. A set that is
able to recover the secret is called an authorized set. The sets that are not authorized can
be further divided into forbidden sets, which are not able to gain any information about
the encoded secret, and intermediate sets, which are able to gain partial information

about the secret.

Here we only consider pure state QSS schemes, which means that the secret and
the encoded secret are both pure states. One popular access structure for QSS schemes
are threshold schemes. They have the encoded secret distributed among n players such
that authorized sets are all sets with more than a threshold value, k, of players, and
any set with less than k players is forbidden. Such a QSS scheme is referred to as a
((k;n)) threshold QSS scheme. For pure state threshold QSS scheme, we always have
that n = 2k — 1, and dimension of each share is the same as the secre0t [30, [45] EI

An example of a ((2,3)) threshold QSS scheme for qutrits is given by the encoding

al0) + 811 +v[2) = «(|000) + |111) + [222))
+ B8(]012) + ]120) + |201)) (2.23)
+~(]021) + 102) + |210)).

Each party by itself has a completely mixed state that is independent of the secret, thus
one party is forbidden. Two parties can apply the joint unitary operation U |i)|j) =
120 4 j) |i + 7) (all kets are understood to be modulus 3) to obtain the state

(@]0) + B 1) +~12)) ([00) +[12) +[21)), (2.24)

which recovers the secret in the first qutrit. Similar joint unitary operations exist for the
sets of player {1,3} and {2, 3}.

LOf course a player can chose to store his data in a higher dimensional system and thus hold a higher
dimensional share, however the important information for recovery will always only be a d-dimensional
subspace of the system.
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2.3.3 Quantum Error Correction Codes

Quantum error correction is a very large field. Here we only give a very quick overview
of the basic notation that is needed in later chapters. For a more extensive introduction,
see, e.g., Refs. [96, 44]. Quantum error correction is the task of protecting quantum
information against errors or loss. For classical information, there are quite intuitive
ways to protect information against errors or loss. If we have some classical information,
and we are worried that we might lose it, we can simply make an identical copy of
the information, and now if we either lose the original or the copy, we will still have
an exemplar of the information left. Similarly, if for instance we want to send some
information and while sending it, it might pick up an error, i.e., change, we can send
multiple copies of the same information, and assuming that the error probability is small,
compare the information

For quantum information, things get a bit more complicated. Since we cannot copy
a quantum state, the methods used for classical information cannot simply be used for
quantum information as well. For instance to protect against loss, we cannot make
multiple copies of an arbitrary quantum state and then just use the ones that did not
get lost. So at first glance, it would seem that the no-cloning theorem prevents us from
protecting quantum information against loss. Surprisingly, it turns out that there is still
a way. In fact, we have already seen an example of how it works in Equation (2.23)),
because quantum secret sharing is in a way the same as protecting against loss, although
with a different motivation. In quantum secret sharing we want to make sure that certain
subsets of players don’t have any information about the encoded secret. At the same
time, this means that these players are not needed to recover the secret and thus losing
their shares can be corrected.

In the case of loss we know which error occurred - we know which qudit was lost.
For general error correction, where it is not known which specific error occurred, but we
want to be able to correct a certain set

It was shown by Knill and Laflamme [72], that if the encoding U : Hs — H. encodes
states of a smaller Hilbert space H, = CP with basis states |0),...,|D — 1) into a larger
Hilbert SpaceEI, where we denote the encoded basis states by |i) = U |i), errors in £ can
be corrected if and only if, for F,, E, € &,

(i|ELEy|j) = f(EIE);;. (2.25)

This equation combines two conditions, first that (i| El Ey|j) = 0 for i # j, which ensures

2Unless otherwise noted, we always assume that the basis states are orthonormal, (i[j) = d;;.
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that |i) and |j) stay orthogonal if an error occurs. The second condition (i|E] Ey|i) =
(j|El Ey|7) makes sure that by learning which error occurred, no information is gained
about the encoded state.

Generally, for quantum error correction codes, we assume that the encoding is into a
state of n qudits, i.e., He = H1® - - @ Hy, with H; = C?, and that the correctable errors
& are any errors on up to a certain number ¢ of qudits. Then Equation ([2.25) must hold
for any operator E = E! E}, that acts non-trivially on up to 2t qudits. Thus we define the
distance & of a code as the smallest value for which an operator E = E!E, exists that
acts non-trivially on ¢ qudits and violates Equation . Such a code is denotes as a
((n,D,d))s QECC.

Definition 2.1. A ((n, D, d))s QECC is a quantum error correction code that encodes

a D-dimensional quantum state into n qudits of dimension d and has distance §.

A quantum error correction code that can correct up to ¢ errors must have at least
distance 6 = 2t + 1. To recover an encoded quantum state after losing r qudits, where
the location of the lost qudits is known, requires a distance of 6 = s + 1. Often we
will consider codes where the encoded states are also a collection of m qudits, such that

D = d™, but this is not a requirement for general codes.

2.4 Experimental Realization of Entangled States

In addition to the above described theoretical development of quantum information the-
ory, the techniques for experimental realization of entangled states have also seen tremen-
dous progress in the last couple of decades.

Two of the most promising systems to experimentally implement multipartite entan-
gled states and quantum information protocols are photonic systems and trapped ions.
In this section, we will shortly review their ability to encode quantum information and

how entangled states can be created in these systems.

2.4.1 Photons

Photons offer a variety of different methods to encode quantum information [I00]. The
most common way is to use the polarization degree of freedom to encode the quantum
information. The polarization of a photon is described by a two-level quantum system,
with the basis most commonly chosen to be horizontal and vertical polarization. A
general polarization state is then given by |®) = «|H) + 5|V). The polarization of a

photon is easily manipulated with polarizing beam splitters, polarizers and wave plates.
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Another option to encode quantum information onto a photon is by using its spatial
degree of freedom. In this case, different spatial modes or paths are defined for the
photon, each of which represents an orthogonal basis state, and the photon can be in any
superposition state of these modes. Manipulations of states encoded in spatial modes
can be performed with multiport interferometers, for which it has been shown that they
can always be decomposed into a system of beam splitters and phase shifters [107]

Since, in principle, any number of different spatial modes can be defined, this method
can be used to implement general d-level systems (qudits) with photons. Similarly, in-
stead of actually defining different physical paths for the photon, the quantum informa-
tion can be encoded onto the orbital angular momentum [87] or frequency [125] of the
photon, or by defining different time-bins along one path such that different time-bins
represent orthogonal basis states for the qudit [I1], 43]. Furthermore, different encoding
options can be combined to encode higher dimensional information onto one photon. This
simultaneous entanglement in multiple degrees of freedom is also as hyper-entanglement
[75]. The most prominent choice for this is to use the polarization as well as different

spatial modes of one photon.

Spontaneous Parametric Down-Conversion (SPDC)

In a spontaneous parametric down-conversion (SPDC) process (see, e.g., Ref. [100] and
references therein), a high energy photon from a pump laser source is converted in a
nonlinear crystal into two lower energy photons, called “signal” and “idler”. The energy
and momentum of the pump photon and the signal and idler photons are correlated such
that wy &~ w;+w, and kg ~ k;+k,, where the exact relation is given by the phase matching
condition of the nonlinear crystal. This phase matching condition implies that the signal
and idler photons are entangled in frequency and momentum. In particular, this means
that the directions in which signal and idler photons emerge from the nonlinear crystal
are entangled and hence the SPDC process can be used to create two photons whose
spatial modes are entangled.

Regarding the polarization of the emitted photons, there are two different types of
SPDC processes, a type-1 process, where the signal and idler photons have the same po-
larization, and a type-II process, where signal and idler have opposite polarizations. The
two polarizations correspond to the ordinary and extraordinary waves of the crystal and
thus are generally emitted into different directions. However, by carefully choosing the
photons that are emitted into directions that are allowed for both waves, the spatial and
polarization information can be decoupled, and the two photons are indistinguishable,

resulting in a polarization entangled EPR state.
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Additionally, the SPDC process can also be used to create two-photon states that are
simultaneously entangled in their polarization and spatial modes. This is accomplished
by reflecting the pump laser after it passed through the nonlinear crystal the first time to
let it pass through it a second time, resulting in the possibility of creating an entangled
photon pair in the direction opposite to the pair of the first pass [20, 138 [6]. If the
distance of the reflecting mirror is chosen appropriately, this results in a two-photon
hyper-entangled state of the form [¥) = [¢) , ® [¢) ., Where |¢) is a maximally

entangled EPR state in the polarization or spatial degree of freedom, respectively.

Multi-Photon Entanglement

With SPDC, we have at our hands a good source to create two-photon entanglement,
and, with careful engineering, SPDC sources can even be used to create multi-photon
entangled states. One option to accomplish this is to cascade two SPDC sources such that
one photon of the first pair gets further down-converted in a second crystal to generate
genuine multipartite entanglement between three photons, the one photon remaining from
the first pair and the two photons created in the second crystal [65, 119]. Another option
to create multi-photon entanglement is to first generate multiple two-photon entangled
states with SPDC processes, and then superpose them on linear optical networks to
create multi-photon entangled states. Currently, this is the method most commonly used
for the creation of multi-photon entanglement.

One of the biggest challenges in this proposal is that for photons originating from
different SPDC processes to be able to be superposed on a beam splitter, they have to
be indistinguishable. In particular, this means that they have to arrive at the beam
splitter at the same time and cannot carry any information in other degrees of freedom,
e.g., their frequency, that could in principle reveal the source from which the photon
originated. This implies that the photon has to be in a pure state; a requirement that
is not satisfied if the down-converted photon pairs are entangled in any other degrees of
freedom, like their frequency. Preventing the frequency degree of freedom to compromise
the indistinguishability of the photons can either be achieved by spectral filtering [54, [52]
of the photons before they interact at a beam splitter, or by engineering SPDC crystals
that emit photon pairs only in one spectral mode [53, [93].

Another problem is that the SPDC process is a probabilistic process, so it is not
known when photon pairs were created, and with current technology it is not possible
to perform a non-demolition photon counting measurement in the SPDC output modes
to check that. So what has to be done is to perform the experiment many times, and

then post-select only the events that are in accordance with the creation of the required
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number of photon pairs [142] [100].

Keeping these issues in mind, a four-photon entangled state can be created by pump-
ing two SPDC crystals to create two photon pairs in the state \%(|Ha, Hy) + |V, Vp)) in
the output modes (a,b) = (1,3) and (a,b) = (2,4), respectively. Then, after the modes
2 and 3 are sent into the input ports of a polarizing beam splitter (PBS), the resulting
state is given by [142]

1
5(’H17H27H37 H4> + H/ly ‘/27 ‘/37 ‘/4> + |H17 H37 ‘/})7 ‘/;1> + "/17 ‘/27H27H4>)- (226)

If measurements are performed in the four output modes, and the data is post-selected
to only include those events where one photon had been present in each of the four
modes, the collected data will be the same as if a four-photon GHZ state of the form
\%(|H1,H2,H3,H4> + [V4, V5, V3, V4)) had been created. Furthermore, one of the four
photons can be used as a trigger to prepare the remaining three photons in a three-
photon entangled state [142]. Again, one has to rely on post-selection in this scenario;
in addition to the detection of the trigger photon, the measurement data has to be post-
selected for the events where three more detection events occur to ensure that indeed

two photon pairs were created and only one photon ended up in the trigger arm.

The method of creating multiple photon pairs via SPDC processes and combining
them at beam splitters can be extended to more than two photon pairs and thus to create
multi-photon entangled states with more than four photons. Recently, an entangled state
of eight photons has been created in such a way [64, [139]. However, it should always be
kept in mind that these multi-photon states cannot be created deterministically, but rely
on post-selecting only the relevant data, and the probability for the occurrence of such
events decreases drastically if more photon pairs are involved, which makes this approach

not very promising with respect to scalability to large entangled photon numbers.

Another method to create multi-photon entanglement with SPDC sources is to use
only one crystal and “wait” for two pairs to be created from two photons of the same
pump pulse. This “waiting” is again performed via post-selection by splitting the down-
converted photons into different paths, and if in the end four photons are detected at the
same time, we know that two pairs were created. As in the case of two crystals, the two
pairs are split into different paths by a network of (polarizing) beam splitters. By using
one of the photons as a trigger, this method has been used in Refs. [09, 19] to create a
three-photon GHZ state, and in Ref. [35] to create a three-photon W-state.
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2.4.2 Trapped lons

Another system to implement qubits are ions confined in an ion trap by oscillating electric
fields [15]. There are two different degrees of freedom that can be used to encode quantum
information onto ions stored in an ion trap. First, the internal states of the ions can be
used, and second, the vibrational states of the ions in the harmonic trap potential can be
used. In most of today’s experiments, the quantum information is stored in the internal
states of the ions, while the vibrational modes are used to implement interactions between
different ions. These inter-ion interactions are needed to create entanglement between

the internal states of different ions.

For internal states to be suitable for quantum information processing, they must be
stable enough to provide sufficient time to perform single- and multi-ion operations before
spontaneous decay affects the qubit state of the ions. This means that in addition to
the ground state of the ion, we seek metastable states that have lifetimes that are in
the order of magnitude of seconds. Furthermore, additional, less stable energy levels are
required for preparation and measurement of the qubit state, as will be discussed below.
The two leading groups in current ion trap experiments are the group of Rainer Blatt at
the University of Innsbruck, and the group of David Wineland at the National Institute
of Standards and Technology (NIST) in Boulder [15]. In the following, we will describe
the physics of trapped ions by using the “°Ca™ ion, which is used in Innsbruck [IT1], 91].
The group of David Wineland at NIST uses °Be™ ions. The relevant energy levels of the
40Ca™ ion with their transition wavelengths are depicted in Figure [91].

5 854 nm
4 P3/2— 101 ns
2
5 — 3°Ds/2 -t
£2P,
94.3 ns — 32]:)3/2
6 %
397 nm 393 nm 732nm| | 729 nm
7.7 ns 7.4 ns 1.08s 1.168 s
94% 94%
2 Y 2
4 81/2 4 S]_/z T

Figure 2.1: Relevant energy levels of the °Ca™ ion in an ion trap (Figure 4.1 from
Ref. [91]).

The qubit encoding is done in the [1) = |S) = [Si2) = [4251)2(m = —1/2)) and
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0) = |D) = |Dsj2) = [3*Dsj2(m = —1/2)) levels of each ionf| Unitary single-qubit
operations can be performed by narrow laser light with wavelength 729 nm, tightly
focused onto individual ions. The lifetime of 7 ~ 1 s of the metastable |Ds/) state
is sufficiently long to perform state manipulation and detection of the ions before the
spontaneous decay introduces significant errors.

Non-unitary state preparation of the ions in the 5/ level is achieved by pumping the
ions with laser light of wavelength 854 nm. This excites the ion from the D5/, state to
the Pj/y state, from which it will mostly decay to the S/, state. With a small probability
it will decay back into the D55 level, or the D3/, level, from which it can be depleted
by exciting it with a 866 nm laser to the P/, state, from which it will decay to the S/,
state.

State detection is performed by shining laser light with wavelength 397 nm onto an
ion. If the ion is in the S;/» state, it gets excited into the P/, state, from which it
decays back into the S}/, while emitting a photon of 397 nm, which can be detected as
fluorescence light. If the ion is in the Ds/, state, no such light occurs. Thus shining the
397 nm laser to the ion collapses the qubit either into the |1) = |S/2) or [0) = |Ds/2)
state, and the collapsed state is detected by the presence or absence of fluorescent light.

The complete quantum state of N ions in an ion trap has to be described by the
combined Hilbert space of the N qubits and the vibrational modes of the ions in the
trap. In the following, we will only make use of the center-of-mass (COM) vibrational
mode, and will therefore only include the COM mode in the state description. For
example, a quantum state of N = 4 ions in the trap could be given by |¥) = |[SDDS) ®
In) = |SDDS,n), where the first four values describe the state of the four qubits, and n
represents the number of phonons in the COM vibrational mode.

Preparation of the vibrational states in the ground state can be achieved by Doppler
cooling and sideband cooling [124] [134], 33}, on the S}/, <+ Pi/» and Syj2 <+ D5y transi-

tion, respectively.

Single-Qubit Operations

As already mentioned above, single-qubit transitions between the Si,, and the Ds/
levels can be achieved with a laser beam at wavelength 729 nm focused on the desired
ion. By choosing appropriate durations and phases for the laser pulses, arbitrary unitary

transformations on the qubit can be performed, while the other qubits and the vibrational

For simplicity in notation we introduced the short-hand notations |S/5) and |Dj/2), respectively,
and we will in general omit the principal quantum number and the Zeeman sublevel label. Furthermore,
when we refer to the qubit states directly, we will mostly simply call them |S) and |D).
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mode are not affected [T11], O1].

By increasing (decreasing) the laser frequency by the energy of a COM phonon w,
unitary operations between the states |S,n) <> |D,n+1) (|S,n) <> |D,n+ 1)) can be
implemented. Here we only included the addressed ion and the COM vibrational mode
in the notation, as the states of the other ions are still unaffected. This operation is
generally referred to as a blue (red) sideband transition. It couples the internal states
of one ion to the vibrational mode, and since the vibrational mode is shared between all

ions, this can be used to realize interactions between two ions.

Cirac-Zoller Two-Ion Gate

With the single-qubit operations and their sideband variants, it is now possible to create
entanglement between two ions, while only always addressing one ion at the same time.
This idea was first proposed by Cirac and Zoller [29], and can be realized as follows. First
a blue sideband transition on the first ion is used to move the qubit state of that ion to the
vibrational COM mode. Since the vibrational mode is shared by all ions, the information
of the first qubit is now available to the second ion. Thus, by only addressing the second
ion while making use of sideband transitions, we can perform a quantum operation that
involves both the first and the second qubit. After that operation, the state of the first
qubit is moved back to the first ion by a sideband transition on the first ion. This idea
can be used to create entanglement between the two ions.

The implementation of this gate requires that the vibrational COM mode is in the
n = 0 state at the start of the protocol. Then a blue sideband transition can be applied
that performs the transformation |S,0) — |D,1). The blue sideband laser does not
couple to the |D,0) state since no |S, —1) state exists. Thus this transformation moves

the qubit state from the ion to the vibrational mode:
(@]S) +B|D)) ®|0) = [D) @ (a[1) + £]0)). (2.27)

After that transformation, the combined states of the second ion and the COM mode is a
superposition of the states {|D,0),|D,1),|S,0),]S,1)}. Again, the blue sideband laser
does not couple to the |D,0) state, but only to the other three. Thus, by appropriately
choosing a sequence of blue sideband laser pulses, an operation can be implemented that
adds a negative phase to all states except the |D,0) state. This operation is called a
controlled-phase gate between the two qubits and can be used to transform separable
states into maximally entangled states and vice versa. As a final step of the Cirac-Zoller

gate, the state of the first qubit is moved back onto the internal states of the first ion via
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a blue sideband transition.

The Cirac-Zoller gate has successfully been implemented to create entanglement be-
tween two-ions [I15, 114], and has also found its use in more involved quantum infor-
mation protocols, like the implementation of a teleportation protocol with trapped ions
[TT0;, 109].

Mglmer-Sgrensen Gate

The Cirac-Zoller gate is a versatile gate that can be used for entangling operations be-
tween arbitrary ions in the ion trap. It has, however, also a few drawbacks, most notably
that the vibrational COM mode has to be initialized in its ground state, which is a ma-
jor source of errors and requires careful laser cooling of the motional states of the ions.
Mglmer and Sgrensen (MS) [90] 121, 122] proposed an inter-ion gate that is less sensitive
to the phonon number of the vibrational mode.

In the MS proposal, the ions are not addressed individually by the laser, but instead
a bichromatic laser field with frequencies v + w F § is globally applied to all ions. Here
v is the energy difference between the internal |S) and |D) states, w is the energy of
one phonon of the vibrational COM mode, and ¢ is a small detuning from the sideband
transitions. This detuning ensures that the transitions of the internal states of the ions
only occur pairwise. The intermediate states, in which only the state of one ion is changed,
exist only virtually. The trick in this scheme is that different paths, leading to the same
final state through different virtual intermediate steps, interfere in such a way that the
dependence on the vibrational phonon number cancels out [90]. If the interaction time of
the bichromatic laser field is chosen appropriately, a maximally entangled state between
two ion qubits can be created from an initial state with both ions in the ground state.
This operation has been used to create two-ion entangled state with a fidelity of 99.3%
[10].

Multi-Ion Entanglement

While the Cirac-Zoller gate can in principle be used to successively entangle arbitrarily
many ions, it is the Mglmer-Sgrensen gate that excels at creating multi-ion entanglement.
This stems from the fact that the MS gate addresses all ions simultaneously and thus
can also entangle all ions simultaneously. In fact, if the bichromatic laser field of the MS

gate is applied to N ions, the resulting state is a GHZ state of the form [90]

1

|\I[>:E

(ewg |SS---S) + giPe

DD---D)). (2.28)
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Experimentally the multi-ion MS gate has been used to create GHZ states with up to 14
ions [92].

The idea of using a global beam provides a very elegant way to create multi-particle
entanglement between all the ions in the trap, because the number of required operations
does not depend on the number of ions in the trap. A global beam can also be used to
create other kinds of multipartite entangled states. For instance, a W-state can be created
by first preparing the system in the |D--- D, 1) state and then applying a global blue
sideband laser pulse, which performs the transition |D,1) — |S,0). Since the beam is
applied globally, it cannot be known which ion went through this transition and thus
the created state is the W-state \/LN(\D --DS,0)+|D---DSD,0)+---+|SD---D,0))
[9T]. This has been implemented in Ref. [91] for two and four ions, and by using a similar
approach in Ref. [66] for two ions. Earlier W-state preparation with single-ion addressing

has been implemented for up to eight ions [55].



Chapter 3

Bounds on the Probability of
Transformations between
Multipartite Pure States

For a tripartite pure state of three qubits, it is well known that there are two inequiva-
lent classes of genuine tripartite entanglement, namely the GHZ-class and the W-class.
Any two states within the same class can be transformed into each other with stochas-
tic local operations and classical communication (SLOCC) with a non-zero probability.
The optimal conversion probability, however, is only known for special cases. Here, we
derive new lower and upper bounds for the optimal probability of transformation from
a GHZ-state to other states of the GHZ-class. A key idea in the derivation of the upper
bounds is to consider the action of the LOCC protocol on a different input state, namely
1/4/2[|000) —|111)], and demand that the probability of an outcome remains bounded by
1. We also find an upper bound for more general cases by using the constraints of the so-
called interference term and 3-tangle. Moreover, we generalize some of our results to the
case where each party holds a higher-dimensional system. In particular, we found that
the GHZ state generalized to three qutrits, i.e., [GHZ3) = 1/4/3[|000) + |111) + [222)],
shared among three parties can be transformed to any tripartite 3-qubit pure state with
probability 1 via LOCC. Some of our results can also be generalized to the case of a
multipartite state shared by more than three parties. This chapter is largely based on
Ref. [32].

26
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3.1 Introduction

Entanglement is the most peculiar feature that distinguishes quantum physics from clas-
sical physics and lies at the heart of quantum information theory. Thus it is important
to get a good understanding of entanglement properties of quantum states. These prop-
erties are well understood for bipartite pure states. In the standard distant laboratory
paradigm, suppose two distant parties, Alice and Bob, shared a bipartite entangled state.
They may apply local operations and classical communications (LOCC) to convert it into
another partite state. Bennett et al [I12] has answered the question for the rate of LOCC
transformation between bipartite pure states. It is quantified by the von Neumman
entropy of a reduced density matrix. For the single-copy case, the optimal conversion
probabilities are known for any pure state transformation [81, 05, 131]. For an LOCC
transformation protocol, if it can succeed with probability 1, we call it deterministic, if
it can only succeed with a nonzero probability smaller than 1, we call it stochastic, or
SLOCC (Stochastic Local Operators and Classical Communications). For mixed states,
the question of what the optimal rate of transformations is between them is still largely
open.

For multipartite states, however, the problem is much more complicated. There exist
different types of entanglement and therefore the transformations are rather involved.
For the case of tripartite pure three qubit states, a characterization into six different
entanglement classes, of which two contain true tripartite entanglement, exists [34]. One
is the GHZ class state, which can always be transformed by local unitary operations to

a state of the form

|banz) = VE(cs [0)0)0) + s5e™ [0a) o) [oc)), (3.1)
where
lpa) = cal0) + 54 1), (3.2)
o) = c5]0) +s511), (3.3)
|SOC> = & ’0> + 5y |1> ) (3'4)

and K=(1 4 2¢s55¢acacyc4) " € [3,00), ¢s = €086, s5 = sin §, the same for «, 3,7, ¢. The

range for the parameters are 6 € (0, 7], o, 8,7 € (0,5] and ¢ € [0, 27).

The other one is the W class state, which is a state that is unitarily equivalent to

|6) = (Ve|0) + Vd|[1)) |00) +[0) (v/a |01) + Vb |10)), (3.5)
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withe+d+a+b=1.

A transformation between any two states of the same class is always possible with
non-zero probability. However, the optimal conversion between the states within the
same class of genuine tripartite entangled states is not known. Incidentally, a similar
characterization into nine different classes exists for four qubits [130]. In 2000, the
optimal rate of distillation of a GHZ state from any GHZ-class state was found [2].
Recently, a necessary and sufficient condition for deterministically (i.e., with probability

1) transforming multipartite qubit states with Schmidt rank 2 [37] have been given [127].

In this chapter, we present new upper and lower bounds for multipartite entanglement
transformations. In particular, we focus on transformations among states with the same
Schmidt rank [37]. While we put an emphasis on the transformation from a GHZ state
to a GHZ-class state, our upper bound can also be generalized to general transformations
from one GHZ class state to another. Furthermore, some of the results are derived for
the more general case of higher dimensions and more than three parties. In particular,
we find that all tripartite pure three qubit states can be transformed from qutrit GHZ
state, \/qu()o()) + |111) 4 |222)), with probability one, which is a new result. Moreover,

some general theorems for deterministic transformation are also derived.

This chapter is structured as follows. In Section we derive upper bounds for
the transformation of the GHZ-state to any other state in the GHZ-class. The upper
bounds are only non-trivial for a subclass of the GHZ-class. Thus Section and
use a different approach that results in upper bounds for a wider class of states. More
specifically, for any GHZ class state which does not have a known way to be transformed
from the GHZ state with probability one, we can find a nontrivial upper bound for
the probability of this transformation. Our upper bound can also be effective for the
transformation from a GHZ class state to a large class of other GHZ class states. Lower
bounds for the transformation of higher dimensional GHZ-states distributed among three

or more parties to states with the same Schmidt rank are given in Section [3.5

3.2 Upper Bound for the Conversion from GHZ state
to a GHZ class state

In this section, we derive an upper bound for the conversion of the GHZ-state to any

other state of the GHZ-class via LOCC. This upper bound will be nontrivial (i.e., smaller
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than 1) for ¢ € (%ﬂ', %7?) The transformation under consideration is given by

|GHZ) = 25(000) + [111))
S0y = VK (c510) [0) [0) + 5567 [ @) |08) 0c)), (3.6)

with the parameters defined in introduction.

The LOCC operation is represented by Kraus operators {O; = A; ® B; ® C;}. In
the following we will refer to different Kraus operators of the LOCC protocol as different
branches. Furthermore, a branch O; |GHZ) = |®) is called a success branch if |®) o |¥),
and a failure branch if there exists no LOCC-operation that can transform |®) into |¥)
with a non-zero probability. If a branch is neither a success nor a failure, we call it an
undecided branch. An optimal protocol only consists of success and failure branches.

For the following analysis we first recall two known results from Refs [34] 2]
Lemma 3.1. For a GHZ-class state |W) we have:

a) The Schmidt rank of |V) is 2 [3])]. This means that the minimum number of product

states necessary to write |W) as a superposition of them is 2:

2
W) = Z i laibic;) (3.7)
i=1

with o € (0,1) and {(a;b;ic;la;b;c;) = 1.

b) This product state decomposition, i.e., the set {(aq, |a1bic1)), (aa, |asbaca))} is unique

[
This result leads to

Lemma 3.2. For a successful LOCC operation within the GHZ-class,

’\m = |alb1C1> + o |a2bzc2>
LOCC | 1./ S o
— V) = o |aibic)) + o [ahbhdy) (3.8)

described by the operator Oy, we must either have the mapping

o

01 |a1b101> = Ola—i |a'16’10'1) (39)
aj

01 |a2b202> = Ola_z |a'21)’20’2> (310)
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or

/

01 |a1b101> = 01% |a/26/2€/2> (311)
1

/

01 |a2b202> = 01% |a'1b’10'1> (312)
2

with some proportionality constant o, which can be chosen to be real. See Figure
Figure[3.3

alabg,) a|abc,)

v

o abic,) | abic,)

Figure 3.1: Option 1 for a successful mapping in Lemma

alabg) a|abc,)

o ab) a|abc,)

Figure 3.2: Option 2 for a successful mapping in Lemma [3.2

Proof. Since a LOCC Kraus operator is always of the form O; = A; ® B; ® (', a product
state is always transformed into a product state. With that observation and the fact

that the two-term product decomposition of a tripartite GHZ-class state is unique (see

Lemma [3.1)), Lemma [3.2] follows. O
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Theorem 3.3. An upper bound for the conversion probability for the transformation

|GHZ) = 25(|000) + [111))
— W) = VK(cs|000) + 55’ |pappoc)), (3.13)

where the parameters are defined in Equation (3.6), is given by

14 205350060507030} (3.14)

p < min < 1,
1 — 2¢sss5cqcpeqcy

Idea of the Proof. From Lemma [3.2| we know that, for a success branch and the input
and output state in the form of Equation , each product state of the input states
has to be mapped to a product state of the output state. This allows us to infer how
the same LOCC protocol acts on the phase flipped GHZ state, \%(\OO@ —[111)). From
the requirement that for this transformation, the sum of the probabilities for the output
states also have to sum to 1, we can derive a bound for the parameters arising in the
original transformation. This results in an upper bound on the successful transformation

probability.

Proof. Assume that the optimal LOCC strategy is given by the Kraus operators {O; =
A; ® B; ® C;}. According to Lemma , there are two possibilities to have a successful
branch. They are

O; [000) = 0;¢5[000) (3.15)

0; [111) = 0;¢"s5 | apc) (3.16)
fori=1,...,nq, and

0 [000) = 0ie*s5 lpapppe) (3.17)

O; |111) = 0;¢5 |000) (3.18)
fori=mn;+1,...,n1 + ne. Both cases give the desired transformation

O, |GHZ) = 7@-(05 1000) + €55 [papppc)) = WoTre |¥) (3.19)
for: =1,...,n7 + ny. The successful conversion probability is then given by

2
= E . 2
b 2K 4 % (3:20)
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To get an upper bound for 7" 0?, we consider how

1
V2

behaves when put through the same protocol, described by the Kraus operators {O;}.
We have

(l000) — [111)) (3.21)

0,25(1000) — [111))

= 750i(c51000) — e¥s; [papppc)) = 2= V) (3.22)

with
V') = VK'(c5 [000) — e¥s5 |[papnpc)), (3.23)
where K’ = 1/(1 — 2¢ss5¢acpcyCy,), for i = 1,...,n1 + ng, up to an overall minus sign

for i = ny 4+ 1,...n1 + no. Thus the conversion probability for this process is given by

3+ > 0?. Being a probability, this has to be bounded by 1, giving > 71" 0? < 2K’

This, together with Equation (3.20]), gives the upper bound

K' 1+ 2c555cacC,Cy

< = = 3.24
P> K 1 — 2cssscacpeqcy ( )

for the process described by Equation ((3.13)). [

Special Case: For the case, where we have |p4) = |¢p) = |pc), ca = g = ¢y = g,

=0, and cs = 55 = \/Lg, ie.,

1
V) = ———=(]000) — |aaa)), 3.25
v) 7 m(l ) — laaa)) (3.25)
we get
1— X3
< 2, 2
P=1%n (3.26)
Theorem gives a non-trivial upper bound for the transformation from the GHZ-
state to a GHZ-class state for all values of ¢ with cosp <0, i.e., ¢ € (3, 37”) This nicely

shows that, contrary to the bipartite case, where the maximally entangled EPR-state can
be tranformed into any other pure two qubit state with probability one, the GHZ-state,
which exhibits maximal genuine tripartite entanglement as it maximizes the 3-tangle [31]
and tracing out one qubit results in a totally mixed state, cannot be transformed to all

other states in the same class with probability one.
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3.3 Failure Branch

Theorem of the last section gives a trivial bound for the case ¢ € (7, 37“) Here, we

will derive a useful bound for a larger class of states. We will derive a nontrivial upper

2z, 3% and (000|papppc) = 0. In fact, it was shown

that for these cases the transformation can succeed with probability 1 [127]. Our proof

bound for all cases except ¢ =

has two important ingredients. First, the conservation of a new quantity defined as the
“interference term” under positive operator valued measures (POVMs), and second that
the three tangle is an entanglement monotone, which we will discuss in detail in the
following.

The idea of the derivation is the following. As described above, the protocol is split
into multiple branches. For each branch we will introduce two values, the “interference
term”, defined in Defintion 3.5 and the “normalization”, defined in Definition |3.7] and
we will show that the weighted summation over all branches has to be constant for both
values at any step of the transformation. In Section [3.4], we show that the three tangle
is bounded by the interference term. After that, we consider the whole process from
the weak measurement viewpoint. This means, we divide the whole process into many
infinitesimal steps, each of which changes the state very little, i.e., the change of the
state can be viewed as continuous. We then stop in the middle and investigate whether a
new upper bound can be found. Interestingly, we find there are some new upper bounds
and these upper bounds will still be effective in the following steps, even when we reach
the end. Hence it can be used to derive a new upper bound for the supremum success
probability of the whole LOCC protocol. A more detailed discussion will be provided in
Section 3.4

Theorem 3.4. For the transformation from GHZ to GHZ-class state |¢), failure branches

end with a state with at least one party’s reduced matriz having rank 1.

Proof. Suppose we want to get the GHZ-class state |¢) = VK (¢5 |0) [0) [0)+s5¢™ [04) |¢5) [0c)),
where |04) is linearly independent of |p4), the same for B and C. For a state whose re-

duced density matrices for all parties have full rank, [¢) = v K’(c]0)|0) |0)+s5¢" |04 |¢) [04)),
where [04) is linearly independent of |¢4), the same for B and C, it is easy to see that

the equations

Oal0) =10}, (3.27)
Oalel) =lpa), (3.28)

and the same for B and C, always have non-trivial solution. That means we can always
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transform this state into |¢) with nonzero probability. Thus such a state can never be
the end of a failure branch. O

3.3.1 Conservation of the Interference Term

To go further, we want to use the following property of the LOCC Kraus operators. For
a complete set of Kraus operators {O; = 4; ® B; ® C;}, we have . 010, = 1.

Suppose that a Kraus operator O satisfies
O |000> = |CL1[)1€1> (329)

O |111> = ﬁ |a2b202) (330)

with (a1b101]a1b101> = <a26202‘a2b202> =1.
Then it can transform |GHZ) = \%(|000>+|111>) into |¢) = \/Ljp(oc la1byc)+5 |agbacs),
where ﬁ is the normalization factor, and p is exactly the probability of getting |¢). From

here we define the interference term and the normalization in the following:

Definition 3.5 (Interference Term). For a normalized GHZ-class state |v), where (y|vy) =
1, written in the form |y) = \%(Oz la1bic1) + [ lagbacy) ), we define the interference term 1

as
I = Re(a’Bk), (3.31)

where k = <a1b1C1|a2b202>.

It is easy to see, if an operator O transforms |GHZ) to a state |¢), the interference
term of |¢) is in fact the real part of % (000|OTO|111), where p is the probability of the

branch corresponding to operator O.
Remark 3.1. In fact, one can find I =1 — 1(|af? +|8]?).

Remark 3.2. Note also that —oo < I < 1. In other words, it can be unbounded below.

This fact will become important in our discussion in Section [3.4]

Remark 3.3. Notice that a failure branch gives a state that is outside the GHZ class. For
such a state, the actual value of interference term depends not only on the state itself,
but also on the particular Kraus operator, O;, and the initial state, ¢;, used to reach the
state. So, when we talk about the interference term of failure branches of an SLOCC
transformation, we need to be careful: We are not talking about the interference term
of the state given by the failure branches, but the interference term determined by the

whole transformation protocol leading to that state.
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Theorem 3.6 (Conservation of the Interference Term). For a complete set of Kraus
operators {O;} of a LOCC protocol which transforms the GHZ state to other states,
{0;|GHZ)}, the weighted sum of the interference terms of all the branches is zero.

0="> p(0;|GHZ))I(0; |GHZ)) (3.32)

where p(O; |GHZ)) is the probability of the branch corresponding to the Kraus operator
O;, and I(O; |GHZ)) denotes the interference term I for the state O; |GHZ).

Proof. Suppose the corresponding complete set of Kraus operators consists of {O; =
A; ® B; ® C;}. Then we have > OZTOZ» = 1. So, we should have

0 = (000[111) = (000|1|111)
= (000 Y Ol0;|111)
=Y (000/0f0;|111)

o)
— Z p(O; |GHZ)) <(;O((g?|lgé|;>l)l> : (3.33)

From the definition of the interference term I, we know the real part of the right hand
side of Equation is exactly the weighted sum of I of each branch. As the right
hand side of Equation is equal to zero, its real part should also be zero. Hence for a
transformation from the GHZ-state to other states, the average value of the interference
terms of all the states we get in each branch should be zero. We call this the conservation

of the interference term. O

3.3.2 Conservation of the Normalization

Definition 3.7 (Normalization). For a two-term tripartite state |v), written in the form

ly) = %(a la1bicr) + B lagbacs)), we call %(|oz|2 + |BJ%) the normalization of |v).

It is easy to see, if an operator O transforms |GHZ) to the state |¢), the normaliza-
tion of [¢) is in fact 5((000]0T0[000) + (111|OTO[111)), where p = (GHZ|OTO|GHZ).
Additionally, since O is a positive operator, the normalization is always non-negative.

Now suppose that the corresponding complete set of Kraus operators consists of {O; =
A; ® B; ® C;}. Then ZOIOi = 1, and we have
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1 =(GHZ|GHZ)

({000] + (111])(J000) + [111))

1
"2
:%((000]000) + (111111))

1 t t
:5(2 (000]0f0;[000) + > " (111]0]O;]111))

(000]010;]000) + (111|0]O;|111)
2p(0O; |GHZ))

=> p(0;|GHZ)) (3.34)
From the definition of the normalization, we know that this is exactly the weighed sum
of the normalization of each branch. In other words, for a transformation from |GHZ)
to other states, the average value of the normalization of all the states we get in each
branch should be 1. Recall that the normalization cannot be less than zero. Hence each
term in the summation cannot be larger than 1, which means that for each branch, the
product of its probability and the normalization of the state it gets cannot be larger than
1.

In fact, the conservation of the normalization can be derived from the conservation
of the interference term. However, the conservation of the normalization also gives the
following. For each branch, the product of its probability and the normalization of the
state it gets should be no larger than 1. This fact is also useful in determining the upper
bound of the transformation probability.

The basic idea is that if we know the state we want and the state the failure branch

gives, Equations (3.33]) and (3.34]), combined with the fact that the summation of prob-

ability should be one, can give us some implication about the supremum success proba-

bility. For example, we have the following theorem:

Theorem 3.8. Consider a transformation protocol from the GHZ state to a GHZ-class
state |¢), with interference term x > 0 (x < 0). If there exists a y > 0, such that the
interference term of all the failure branches are larger than —y (smaller than y), we have

the following upper bound for its successful probability:

if x> 0:
py < pU(—y) = ——. (3.35)
- r+y
if v <0:
Y
ps <pV(y) = — : (3.36)
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Figure 3.3: The value of p¥ as a function of a. In this figure, a = (y%l)i So when a goes
from 0 to 1, y goes from 0 to oo. Note that as y goes to infinity, a goes to 1. We express
the value as a function of a because this will make it easier for us to combine different
graphs into one graph later.

Proof. Take x > 0, suppose there are n failure branches, whose probabilities are ps,, ps,, =+, Pf..,
and the corresponding interference terms are —y;, —ys,- -+ , —¥y,. Then we have
pst — > pgyi =0 (3.37)
P+ Yps =1 (3.38)

Rewriting it in the following form,

pst —ppy =0 (3.39)
Ds + Pt = 1 (340)
where ppy =) py, and ¥ = %, gives the solution

/

Yy
T4y

Ds = (3.41)
As the interference term of all the failure branches are larger than —y, we have iy < y.

Hence we get
Y

:x+y'

ps < " (=) (3.42)

The discussion for the case when z < 0 is similar. O

Remark 3.4. Recall that the range of I can be —oo < I < 1, which means that I can be

unbounded below. Then in the x > 0 case, if I of the failure branch goes to —oo, or we can
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say y goes to oo, we will have pU(—y) arbitrary close to 1. Therefore, Theorem alone
is not enough for establishing a non-trivial upper bound. To derive a non-trivial upper
bound, we need to find some additional constraints which are related to the interference
term. In fact, this is what we will do in Section [3.4]

3.4 Upper Bound for a General Case

In this section, we will find an upper bound in a more general case. Recall the problem
of Theorem [3.§] is that the interference can be unbounded below. So we would like to
find an additional constraint. It turns out that the fact that the 3-tangle, a measure of
tripartite entanglement introduced in [31], is an entanglement monotone (i.e., it cannot
increase on average under LOCCs) is precisely what we need [34].

Our strategy is that, for any possible transformation protocol, we would like to con-
struct a new protocol that has the following two properties: 1. It has an upper bound
for the maximal successful probability of transformation which is obviously smaller than
one; 2. We can reconstruct the original protocol from this new protocol, which means
the successful probability of this new protocol can be no less than the original one. The
way we construct such a protocol is given in Subsection and the bound of it will be
given in Subsection [3.4.3], in which we deal with a special example: the transformation
from GHZ state to a special GHZ class state |¢) = 7(|000) + |aaa)). In Subsection [3.4.4]
we will generalize this bound to more general cases, where we find for any transformation
from one GHZ-class state |¢) to another GHZ-class state i) with different interference

terms, we can find an nontrivial upper bound for the successful probability.

3.4.1 Interference Term and the Maximal Value of the 3-tangle
of a GHZ-Class State

Now consider such a question: Suppose we have an unknown GHZ class state |pgrz) =
VK (c5]0)]0)|0) + s5€™ |@4) |¢B) |¢c)) with a given interference term f, what is the

maximal value of the 3-tangle T4pc [34] ?

Theorem 3.9. For a GHZ class |¢cuz), if its interference term is I, then the maximal
(1—a?)? 1

value of its 3-tangle is e where a = (%ﬁ

The proof will be given in the appendix.
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3.4.2 ”Stop and Reconstruct” Procedure

From [97], we know every measurement can be seen as constructed by many infinitesimal
steps of weak measurement, that is, a measurement which only slightly changes the
original state. From this view, to get a better understanding of the transformation
protocol, we would like to try to reduce the case where a failure branch gives an I > I
(some prescribed value) to the case where an undecided branch has I = I,. That is to
say, we are using a reduction idea. First we need to answer the following question: Can
we stop at some intermediate point and reconstruct the original measurement? It turns

out that the answer is yes. In fact, from [97], the following theorem follows easily.

nle) 2l
plb,wl}
LS /) ptp=1
Bl P tPe=2
Potp =1

Figure 3.4: ”stop and reconstruct” for a two-outcome measurement

Theorem 3.10. A two-outcome measurement { My, My} can be reconstructed by stopping

at an immediate step {v/1 — e 22 M|, /1 + e~ 2*M'(z)} and a reconstructing measurement

{M'(x,400), M'(z, —00)}, where M| = v/ M{ M, and

anh(x
M (2, +00) = \/ ) o M, (3.43)

M'(z, —00) = \/ Itanh(s) ___ 0 (3.44)

I+tanh(z)(M2—M!?)
See Figure[3.4] for a graphical description.

Proof. Firstly, from polar decomposition we have M; = U, M|, My = Uy M}, where U,
and U, are unitary, M} = \/ MJM,. Then {M/, M}} is also a measurement. As M] and
M) are positive, it can be reconstructed from infinitesimal steps .[97] Secondly, instead of
measure { M|, My}, we stop at M'(z) = \/Htanh(x);Méz_M{Q) before we reach My, that is
to say, we perform measurement {v/1 —e=2¢ M/, /1 +e=22M’'(z)}. The effect is we still

got M{p]%{T /p1 but the probability become /1 — e=2¥p;, but instead of get Méng /D2,
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we get M'(x)pM't(x)/p(x) where p(z) = Tr(M'(x)pM' (x)). Thirdly, we do nothing to
the M| branch, but do a POVM {M'(z, +0o0), M'(z, —00)}.
On the M’(x) branch, it is easy to prove that,

M'(z,00)M'(z) = e "My,

(3.45)
M'(z, —c0)M'(x) = Ms,.

So in total, we perform a POVM {1 —e=22 M7, e~ M|, M}}, that is just the same as
{Mj, M3}. Finally, if we get the result of measurement M (M), perform a unitary
transformation Uy (Uz), we can reconstruct { M, My} with a stop in the middle. O

However, a protocol may contain many measurements and measurements with more
than two outcomes, can we still use this method to stop in the middle and reconstruct

everything?

Figure 3.5: The original protocol written in the many two-outcome measurements form

The answer is yes. To show this, first we need to rewrite every measurement in the
protocol into a sequence of two-outcome measurements [3], see Figure . Then the
protocol consists of only two-outcome measurements. So the ”stop and reconstruct” can
work for each of them. The only thing is that, now, each two-outcome measurement
may be related to many other two-outcome measurements, so during the ”stop and
reconstruct” process, many measurements might be affected. How can we be sure we can
reconstruct everything? For this problem, notice that these two-outcome measurements
are all in order. Then when we do the "stop and reconstruct”, the principle is that we
should always stop at the earlier two-outcome measurement first. Moreover, we need to

reconstruct the earlier ones first. See Figure [3.6
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v

Figure 3.6: ”Stop and reconstruct” method for the general protocol, I stands for the
interference term

3.4.3 Example: |GHZ) — |¢) = v(|000) + |aaa))

Now, we want to find an upper bound for the success probability of the transformation.

Theorem 3.11. Suppose we have a SLOCC transformation protocol from |GHZ) to |¢) =
~(]000) + |aaa)), where |a) = ¢|0) + V1 —c%|1) and ¢ € (0,1]. Suppose the successful
probability is p,,. Then we can always find a protocol consisting of only successful and

failure branches which has a successful probability no less than p,,.

Proof. 1f the protocol is in that form, we do nothing. If the protocol has some branches
which are neither successful nor failure. Then we do nothing to the successful or failure
branches. However, for the undecided branches, from the definition of it we know we can
always find a POVM that can transform it into the desired state with nonzero probability
dp. Then the total successful probability is p,, 4 d,, which is higher than p,,. In all, we
can always find a protocol consisting of only successful and failure branches which have

a successful probability no less than p,,. O

Now modify the protocol we get in the first step in the following way:

Suppose we can find at least one failure branch that have interference term smaller
than -y, where y > 0. then we can find a x, where 0 < x < y. As our initial interference
term is zero, now we can use the weak measurement idea to let all the branches stop if its
interference term reaches -x and do nothing to the branches which never reach -x. And

we can get a new protocol in Figure

Remark 3.5. Note that to make this new protocol work, we have applied the intermediate
value theorem. That is to say, we implicitly assume that the interference terms, I, of
the two intermediate states specified in Theorem are continuous functions of x.

This assumption works because, from [97], we know M (z,0x) changes the state given
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Figure 3.7: The new protocol, which can reconstruct the original one.

by M(z)|GHZ) very little, or we can say it is a weak measurement. While from the
expression of interference term Equation (A.1) in Appendix, we know interference term
is a continuous function of the parameters of the state. Then, as the state changes very

little under the weak measurement, the interference term also changes continuously.

Then we get a new protocol. It has two properties:

1) There are three kinds of branches: failure branches with interference term larger
than or equal to -x, successful branches and the branches neither successful nor failure
with interference term -x.

2) From the "stop and reconstruct” part, we know we can reconstruct the original
protocol by performing LOCCs (may be a sequence of measurements) just on these
branches which have interference term -x and do nothing on other branches. That is to
say, just do LOCCs on the -x branches, we can get a total successful probability no less
than the original one. So, if we have an upper bound of successful probability for the
new protocol, that should also be an upper bound for the original one.

Then we can find the upper bound for this new protocol. Now, the protocol consists
of three kinds of branches: successful branches, failure branches with interference term
larger than or equal to -x, and undecided branches with interference term -x. The total
successful probability of this protocol consists of two probability: the already existing
successful branches’ total probability ps. and the probability we can transform from the

-x branches to the states we want.

Theorem 3.12. As in Theorem we consider a SLOCC transformation from |GHZ)
to |y = v(|000) + |aaa)). For all the possible new protocols shown in Figure there

is an upper bound for the success probability,

Ps(=2) = Pas(—x) + pu(—2) * pm(s| — z), (3.46)
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where pas(—x) are the already successful branches in this condition, while p,(—x) is the
probability of the undecided branches with interference term —x, and py,(s| — x) is the
mazimal probability to transform a GHZ-class state with interference term —x into the

destination state ¢s. We get

Pas = %7 pu(_x> =1 — Das; (347>
T T e
I(¢) = —
(5| — ) = min (maX(TABC<¢| 9) = —2)) 1) , (3.48)
Tapc(9s)
where a 1s the solution of the equation x = %, and Tapc stands for the 3-tangle.

We firstly consider the case that there exists no failure branches with interference
term larger than -x, later we will show the other case can only give an upper bound

smaller than in this case.

Lemma 3.13. If the new protocol shown in Figure consists of only successful branches
and branches with interference term —x (no failure branches with interference term larger

than —x ), it has an upper bound
Ps(—2) = Pas(—) + pu(—2)pm(s] — x) (3.49)

where the parameters are defined in Theorem[3.19

Proof. For the already existing successful branches, the total probability is determined

by -x and the conservation of interference term. As x = %, we have
Pas(—2)I(|0s)) = pu(—2)z =0 (3.50)
pas(_$> +pu(_x) =1 (351)

Solving Equations (3.50|) and (3.51)), we can find

Pas(—) = ﬁ (3.52)

For the maximum value of ps(—x), using the 3-tangle idea, we know it is bounded by
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Pu(—2)pm(s| — x) where

Pm(s| — ) = min (maX(TABC(¢|]<¢) = 7)) ) 1) (3.53)

Tapc(@s)

Then we find an upper bound for the successful probability of this new protocol when

there is no failure branch having interference term larger than —x:

Ps(—2) = Pas(—2) + pu(—2)pm (8] — ) (3.54)
O

Remark 3.6. To show it is really an upper bound for the successful probability for the
new protocol, we need to show if there is any other failure branch with interference term

larger than -x, we can only get a successful probability smaller than this.

Proof of Theorem[3.13 To prove this theorem, we just need to prove the following: If the
new protocol contains a failure branch which has an interference term larger than -x, it
has an upper bound for the success probability smaller than what we get in Lemma [3.13]

Consider the conservation of interference term, now we have:

Pos(—2)I(|05)) + > pril(|94,)) — Pl(—x)x =0 (3.55)
Pas(—) + 2 pri +p,(—x) =1 (3.56)

which can be rewritten as from Corollary

Pus(—=2)1(|9s)) — p"(=2")2" =0 (3.57)
Pos(—) +p"(—2') =1 (3.58)
where
_ 2prd(¢g)—pu(—2)z
= e (3.59)
p’(=2") = > pri + p(—x) (3.60)

As I(|¢yg,)) > —x, we know —a' > —x, s0 pl (=) < pas(—x). Let the difference
between pl, . (—z) and p,s(—x) be d, then we have 65 = pys(—x) — pl(—x), so s > 0 and



CHAPTER 3. BoOUNDS ON MULTIPARTITE SLOCC TRANSFORMATIONS 45

P’ (—2") = pu(—x) + 5. As > psi > 0, we have p'(—z) < p”(—2') = pu(—2) + 0. So the
total successful probability in this case is

Py = Phs(—2) +p'(—2) * p(s] — x)
< Pos(—2) + 9/ (=) x pu(s| — )
< Pas(—2) = 05 + (Pu(—2) + d5) * prm(s] — 2)
< Pas(—2) + pu(—2) * pim(s| — x)
+05(Pm(s| —2) — 1)
< Pas(—2) + Pu(—2) * pm(s] — z)

= ps(—x) (3.61)

Here, in the second last step, we have used the fact that p,,(s| — z) cannot be larger
than one. So we know it is really an upper bound for the successful probability for the
new protocol, which should also be an upper bound for the successful probability for the
original protocol, and an upper bound for the transformation protocols which contains
at least on failure branch which has interference term smaller than -x ( or we can say it
passes -x). So we have p/, < p,(—z), which means p,(—z) is an upper bound for the new

protocol. O

Corollary 3.14. As in Theorem we consider a SLOCC transformation from |GHZ)
to |¢) = v(]000) + |aaa)). If a protocol contains at least one failure branch whose in-
terference term is smaller than -y, its successful probability should be bounded by all the

ps(—x), where 0 <z < y.

Proof. 1f we see every branch from the weak measurement idea. We will find the inter-
ference term should change continuously, so we can stop at any point between 0 and -y.
For each point we choose, we can get an upper bound. And all the upper bounds should

be the upper bounds of the original branch. O

Corollary 3.15. For a LOCC transformation protocol from |GHZ) to |¢) = ~(]000) +
laaa)), if the minimum interference term of all the failure branches is -z, then its suc-

cessful probability should be bounded by

U(_Z)7pTABC(_Z)) (362)

where ]jTABC(_Z)) = minOSsz(ﬁs(_x))'

pbound(_z) - mln(p
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Proof. If the minimum interference term is -z, then from Theorem [3.8] we know there

is an upper bound pY(—z) = m, which is in fact p,s(—z). As it is bounded by

all the ps(—x), where 0 < z < 2, we can find another upper bound p,,,.(—2)) =
ming<,<,(ps(—z)). See Figure for the relation between ps and p;,,.. Then the

minimum of these two bounds is also an upper bound, which we call ppoyna(—2). O
1.01
B ]
\ //
0.99 | \ / f
0.98 \x // q
\ /
a 097 \ /
0.96 | N
0.95 -
0.94 - _
_Ps ——
| p‘anm

0.93

Figure 3.8: The relation between p, and p,, .

Theorem 3.16. An upper bound of LOCC' transformation from GHZ state to a specific
GHZ class state |¢) = v(]000) + |aaa)) is the mazimum value of Pround(—2) where z €

[0, 4+00). And it is in fact the minimum value of ps(—=z), where z € [0, +00).

Proof. The basic picture of our proof can be represented in Figure |3.9

Now we consider all the possible transformation protocols. Then the value of the
minimum interference term -z may vary from 0 to co. (We can always find a protocol
giving a very small value of -z, while its successful probability is still bounded.) Easy to
see an upper bound is the maximum value of pyyuna(—2) for all the possible values of z,
where z € [0,00). In fact, we can find the upper bound we get for this transformation is

the minimum value of ps(—z), where z € [0, +00). O

Put Tapc(¢) = %, in to the equation, we can get the upper bound. The analytic

value is hard to get, if we put ¢=0.5. The minimum value of ps(—x) = pas(—x) +pu(—x) *
pm(s| — x) is 0.9604 at x=1.13062, which is less than 1.

3.4.4 The General Case

In the above, we have considered an upper bound for the special case of |GHZ) — |¢) =

~(]000) + |aaa)) to find the upper bound for it. Now, we will consider two more general
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04t
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x

Figure 3.9: The upper bound for the transformation. In this figure, a = (—-%5)5. So
when a goes from 0 to 1, x goes from 0 to co. The dashed line is the plot of ps as a
function of -x, the dot line is the plot of p,, ., the solid line is the plot of pY. Notice that
point b corresponds to the minimum value of p,, before b, p, decreases monotonically.
So before b, p;, . is the same as pg, while after b, p., . remains to be the value of p; at
b. Another thing is that before ¢, p¥ is smaller than p,, .., while after ¢, p,,,. is smaller
than pY. So the final plot we get for the upper bound is the solid line before ¢ and the
dot line after ¢, which we call upper bound line. The meaning of this upper bound line
is that, for a given transformation protocol, if the smallest interference term of all the
failure branches is -y, let k£ = (—ﬁ)%, the success probability cannot be larger than the
corresponding point in the upper bound line. Consider all of the possible protocols (a
goes from 0 to 1), the upper bound of the transformation probability is the largest value

of the points on the upper bound line, which is just the minimum value of p;

wl—
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cases. First, we will consider the transformation |GHZ) — |¢grz) = VK (cs]0)|0)0) +
ss€'? |oa) lpB) |pc)), which is the general GHZ class state; Second, we will consider a
general GHZ class state to another general GHZ class state.

1. |GHZ) —= |parz) = VE(cs]0)|0)|0) + sse’ |pa) |¢B) [oc)). In this case, we just
need to change the expression for the interference term and 3-tangle of the destination

state into

Inter ference term : I(¢) = %m (3.63)
3_ le - - 4333%535%0? 3.64
tangle : Tapc(¢s) = T 2caciorsscs)? (3.64)

Then we can use the similar process, except changing the corresponding value of
Interference term and 3-tangle, see the following for details.
Firstly, using the "stop and reconstruct” method to get the new protocol with only

successful branches and undecided branches with interference term x. We have

Pas(2)I(|9s)) + pu(x)z =0 (3.65)
Pas(®) + pu(z) =1 (3.66)
We have
Pas(®) = iy = 1 — pul2) (3.67)
p(s|z) = min(meelranctl@=n) ) (3.68)

Then, the supremum success probability of this new protocol should be bounded by

Ps(2) = Pas(x) + pu(x) * prm(s]z) (3.69)

Consider all possible protocols, we find the minimum of p,(z) where 2 € [0,1] if
I(|¢s)) < 0 and x € (—o0,0] if I(|¢s)) > 0 is an upper bound of the success probability

of this transformation.

Remark 3.7. Suppose we want to transform a GHZ state to a GHZ-class state |¢gpz) =
VK (cs]0) [0) [0+ 556 |04) |0B) [0c)). I I(|oarz)) # 0, we can always find a nontrivial
upper bound. However, for the case where I(|¢grz)) = 0, we will get a trivial upper

bound 1. This condition consists of 2 possibilities: 1. (000[papppc) = 0; 2. ¢ = 7 or

37”. In fact, in the paper [127], they have provided a protocol for such a transformation
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with success probability 1.

2. A general GHZ class state to another general GHZ class state. In this case, the
interference term is still conserved, but the initial value should be the interference term

of the initial state.

Pas(0)I(|9s)) + pu(x)r = Linitial (3.70)
Pas(®) + pu(z) =1 (3.71)
We have
Pas(®) = Frs=t =1 p,(2) (3.72)
Pm(slz) = min(mestecGiI=l 1) (3.73)

Then, the supremum success probability of this new protocol should be bounded by
Ps(x) = ps(2) + pu() * pm(s|z) (3.74)

Consider all possible protocols, we find the minimum of py(x) where = € [Lipitia, %] if
I(|¢s)) < Linitiar and z € (—00, Linitiar] if 1(|0s)) > Linitiar 1s an upper bound of the success

probability of this transformation.

Example 3.17. An upper bound for the transformation from |¢) = ~(]000) + |abc))
where (0|a) = 0.1, (0|b) = 0.2, (0]c) = 0.2, to |¢) = +/(]000) + |a’b'¢")) where (0]a’) = 0.4,
(0|b') = 0.5, (0]¢') = 0.6 is 0.9593. See Figure [3.10]

08} -
06}
04}

0.2} u

1 I I I
0 0.2 0.4 0.6 0.8 1

Figure 3.10: Upper bound for the transformation probability from |¢) to |¢).
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Lemma 3.18. For a transformation from a tripartite state |¢;) to another tripartite state
|ps), if the interference term of |¢;) is not equal with |¢s), we can get an upper bound for

the supremum of the successful probability which is less than 1.

Proof. 1f the interference term is not equal, put into the Equation (3.70)), we know the
maximal successful probability p,s(x) cannot reach one. Otherwise the conservation of
interference term will be violated. In fact, as the magnitude of the interference term of
branches where we stop become larger and larger, p,s(z) gets closer and closer to one.
However, at the same time the maximal 3-tangle of these branches will go to zero. As
the destination state is in GHZ class, its 3-tangle is not zero. So we can always find one
|z|, when the magnitude square of the interference term reaches it, max(7apc(d||1(¢)| =
|z])) < Tapc(ds), then it will give an upper bound for this transformation which is smaller
than 1. O

Remark 3.8. One may naturally ask a question: If the interference terms of two states are
the same, can we give an upper bound for the transformation probability? In this case,
the above lemma cannot give a nontrivial upper bound. However, we can still use other
entanglement monotones, such as 3-tangle, to give an upper bound for the transformation

from one to another.

Example 3.19. Consider the transformation from |¢) = v(|000) + |abc)) where (0|a) =
0.2, (0]b) = 0.4, (0]c) = 0.8, to |¢b) = +/(|000) + |a'V'c’)) where (0]a’) = 0.4, (0|/) =
0.4, (0|]¢) = 0.4. One can check that I(|¢)) = I(|¢))) = 0.0602. So naively we can
only get a trivial upper bound for the transformation between them. However, notice
that Tapc(|¢)) = 0.2564 and 7Tapc(yp) = 0.5235, we can get an upper bound for the

transformation from |¢) to |¢)) which is

TABC<|¢>) _ 0.2546
TABC(’w» 0.5235

= 0.4863 < 1 (3.75)

3.5 Lower Bound for the Transformation

After the discussions about the upper bound, the question arises, how tight are the
derived upper bounds? To get an idea about the answer to that question, in this section
we will derive a lower bound for the transformation probability from the GHZ state

to a GHZ class state. In Ref. [2§], a straightforward protocol was provided for the
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transformation
1
|GHZ) = —(]000) + |111))
2 (3.76)
LOCC
—— &) = VK(|000) + [@4) |o5) [¥c))-
It consists of Alice performing the measurement {ﬁ, 1- WATA}, where
Al0)=10), A1) = [pa), (3.77)
and similarly for Bob and Charlie. Then the final successful probability is
1+ cyege.)?
(14 cqcpey) (3.78)

P v e)0+en)d+e)
This protocol, however, was mostly designed to achieve a non-zero transformation proba-
bility, and no particular considerations were given towards optimizing the transformation
probability.

In the following, we will provide a transformation protocol that can transform the
GHZ-state, generalized to n parties and m dimensions, to other states with the same
dimensions and Schmidt rank. This protocol will yield a success probability higher than
the straightforward protocol . We will see, however, that there is still a gap between this

lower bound and the previously derived upper bounds.

From the presented protocol, we will further derive the interesting result that all
tripartite pure 3-qubit states can be transformed from the generalized GHZ-state for

three qutrits by LOCC with probability 1, which was not known before.

The steps of the protocol are shown in Figure for the transformation from the
GHZ-state to the state |¥) = y(« |a1bicq) + 5 |agbaca)). We call this protocol the “four-
step method”, as it consists of four steps. In the first step, we transform the GHZ
state into |GHZ') = «]000) + §]111), which has the same coefficient as |¥). Next,
we transform |GHZ') into |¢1) = a|00,0) + B]1bo1). Then, we transform |¢;) into
|pe1) = a|0bicy) + B |1lbace). We will show that these first three steps can be done
with probability 1. The final step, which transforms |¢.) into |¥) can achieved with
probability 1 if (aj]|a) = 0, because then |¢.) and |¥) are unitarily equivalent. For
(ay|ag) # 0, we can still get | ) with a higher probability than the previous result in [2§]

by performing an appropriate measurement on |¢.).

The first step is a generalization of Nielsen’s majorization result [05] and Lo and

Popescu’s [81] result for the maximum probability of distilling a maximally entangled
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Figure 3.11: The four-step method to transform the GHZ-state into the state
v(a|arbier) + Blagbeca)). The first three steps can be accomplished with probability
1. The overall success probability is thus determined by the fourth step, which is gener-
ally non-deterministic.

state. It has been noted previously in Ref. [137].

Definition 3.20. A GHZ-like (aka Schmidt decomposable) state is a tripartite state that

can be written in the form

V) = ZA i) |2} [2) (3.79)

Theorem 1 of Lo-Popescu also holds for the GHZ-like states, because it gives an
upper bound for the case where the Bob-Charlie alliance is allowed to perform any (non-
local) operations, and when the allowed operations are restricted to the subclass of local

operations, the upper bound still has to hold.

Theorem 2(a) of Lo-Popescu can in the same way be applied to GHZ-like (Schmidt
decomposable) states, because all unitary transformations on Bob’s side involve only a
relabeling of the basis states (|i) <> |7)), and therefore extending it to GHZ-like states
just changes this step to (|i) |7) <> [j) |j)), which can also be done by local unitaries only.

Theorem 2(b) generalizes to GHZ-like states as well, because here Alice performs all
the operations and Bob either has to either perform no operation on his state at all
(result “success”), or he has to discard it completely (result “failure”). Both operations

can also be done if Bob’s state is distributed among Bob and Charlie.

In Ref. [I37], it was shown that Nielsen’s majorization idea generalized to more par-
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ties, can be applied to GHZ-like states, which means the transformation

I o=y L
|GHZ ) = ﬁ ; |Z>1 |Z>2 |Z>n

m

— ) = Zai |3), |Z>2 |Z>n

(3.80)

can be performed deterministically.

For the second and third step, we use the following lemma.

Lemma 3.21 ([127]). The GHZ state can be transformed to | V) = v(a |a1byc1 )+ |asbaca)),
where (V|¥) =1 and o? + 5% = 1, with probability 1, if |a1bici) and |asbacs) are orthog-

onal to each other.

Proof. Suppose |a1) and |az) are orthogonal to each other. If we choose the basis in which
laibic1) = |000), then we can write |¢) = v(«|000) + 1), (d1 |0) + d2 |1))p(e1]0) +
e2]1))¢), where |dq|? + |da|* = 1 and |e1|? + |e2|> = 1. In this case we can see that v =1,
and we can do the transformation in the following way.

First, use the result of the first step to transform |[GHZ) into |GHZ') = «/|000)+3|111)
with probability 1.

Next, Bob performs a POVM

1 1 d 1 (1 —d
M1 - —F= ! 5 M2 = —F= ! . (381)
V2 \ 0 dy V2\ 0 —dy
Then, with probability 3, we get [¢p) = o |000) + 3 [1) , (d1 [0) + d2|1))5 1), and with

probability £ we get |dp) = a[000) — B[1) 4 (dy [0) + d2 1)) |1)o. If we get [¢pe), Alice

performs the unitary transformation

1 0
(1) o

to also get |¢p1) in this case. So, with probability 1, we get |¢p).
Finally, Charlie performs the POVM

1 1 €1 1 1 —e1
M, = — L My=— : 3.83
! \/5 ( 0 €9 > 2 \/5 < 0 —E€9 ) ( )

Then, with probability 3, we get [¢¢,) = a[000) + 3 [1) 4 (dy [0) +d2 1)) p(e1 |0) +e2 |1))c,
which is exactly the state |¢) we want to get, and with probability % we get |pe,) =
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a]000) — B 11) , (d1 |0) +d2 1)) (€1 |0) +e2 |1))c. If we get |¢.,), again, Alice can perform

the unitary transformation
1 0
Uy = : 3.84
. (0 —1> (3.84)

to get |@e1), too. So with probability 1 we can get |¢.1). Then we can get |¥)= a|a1b1c1)+
B |agbace) with certainty. O

Hence, we have shown that the first three steps can be done with probability 1. For

the last step, we have the following theorem.

Theorem 3.22. For |U)= ~y(«|aibic1) + (|ashacs)), where o + 2 = 1 and v is a
normalization factor, if (ai|las) = g, (b1]b2) = N, (ci|ca) = A, then there exists a
SLOCC transformation protocol from the GHZ state to |1) such that the probability of

t H2aBadide yphere N, = min(Ag, Ap, Ae)-

success is at leas A,

Proof. First, note that we can write |¢)) as

[¥) = 7(a]000) + B(Aa[0) + /1 = AZ[1))a(Xs [0) +1/1 = AT 1)) 5(Ac [0) + /1 = AZ[1))c)

where v = m From Lemma [3.21 we know that we can transform the GHZ
state to [€) = a|000) + B[1) , (A [0) ++/1 = A1) (A |0) + /1 — A2|1))¢ with prob-
ability 1. Then, from |£), Alice can do the POVM

1 1 A
Ml:ﬁ(o 1—Ag)’ (3:85)
Mzzﬂ<1 _1>. (3.86)

VI+A L0 0
So with probability p = %ﬁjb/\c, we get [¢), while the other branch will give a state

in which the rank of p, is 1, so that the probability to get |¢)) from it is zero. Thus, the

14208 aAp e
Tt

the probability can also be

total probability is . However, we can do a permutation of A, B and C so that

14208 aXp e 14208 a M\ Ae
T+ Tthe -

corresponds to min(Ag, Ap, Ac). ]

or And the maximum probability

Example 3.23. Again, we use the transformation from |GHZ) to |¢) = ’y(\% |000) +
% laaa)), where |a) = ¢ |0)++v/1 — c2|1) and ¢ € (0, 1], as an example. Using the protocol
we provided, we can get a successful probability of p = 1+C . Let ¢ = 0.5, then we have
ps = 0.75. In comparison, the upper bound we got in Sectlon was 0.9604. There is

still a gap between these two values. How to reduce it is still an open problem.
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Now we will generalize the result of Lemma to higher dimensions and more
parties. Suppose we are concerned with the transformation from the GHZ-state, gen-
eralized to n parties and m dimensions, |GHZ,,,) = \/LE Sl 8)y i), to ¥y =
YOO, oy lk1,ks, .. kn,)). The basic idea of our protocol can be divided into three steps.
First, we want to transform |GHZ,,,) into |¥) = >~ a; |i) |i) |7), which is called a GHZ-
like (or Schmidt decomposable) state. Then, we transform | V) into [¢,) = > 7", @ |i1ks k
We will show that these two steps can be done with probability 1. Finally, if for at least
m — 1 terms of [¢), there is at least one party with a state that is orthogonal to this
party’s state in every other term, we show that we can transform |GHZ,,,) into |¢)) with
probability 1. In other cases, the transformation can still be done with a probability
higher than what has been known before. The following theorem treats the case where

the above criteria for the third step is met.

Theorem 3.24. The GHZ-state, generalized to n parties and m dimensions, |GHZ,,,,) =
\/Lm SNy, i)y o i), can be transformed to |Y)= D" i |k, ko, ... kn,) with probability
1, if for all but at most one i € {1,--- ,m}, there exists a party p such that (ky,|k,;) =0
for all j # i. This means that for at least m — 1 terms, there is at least one party with a

state that is orthogonal to this party’s state in every other term.

Proof. The basic idea is that we first make the coefficient of each term equal to the
corresponding terms of the destination state. Then, we let party 2 perform a POVM
that results in states that have the desired target state for party 2 in each term, however,
depending on the outcome of the POVM, the coefficients might have picked up sign
errors. The wrong signs can then be corrected by party 1. We proceed similarly for
parties 3 through n. Finally, party 1 performs a similar POVM, which again may result
in wrong signs for some terms. Then, if the requirements for the destination state are
met, then there is at least one party for each term that can correct a wrong sign in its

coefficient. The exact process is as follows.

Without loss of generality, we chose a basis for each party such that the target state

|¢> satisfies ‘qu> = Zj’:l af]ij
of Ref. [I37] to get |GHZ,,,,) = YOI~ a; i), |i), ... ]7),), where v is a normalization

J) , for each party ¢. Then, as a first step, we use the result

igee

k).
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factor, from the initial |GHZ,,,) state. Next, party 2 performs the POVM

a210 e a2(m—1)0
M, 1 0 ag, - Q2311
0 — . )
2m—1
O O a2(m71)(m71)
210 20 _1y0
1 O 0’211 PP _a2
(m—1)1
My = m . . . . )
2 Do : : (3.87)
0 0 231y (m-1)
_a210 PR _a2(m_1)0
1 0 —a2y; A2, 1y
MQm—lil ==
mel :
U T2 1)(m-1)

This gives the state [¢ha)= D" | & |i1ki,3...i,) With probability 5=, and with the same
probability we get other states that differ from |i)9) only in the signs of the coefficients
Q.

The wrong signs can be corrected with a unitary transformation by party 1, such
that all branches now have the state |¢)3). Then we can use the same method for parties
3,4,...,n, so that we get the state |¢,)= > "I", ; |i1ks,ks,...k,,) with probability 1.

After that, party 1 can perform a similar POVM and with probability 2,,1%1 we get
|1y which is the state that we want, and with the same probability we get other states,
which again differ from [¢) only by the signs of the coefficients.

However, if for the jth term, there is at least one party p, with state |k, ) that is
orthogonal to this party’s state in every other term, then we can introduce a minus sign
for the jth term by a unitary transformation of party p, which transforms |k,,) to —|k,,)
and does nothing to all the other states orthogonal to |k,,). If such a party exists for at
least m — 1 terms, we can introduce a minus sign for these m — 1 terms just by unitary
transformations. For the only one term which possibly does not have this property (if it
exists), we can introduce a minus sign for every other term and then introduce a global

phase of —1. Hence, we can get |¢)) with probability 1. O

Remark 3.9. The condition we require in Theorem is different from requiring that

each term is orthogonal to the others. In fact, it is a stronger requirement than orthog-
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onality. To see that, consider the following example: For the state |¢) = \/Lg[|000> +
11) (]0) +11))10) + (]0) + [1)) |0) |1)], it is easy to check that each term is orthogonal to
the other ones in this state. But we do not know how to introduce a minus sign for any
term, because the condition in Theorem is not satisfied.

There is an open question: Is the condition in Theorem [3.24] also a necessary, or only
a sufficient condition in higher dimensions? To determine if it is a necessary condition,
there are two questions: (i) Is the form in which we write the state still unique in
higher dimensions? We know, that for a 2-term tripartite state, in which each party has
rank 2, if we write it in the form ]@D) = 7(a |000) + B(As [0) + /T = A2[1))4(Np|0) +
VI=X1)5(A10) + /1= A2|1))c), the result should be unique. It is also true for
a 3-term tripartite state (the W—class state) [I]. However, similar results for higher
dimensions have not been proved. (i) Can a state in which all terms are orthogonal
to each other be transformed from a GHZ-like state with probability 17 We know, our
protocol can only work for a stronger requirement. However, that does not mean that
no other protocol exists that works in this case, and no proof exists that shows that it

cannot exist.

Corollary 3.25. All tripartite pure three qubit states can be transformed from the 3-term
GHZ state, |GHZ33) = \%(|000> + |111) + |222)), with probability 1.

Proof. From the Ref. [I], we know any tripartite pure state can be written as

|®) =\ |000) + A€ [100) + Ay [101)
+ Az [110) + Aq [111), (3.88)
with \; >0, 0<¢<m =X, > pi=1

It was further shown in Ref. [I], that if Charlie introduces the unitary transformation

1 Ae™ e
U — 1 2¢ , (3.89)
Vit \ X =N

we can write |®) in the form

1 . .
T) :\/M—Tu[e—mm 000) + e~**AgA2|001)
1 2

+ (A2 4+ A2) [100) 4+ (A1 A3 4+ AoAg) [110) (3.90)
+ (A2As — AtAg) [111)],

which is unitarily equivalent with the state we want.
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If we combine the first and second term into one term and do the same for the third

and fifth term, we get
W) =100) (a|0) + b]|1)) + d|100) + [11) (¢|0) + e |1)). (3.91)

In this form, it is easy to see, that if we consider it as a 3-term state, it satisfies the
condition we required for Theorem [3.24, so we can transform it from the generalized
3-term GHZ state, |GHZs3), with probability 1. O

Theorem 3.26. For a general [¢)= (D", i |k1, ko, . kn,)), where >0 a2 =1 and v
1s the normalization factor, there exists a SLOCC transformation protocol from the GHZ-

state, generalized to n parties and m dimensions, |GHZ,,,) = \/% Yo i) 19)g - 12), to

|1) such that the probability of success is at least max (,ijil'Q), where
1 Qiyg "7 Qigy_oyo @iy —1y0
Ai . 211_1 O a/z‘ll [P ai(m:d)l a’i(m:fl)l (392)
o o - 0 a;

(m—1)(m—1)

Proof. From Theorem [3.24] we know that we can get |¢,) = > ", o |irki,ki,...k;,) with
T
certainty. Then, Alice performs the POVM {‘2—1”, 11— %}, where
1 A1y A1 (n_2)0 A1 (m—1)0
1 0 a1y al(m72>l al(mfl)l
Ay ot : . ) (3.93)
o o -- 0 Ay ()
The success probability for this POVM is ————. Similarly, we can choose any other
Y1l A1l
party for the final step, and find the best one, which gives the maximum transformation
probability. O

3.6 Summary and Concluding Remarks

In this chapter, we derived upper and lower bounds for the optimal transformation prob-
ability from the GHZ state to a GHZ-class state. In the derivation of the upper bounds,
we first considered the action of the LOCC protocol on a different input state, namely

\/LE(|OOO> —|111)), and demanded that the probability of an outcome remains bounded by
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1. Then, by considering the constraints of the interference term and 3-tangle, we found
an upper bound for more general cases. For the lower bound, we constructed a new
transformation protocol, the “four-step method”, to do the transformation. Before that,
there was no nontrivial upper bound known for this transformation. The lower bound is
generalized to higher dimension and more parties. As one application of the protocol that
was used to find the lower bound, we discovered that all tripartite pure 3-qubit states
can be transformed from the generalized GHZ state, |GHZ33) = \%(|OOO) +]111) +1222)),
with probability 1. This is a new result.



Chapter 4

Absolutely Maximal Entanglement

and Quantum Secret Sharing

We study the existence of absolutely maximally entangled (AME) states in quantum
mechanics and its applications to quantum information. AME states are characterized
by being maximally entangled for all bipartitions of the system and exhibit genuine
multipartite entanglement. With such states, we present a novel parallel teleportation
protocol which teleports multiple quantum states between groups of senders and receivers.
The notable features of this protocol are that (i) the partition into senders and receivers
can be chosen after the state has been distributed, and (7i) one group has to perform
joint quantum operations while the parties of the other group only have to act locally on
their system. We also prove the equivalence between pure state quantum secret sharing
schemes and AME states with an even number of parties. This equivalence implies
the existence of AME states for an arbitrary number of parties based on known results
about the existence of quantum secret sharing schemes. This chapter is largely based on
Ref. [58].

4.1 Introduction

Entanglement is at the core of the power of quantum information processing and has
been extensively studied for few qubits. The classification of entanglement classes for
three and four qubits is well understood [34} 130, 59, 80, 85, [, 21] and canonical forms
of pure states under local unitary transformations of each local Hilbert space have also
been analyzed [, [74, [73]. As the number of local quantum degrees of freedom increases,
our understanding of entanglement gets poorer. The number of independent invariants

that classify entanglement grows exponentially and it is unclear which purpose each

60
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category of entanglement serves [89, [41]. In recent years, there has been an important
progress in the classification of the maximally multipartite entangled states composed
of qubits [98] 22 38, [47, 21]. Nevertheless, a complete understanding of the structure,
classification and usefulness of quantum states with the largest possible entanglement
for arbitrary dimension is still missing. Another motivation for studying multipartite
entanglement is its connection to other apparently unrelated areas of physics, like string
theory and black-holes [17, [18].

Quantum teleportation is one of the most intriguing utilizations of entanglement. It
allows distant parties, who share a resource of entanglement, to transport a quantum
state from one party to the other by only exchanging classical information and using
up said entanglement. The first proposal of such a protocol used the resource of bipar-
tite entanglement between two parties [I3]. Later teleportation protocols using genuine
multipartite entanglement between more than two parties were proposed theoretically
for four qubit entanglement [I40], and experimentally in the form of open-destination

teleportation for five qubits [144].

This chapter is devoted to initiate the study of a class of states with genuine multipar-
tite entanglement. These states, which we call absolutely maximally entangled (AME)
states, are defined as having the strict maximal entanglement in all bipartitions of the
system. Up until now, AME states have been thought to be a rather limited concept,
because only few AME states exist for qubits, specifically no AME states exist for four,
or eight and more qubits [38], 147, T04]. However, in this work, we consider the qudit prob-
lem, for which AME states exist for any number of parties for an appropriately chosen
qudit dimension [57, [126]. A different approach, which has been investiged in Ref. [143],

is to study the continuous variable regime instead of qubits.

The fact that AME states contain maximal entanglement makes them the natural
candidates to implement novel multipartite communication protocols. Indeed, we shall
here show how they can be used to implement novel parallel teleportation scenarios that
postpone the choice of senders and receivers until after the state has been distributed.
These protocols require that either the senders or receivers perform joint quantum oper-
ations, while the respective other parties only have to act locally on their systems. We
further establish a one-to-one correspondence between pure state quantum secret sharing
(QSS) schemes [30), 45] and even-party AME states. It should be mentioned that, while
our parallel teleportation protocol is different from the aforementioned open-destination
teleportation, it is also possible to implement open-destination teleportation with AME
states [57].
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4.2 Definition of AME States

An AME(n, d) state (absolutely maximally entangled state) of n qudits of dimension d,
|4y € C$", is a pure state for which every bipartition of the system into the sets B and

A, with m = |B| < |A| = n — m, is strictly maximally entangled such that
S(pp) = mlog,d. (4.1)
Consequently, every partition of m local degrees of freedom is represented by a reduced

density matrix proportional to the identity

1
PB:TTA|¢><¢|:d—[dm, I<m<

m

|3

. (4.2)

In practice, to detect an AME state it is sufficient to check that all the (Ln72 j) possible
bipartitions of |n/2] qudits are maximally entangled, since all subsequent traces of the
identity matrix are again identity matrices.

Furthermore, a state is an AME state iff it can be written as

AME) =~ 37 [k}, kb, 606D (43)

kezm
with (¢(k)|p(E")) = O, for every partition into m = |B| < |A| = n — m disjoint sets

B and A. These equivalent characterizations of an AME state are summarized in the

following definition.

Definition 4.1. An absolutely maximally entangled state is a pure state shared between
n parties P = {1,...,n}, each having a system of dimension d, i.e., |?) € H1 ®--- @ H,

and H; = C%, with the following equivalent properties:

(i) |®) is maximally entangled for any possible bipartition. This means that for any
bipartition of P into disjoint sets A and B with A U B = P and, without loss of

generality, m = |B| < |A| = n — m, the state |®) can be written in the form

1
@) = N D kg, - k) g, (K)o (4.4)

ez

with (¢(k)[p(k')) = Ouw.

(ii) The reduced density matrix of every subset of parties A C P with [A] = [F] is
totally mixed, py = d~l2! IFEP
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(iii) The reduced density matrix of every subset of parties A C P with |A| < ¥ is totally

mixed.

(iv) The von Neumann entropy of every subset of parties A C P with |[A] = |3] is
maximal, S(A) = [ 5] logd.

n

(v) The von Neumann entropy of every subset of parties A C P with [A] < % is

maximal, S(A) = |Allogd.
We denote such a state as an AME(n, d) state.

Two obvious examples of AME states are the Einstein-Rosen-Podolsky (EPR) and
the Greenberger-Horne-Zeilinger (GHZ) states for two and three qubits, respectively.
In both cases, the entanglement entropy is maximal for all their partitions. It has been
proven that there are no absolutely maximally entangled states for four qubits [47]. AME
states exist for five and six qubits [16], and a possible form for them will be given later in
Example No AME states exist for eight or more qubits [38, [47, [104]. The existence
of an AME(7,2) state is still an open question, but it has been conjectured in Ref. [10]
that no such state exists. By increasing the system dimension, AME states can be found
for these cases in which no qubit AME states exist. For instance, there exists an AME

state for four qutrits, which is given by

2
1
o) = — lg)li+g)lt+2) 4.5
) @i;'””' J) i+ 27) (4.5)
We remark, however, that, although we will show that for each n, AME(n, d) states exist
for some appropriate choice of d, finding the conditions for the existence of AME(n,d)
states, depending on n and d, is generally a non-trivial problem. In the next chapter
we will show that, interestingly, a special class of AME states can be constructed from

certain classical error correcting codes, namely those that satisfy the Singleton bound
[86].

4.3 Parallel Teleportation

The maximal entanglement property of an AME(n, d) state for any bipartition into the
sets A and B can be used to teleport quantum states between those two sets. In contrast
to the teleportation scenario where A and B share a maximally entangled state that is not
an AME state, in the AME scenario the sets A and B do not have to be specified when
the state is created, but instead can be chosen after the AME state has been distributed.
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A B A B

o |—0 0 l—o0
Oofi—o 1 OO‘—E—O
o [ ©°| |lo T °
0 N0 O }—0

Figure 4.1: Parallel Teleportation scenarios of Theorem [£.2] Scenario (i) is on the left,
and (ii) on the right. Parties in A perform joint quantum operations, parties in B only
local quantum operations.

There are essentially three different ways in which the teleportation can be performed,
depending on which parties can perform joint quantum operations, and which are sepa-
rated and only able to perform local operations on their own quantum systems.

In the first case, the parties within each set, A and B, are able to perform joint
quantum operations. A standard teleportation of an arbitrary d™-dimensional state,
where m = min(|A|, |B|), can be performed in either direction.

In the second case, the sending parties A can perform a joint quantum operation,
but the parties in B are only able to perform local quantum operations. Additionally we
require m = |B| < |A| = n—m. Then one qudit can be teleported from A to each of the
parties in B, and thus in total m qudits are teleported from A to B. This is illustrated
in the left hand side of Figure [4.1]

In the third and probably the most interesting case, the sending parties can only
perform local operations, but the receiving parties can perform joint quantum operations.
In this case, a teleportation is possible if the number of receiving parties is larger or equal
n/2. Hence, sticking to our convention m = |B| < |A|, we now consider a teleportation
from B to A. See the right hand side of Figure for an illustration.

The first scenario is just a straightforward teleportation between maximally entangled

parties. The second and third scenarios are presented in the following theorem.

Theorem 4.2. Given an AME(n,d) state, and a bipartition of the n parties into the sets
A and B such that m = |B| < |A| = n — m, then the following two parallel teleportation

scenarios are possible

(1) A can teleport one qudit to each party in B by performing a joint quantum operation
and communicating two classical “dits” to each party in B. Fach party in B can

then locally recover their respective qudit with a local operation.
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(ii) Fach party in B can locally teleport one qudit to A. After receiving the measurement
outcomes, consisting of two “dits” of classical information from each party in B,
the parties in A are able to recover all m qudits by performing a joint quantum

operation.

Proof. In both scenarios the parties in set A perform a joint quantum operation to
transform the AME state into m d-dimensional EPR pairs. Then these pairs are used to
teleport m qudits from the sending to the receiving parties. This is done by performing

the joint unitary operation

Ualo(k))a = 1F1)a, - [Fm) a,, 10) - (4.6)

on the initial AME(n, d) state

@)= ——= > |k1)p, k) g, [6(K))4, (4.7)

with (¢(k)|p(k')) = 0. This results in the state

Ual®) = [W)g 4, [W)p, a, [0)a (4.8)

where |¥) = > |i) |i) are d-dimensional EPR pairs. These EPR pairs can now be used
to teleport a qudit from A; to B; in case (i) (B; to A; in case (ii)). This requires
A; (B;) to perform a generalized Bell measurement on her qudit and the qudit she
wants to teleport, and communicate the measurement result to B; (A;). This amounts
to sending the classical information of two “dits” for each EPR pair. Upon reception
of the measurement result, B; (A4;) can recover the teleported qudit by performing an

appropriate unitary on his qudit. O

4.4 Quantum Secret Sharing

The last teleportation scenario suggests a close relationship between AME states and
quantum secret sharing (QSS) schemes [30]. In a QSS protocol [30}, 45], a dealer encodes
a secret S in a quantum state that is shared among n players in such a way that only
special subsets of players are able to recover the secret. The set of all subsets that are
able to recover the secret form the access structure and the set of all subsets that can
gain no information about the secret form the adversary structure. If the encoded state

is a pure state, we call it a pure state QSS scheme. We are only interested in pure state
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Figure 4.2: After D (blue) performs her teleportation operation, any set of m parties
(red), A, A’, A” etc., can recover the teleported state. Any set of parties with m — 1 or
less parties (any set consisting only of green parties) cannot gain any information about
the teleported state.

QSS schemes here.
Additionally, we restrict our attention to threshold QSS schemes [30], which means

that the access structure is formed by all sets that contain &£ or more number of parties,
while any set with less than k parties cannot obtain any information about the secret.
Thus k is the threshold number of parties required to recover the secret. Such a QSS
scheme is denoted as a ((k,n)) threshold QSS scheme. For pure state threshold QSS
schemes, n and k are always related by n = 2k — 1 [30].

To see the relation between AME states and threshold QSS schemes, we consider an
AME(2m, d) state with an even number of parties and divide the parties into two sets
A={A,..., A} and B={D,By,...,B,,_1} of equal size m. In set B we have singled
out one party D, which will act as the dealer of the QSS scheme. Now we perform the
protocol of Theorem (ii), but only D € B performs the final teleportation operation.
Also note that the unitary operation in Equation and the Bell measurement by the
dealer commute. Thus, D can first perform her Bell measurement, effectively encoding
the teleported qudit onto the residual AME state, from which it can be recovered by the
players in A.

Furthermore, instead of the bipartition into the sets A and B, we could have equally
well chosen any other bipartition into two sets A" and B’ of cardinality m with D € B'.
Then, without changing the operations that D has to perform, the parties in A’ are able
to recover the teleported qudit (see Figure for an illustration).

Thus, any set of at least m of the residual 2m — 1 parties without D can recover
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the teleported state, given that the measurement outcome is broadcasted to all parties.
Furthermore, the no-cloning theorem guarantees that any set of less than m players
cannot gain any information about the state [45]. Hence we constructed a ((m,2m — 1))
threshold QSS scheme from an AME(2m, d) state.

Before stating the theorem that formulates this observation concisely, we shortly re-
view how a QSS protocol works. A secret of dimension d, |S) = > a;|i), is encoded
into the state ) a; |®;) which is shared by the players such that each authorized set can
deterministically recover |.S) from its reduced state, while the reduced state of unautho-
rized sets is independent of the encoded secret. We call |®;) the basis states of the QSS

scheme.

Theorem 4.3. There is a one to one correspondence between AME(2m,d) states and
pure state ((m,2m — 1)) threshold QSS schemes that have AME basis states, and share

and secret dimensions d.

Proof. AME to (QSS: For any bipartition into parties A = {A;,...,A,} and B =
{D,By,...,By_1}, the AME(2m, d) states has the form

1 , .
|®) = W Z i) p |k1>B1 T |l€m—1>Bm,1 |91, K)) 4

(1,k)EZY

with (¢(k,1)|¢(K', 7)) = Orirdij. We define the QSS basis states

@) = Vd pli|®)

:% D ke k) g lo(k,0) 4 (4.9)

-1
kezy

A secret encoded as
la) = aili) > > a;|®;), (4.10)

satisfies the requirement of a threshold QSS scheme, because the parties B have a com-
pletely mixed states, independent of the encoded secret. Additionally, the set A, which
can be chosen to be any set of n players, can restore the secret |a) by performing the

joint unitary operation

Ua ‘(b(kvi))A = |k1>A1 T ’km*1>Am,1 |i>Am : (4~11)

@SS to AME: For any bipartition into m authorized parties A = {4;,..., A} and
m—1 unauthorized parties B = { By, ..., B,,_1}, the AME basis states of the QSS scheme
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can be written in the form

1
D) = — > k), k), |6(K, D)
/—dm 1k€Z;ﬂ_1 B B A

where (p(k,1)|p(k',i)) = dgxr, because the states are AME states, and (¢(k,7)|o(k, j)) =

d;j, because the authorized parties can recover the secret deterministically. Thus,

(0(k, )| S(K', 7)) = Ok 0. (4.12)

From these basis states, define the state

'v":£:| ;)

i€Lq

\/d_m Z ‘kl ’ ‘km—1>Bm_1 ’¢(kv Z)> :

(i,k)EZT

Because of Equation (4.12), |®) is a maximally entangled state with respect to the bi-
partition BU {D} vs. A. Since the original bipartition into A and B was arbitrary, |®)
is maximally entangled with respect to any bipartition into two cardinality m sets and
thus is an AME(2m, d) state. O

Example 4.4. In this example, we show how the five qubit code can be used to construct
AME(5,2) and AME(6,2) states. From the five qubit code a ((3,5)) threshold QSS

scheme can be constructed [30]. The corresponding basis states are

0,) = %(|00000>-+|10010>-%|01001>-%|10100>
+(01010) — [11011) — |00110) — [11000) (4.13)
—|11101) — |00011) — |11110) — |01111)
—]10001) — |01100) — |10111) + [00101)),

1) = i(|11111>—%|01101)—%|10110)—k|01011>
+10101) — |00100) — |11001) — |00111) (4.14)
—100010) — |11100) — |00001) — |10000)
—|01110) — |10011) — |01000) + |11010)).

These states are AME(5, 2) states as required. Following the recipe of Theorem [.3] we
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obtain the AME(6, 2) state

@) =10} o) + |1) |11)
1

=71000) (|+ = +) +[=+ =)

+1001) (— [+ — =) + |—+ +))
+1010) (I++ =) = |- = +))

(4.15)

+1011) (= [+ +) = |- = =)
+100) (= [+ ++) + |- = =)
+101) (= [+ + =) = = = +))
1110 (= [+ = =) = =+ +))
1111) (= [ = ) 4 =+ ).

4.5 Conclusion

In this chapter, we have introduced AME states, a class of highly entangled states, for n
qudits shared among n locally separated parties. We have shown how they can be utilized
in different parallel teleportation scenarios, which require some parties to perform joint
quantum operations, while others’ capabilities may be restricted to local operations. In
those scenarios the advantage of AME states over less entangled states like a collection
of EPR pairs lies in the fact that the partition into senders and receivers may be chosen
after the state has been distributed.

Furthermore, we have investigated the relationship of AME states with QSS schemes
and established a one-to-one correspondence between even party AME states and pure
state threshold QSS schemes. In future work we further explore this very intuitive ap-
proach to develop new communication protocols from AME states as well as extending
the range of QSS schemes that can be derived from AME states. For instance, instead
of assigning the role of the dealer to only one of the parties in the AME state, we can
imagine multiple dealers who encode independent secrets onto the residual AME states,
resulting in QSS schemes with more involved access structures. The established connec-
tion to QSS schemes also confirms a relation between AME states and quantum error
correction codes that was already suggested in Ref. [I17]. A better understanding of this
relation will allow us to construct new quantum error correction codes from AME states
as well as deriving AME states from already known quantum codes. This might also shed

light upon the open question of existence of AME states for a given number of parties
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and system dimension.
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Chapter 5

Absolutely Maximally Entangled

States: Existence and Applications

In this chapter, we show the existence of AME states for any number of parties, given
that the dimension of the involved systems is chosen appropriately. We prove the equiva-
lence of AME states shared between an even number of parties and pure state threshold
quantum secret sharing (QSS) schemes, and prove necessary and sufficient entanglement
properties for a wider class of ramp QSS schemes. We further show how AME states can
be used as a valuable resource for open-destination teleportation protocols and to what
extend entanglement swapping generalizes to AME states. This chapter is largely based
on Ref. [57].

5.1 Introduction

In the previous chapter, we showed how AME states can be used for parallel teleportation
protocols, where the parties are divided into a set of senders and receivers, and one set
has to perform joint quantum operations, while the other set only needs to perform local
quantum operations. These teleportation scenarios lead to the observation that any AME
state shared by an even number of parties can be used to construct a threshold Quantum
Secret Sharing (QSS) scheme [30} 45], 67]. The opposite direction was also shown, with
one additional condition imposed on the QSS scheme, namely that the shared state that
encodes the secret is already an AME state.

In this chapter, we will give an information-information theoretic proof of this equiv-
alence of AME states and threshold QSS scheme, which shows that this additional condi-
tion is not required. We will rather see that it is satisfied for all threshold QSS schemes.

We will further give a recipe of how to construct AME states from classical codes that
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satisfy the Singleton bound [120]. This construction can be used to produce AME states
for a wide class of parameters, and it even proves that AME states exist for any number
of parties for appropriate system dimension. A result that could also be deduced from
the equivalence of AME states and QSS schemes and a known construction for threshold
QSS schemes [30]. We will then show two more applications for AME states. The first
being the construction of a wider class of QSS schemes, the ramp QSS schemes, for which
threshold QSS schemes are a special case. The other one is the utilization of AME states
as resources for open-destination teleportation protocols [144]. Finally, we investigate to

what extend entanglement can be swapped between two AME states.

This chapter is structured as follows. In Section [5.2] we show how AME states can be
constructed from classical codes. In Section[5.3] we establish an equivalence between even
party AME states and threshold QSS schemes, using an information theoretic approach
to QSS. Section shows how to share multiple secrets using AME states. In Section
[b.5] we show that AME states can be used for open-destination teleportation.

5.2 Constructing AME States from Classical MDS
Codes

There is a subclass of AME(n,d) states, that can be constructed from optimal classical
error correction codes. A classical code C consists of M codewords of length n over an
alphabet ¥ of size d. For our purposes the alphabet is going to be ¥ = Z; and thus C C
Z}. The Hamming distance between two codewords is defined as the number of positions
in which they differ, and the minimal distance ¢ of the code C as the minimal Hamming
distance between any two codewords. For a given length n and minimal distance 9, the
number of codewords M in the code is bounded by the Singleton bound [120, 6]

M < d"°* (5.1)

Codes that satisfy the Singleton bound are referred to as maximum-distance separable
(MDS) codes. They can be used to construct AME states:

Theorem 5.1(a). From a classical MDS code C C Z2™ of length 2m and minimal distance
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9 = m + 1 over an alphabet Z;, an AME(2m, d) state can be constructed as

|AME) = (5.2)

v

ceC

c c c - e . 5.3

\/d—m;I V1 lem) i [ema )i - C2m) o, (5.3)

Proof. The code C satisfies the Singleton bound, which means the sum contains a total
of M = d®™9*! = d™ terms. Furthermore, any two of these terms differ in at least one
of the first m kets because the code has minimal distance 6 = m + 1. Hence the sum
contains each possible combination of the first m basis kets exactly once. Moreover, for
any two different terms, the last m kets must also differ in at least one ket and are thus
orthogonal. This means the state has the form of Equation with respect to the
bipartition into the first m and last m parties. The same argument works for any other

bipartition into two sets of size m, hence the state is absolutely maximally entangled. [J

An analogous argument shows that a similar construction for an odd number of parties
results in an AME state.

Theorem 5.1(b). From a classical MDS code C C Z2™"! of length 2m + 1 and minimal
distance § = m + 2 over an alphabet Z;, an AME(2m + 1, d) state can be constructed as

|AME) = Z lc) (5.4)

cEC

Jdn Z ‘Cl ’Cm+1>m+1 ’Cm+2>m+2 T |CQM>2m+1 . (5.5)

ceC
Proof. The code contains M = d™ terms. Each of the terms differ in at least one of the
first m + 1 and last m terms. Thus, with the same argument as above, this is an AME
state. O

Trivial states of that form are d-dimensional EPR states, which are represented by the
code with codewords 00,11, ..., (d —1)(d —1). This code hasn =2, § = 2, M = d'. For
n = 3, we can find the GHZ states for arbitrary dimensions, which can be constructed
from the code 000,111,...,(d — 1)(d — 1)(d — 1), which has 6 = 3 and M = d'. As
already mentioned in the introduction, for n = 4 no AME state exists for d = 2, however
for d = 3 the AME(4, 3) state given in Equation follows from the [4,2, 3|3 ternary
Hammning code.

A wide class of MDS codes is given by the Reed-Solomon codes and its generalizations
[108, [86], [118], which give MDS codes for n =d —1, n =d, and n = d + 1, for d = p*
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being a positive power of a prime number p. From the Reed-Solomon codes, MDS codes
can also be constructed for n < d — 1 [120]. This shows that AME states exist for any
number of parties if the system dimensions are chosen right.

At this point we would like to mention that after posting a preliminary version of
our first paper on this subject [58], it has been brought to our attention by Gerardo
Adesso that the results of this section have already been previously discovered by Ashish
Thapliyal and coworkers, and were presented at a conference in 2003 [126], but remained

unpublished.

5.3 Equivalence of AME states and QSS schemes

In the previous chapter, we showed that AME(2m,d) states, i.e., AME states shared
between an even number of parties, are equivalent to pure state threshold quantum
secret sharing (QSS) schemes that have AME states as basis states and share and secret
dimension equal to d. Here we will give an information-theoretic proof of this equivalence
which shows that the requirement that the basis states of the QSS scheme are AME
states is redundant, as it follows from this proof that these states are always maximally

entangled. B
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Figure 5.1: After D (blue) performs her teleportation operation, any set of m parties
(red), A, A’, A” etc., can recover the teleported state. Any set of parties with m — 1 or
less parties (any set consisting only of green parties) cannot gain any information about
the teleported state.

We quickly review the information-theoretic framework for a pure state ((m,2m —1))
threshold QSS scheme [67]. A secret S is distributed among the players P = {1,...,2m—
1} such that any set A C P with |A| > m can recover the secret, while any set B C P

with |B| < m cannot gain any information about the secret. We further only consider
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the case where the dimension d of the secret is the same as the dimension of each player’s
share.
The secret is assumed to lie in the Hilbert space Hg = C?, and the share of party i

in H; = C?. The encoding is described by an isometry
Us:Hs = Hi1 Q@ @ Hom—1. (5.6)

The secret S is chosen randomly and thus is described by ps = 1/d ). |i) (i|. We consider
its purification by introducing a reference system R such that |RS) = 1/vVd 3", |i) |i) €
Hr®Hs. Let pra denote the combined state of the reference system and a set of players
A C P after Ug has been applied to the secret. Then the players A can recover the secret,
if there exists a completely positive map Ty : Ha — Hg such that [67, [116]

1r ® Ta(pra) = |RS) . (5.7)
This can be stated in terms of the mutual information
I(X:Y)=8X)+SY)-S(X,Y) (5.8)
as follows:

Definition 5.2. An isometry Us : Hs — Hi1 ® -+ @ Haom—1 creates a ((m,2m — 1))
threshold QSS scheme if and only if, after applying to the system S of the purification

|RS), the mutual information between R and an authorized (unauthorized) set of players
A (B) satisfies

I(R:A)=I(R:5)=25(5) if |Al>m (5.9)
I(R:B)=0 if |B|<m. (5.10)

Here S is the von Neumann entropy, and because of S(i) > S(S) [67], we have

S(S) = S(R) = S(i) = logd. (5.11)

S(R, A) = S(A) — S(R) if |[A| >m (5.12)
S(R,B) = S(B) + S(R) if |B| < m. (5.13)
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Theorem 5.3. For a state |®) the following two properties are equivalent:
(1) |®) is an AME(2m,d) state.

(i1) |®) is the purification of a ((m,2m — 1)) threshold QSS scheme, whose share and

secret dimensions are d.

Proof. (i) — (i#i): We need to show that for an AME(2m,d) state Equations
and are satisfied, where R can be any of the 2m party. This follows directly from
the definition of the mututal information, Equation (5.8), and Defintion [£.1}[v).

(1) — (i): Consider an unauthorized set of players B, with |B| = m — 1. Then the
set is B U is authorized for any additional player ¢ ¢ B, and from Equation (5.12)) we

have
S(B,i,R) = S(B,i) — S(R) (5.14)

On the other hand, using the Araki-Lieb inequality [96] S(X,Y) > S(X) — S(Y) and
Equation (5.13]) gives

S(B,i,R) > S(B,R) — S(i) = S(B) + S(R) — S(3). (5.15)
Combining the last two equations and using S(S) = S(R) = S(i) shows
S(B,i) > S(B) + S(3), (5.16)

where equality must hold due to the subadditivity of the entropy S(X,Y) < S(X)+S(Y).
This means that the entropy increases maximally when adding one player’s share to m—1

shares. The strong subadditivity of the entropy [96]
S(X,Y) = S(Y) > S(X,Y, Z) — S(V, 2) (5.17)

states that adding one system X to a system Y increases the entropy at least by as much
as adding the system X to a larger system Y U Z that contains Y. So in our case, adding
one share to less than m — 1 shares increases the entropy by at least S(i), and since this
is the maximum, it increases the entropy exactly by S(i). Hence, starting out with a set
of no shares, and repeatedly adding one share to the set until the set contains any m
shares and is authorized, shows that any set of m shares has entropy mS(i). This shows
that the entropy is maximal for any subset of m parties and thus |®) is an AME(2m, d)
state. [

Corollary 5.4. The encoded state Ug|S) of a specific secret |S) with a ((m,2m — 1))
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threshold QSS protocol with share and secret dimension d is an AME(2m — 1,d) state.

5.4 Sharing multiple secrets

In the previous section, we outlined how an AME state can be used to construct a
QSS scheme. The role of the dealer is assigned to one of the parties and he performs
a teleportation operation on his qudit, which encodes the teleported qudit onto the
qudits of the remaining parties such that the criteria for a QSS scheme are met. While
Theorem shows the equivalence of AME states and QSS schemes, the actual protocol
for the encoding and decoding operations has been presented in the previous chapter.
Note that in the described scenario, the role of the dealer can be assigned to any player.
Thus one may ask, what happens if more than one of the players assumes the role of
the dealer. The answer is that, given an AME(2m, d) state, up to m players are able to
independently encode one qudit each onto the qudits of the remaining players in such a
way that results in a QSS scheme with a more general access structure.

For a secret sharing scheme with a general access structure, each set of players falls

into one of three categories [68], [42].

1. Authorized: A set of players is authorized, if it can recover the secret

2. Forbidden: A set of players is called a forbidden set, if the players cannot gain any

information about the encoded secret

3. Intermediate: A set of players is classified as an intermediate set, if they cannot
recover set secret, but may be able to gain part of the information. This means that
the reduced density matrix of that set of players depends on the encoded secret,

but not enough as to recover the secret.

A special kind of access structure is a (m, L, n) ramp secret sharing scheme [14]. Here
n is the total number of players, m is the number of players needed to recover the secret,
and L is the number of shares that have to be removed from a minimal authorized set
to destroy all information about the secret. In terms of the above defined set categories
that means that any set of m or more players is authorized, any set of m — L or less
players is forbidden, and any set consisting of more than m — L, but less than m players
is an intermediate set. This is the access structure we get from an AME(2m,d) state if

more than one party assumes the role of the dealer.

Theorem 5.5. Given an AME(2m,d) state, a QSS scheme with secret dimension d-

and a (m, L,2m — L) ramp access structure can be constructed for all 1 < L < m.
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Proof. The encoding of the secret is done by assigning the role of dealer to L of the 2m
players. For simplicity we choose them to be the first L players. Each of them performs
a Bell measurement on their respective qudit of the AME state and one qudit of the
secret. The Bell measurement is described by the general d-dim Bell states |¥y;) and the

unitaries Uy that transform among them [13]

Wgp) \/—Z e?miald 17) 17 +p) (5.18)

Up = Z Fjald 17) G+ ol (5.19)

J

where the kets are understood to be mod d. For a secret |s) and outcomes (q1,p1) - .. (qr, L)

for the Bell measurement of the dealers, the initial AME(2m, d) state is transformed to

|Ds) =

)y km)p, , [O(K) 4 (5.20)

kezm

Here
quzkl"'kL = < kL‘ q1p1 ® ® U;LPL‘ >7 (5.21)

and the partition of the remaining 2m — L parties into two sets A and B of size m
and m — L, respectively, is arbitrary. After obtaining their measurement outcomes,
the dealers broadcast their results to all of the remaining players. This concludes the

encoding process.

To show that any set of m or more players is authorized, it suffices to show that
set A in Equation [5.20| can recover the secret. They can do so by applying the unitary

operation
U= (qul Q-+ ®Uqp, @ ]l)v (5'22>
with

V=Y k) - k) (@R (5.23)

kezZ
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to their system. This changes the state to

1
Ules)= e 30 Whmeidsy o [hnds,  Jsha ey, o b,

(kL 41, kim) LT~ E

(5.24)
where A" = {A;,..., Ar}. Thus the players in set A have the secret in their possession.
It immediately follows from the no-cloning theorem that B, and thus any set of size
m — L or less, cannot have any information about the secret since all information is
located in the complement set. Alternatively, this also follows from the observation that
the reduced density matrix of B is always completely mixed, independent of the secret.

The last thing left to show is that all sets with more than m — L but fewer than m
players are indeed intermediate sets. To see that, consider the case L = 1, where a set
C of m — 1 players is not authorized to recover the secret. If one more player in the
complement of C' assumes the role of the dealer, the scheme is changes to L = 2. This
operation does not change the fact that C' cannot recover the first secret, and thus it is
still not authorized for L = 2. This argument can be continued to any other 1 < L < m
by adding more dealers. Hence a set of m — 1 (or fewer) players is not authorized to
recover the secret for all value of 1 < L < m. That a set of more than m — L players is not
forbidden follows from the fact that information cannot be lost and thus the complement
of a forbidden set has to be authorized. However, we just argued that the complement of
a set of more than m— L players is not authorized (since it consists of less than m players).
Hence any set with more than m — L and fewer than m players is an intermediate set.

]

5.5 Open-destination teleportation

Given a state with such high amount of entanglement as the AME state has, one cannot
help thinking about ways of using these resources for teleportation protocols. In the
previous chapter, we already showed how AME states can be used for two different
teleportation scenarios that require either sending or receiving parties to perform joint
quantum operations, while the other end may only use local quantum operations.
Another teleportation scenario that uses genuine multipartite entanglement, and has
already been demonstrated experimentally [144], is open-destination teleportation. In
this scenario, a genuinely multipartite entangled state is shared between n parties, each
in the possession of one qudit. One of the parties, the dealer, performs a teleportation

operation on her qudit and an ancilla qudit |®). After this teleportation operation,
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the final destination of |®) is still undecided, thus open-destination teleportation. The
destination is decided upon in the next step, where a subset A of the remaining parties
P performs a joint quantum operation on their qudits such that a player in P\ A ends
up with the state |®) — up to local operations that depend on measurement outcomes of
the dealer and parties A. Here we want to show that open-destination teleportation can
also be performed with AME states.

Assume that an AME(n, d) state has been distributed among n parties. One of the n
parties is assigned the role of the dealer. She performs a Bell measurement on her qudit
and the secret |S) = > a; |i). This transforms the state to

19)[®) = [®s) = Y apgalk) g, k1), |60k D)4 (5.25)

(ki)ez

5l
3

where pq labels the outcome of the Bell measurement and has to be made public. The
remaining n — 1 parties that share the resulting state have been divided into two sets A
and B of size [n/2] and m — 1 = |[n/2] — 1, respectively. Now, after the teleportation
operation has been completed, the parties in set A may choose one party B; € B as the
final destination for the state |S). Then, after performing the joint unitary operation of
Equation followed by a Bell measurement on qudits A; and A,, with outcome rs,
the party B; ends up with the state |®) ; = ULU], [S), which can be easily transformed
to |S) if the measurement results pg and rs are known.

Note that with the parallel teleportation protocol introduced in the previous chapter,
also one of the parties in A can be chosen to receive the state |.S). Thus, after the dealer’s
teleportation operation is completed, any set of size greater or equal [n/2] can choose

any of the remaining n — 1 parties as the final destination of the teleportation.



Chapter 6

Absolutely Maximally Entangled
Qudit Graph States

In this chapter, we study the description of AME states within the graph state formalism.
The graphical representation provides an intuitive framework to visualize the entangle-
ment in graph states, which makes them a natural candidate to describe AME states.
We show two different methods of determining bipartite entanglement in graph states
and use them to define various AME graph states. We further show that AME graph
states exist for all number of parties, and that any AME graph states shared between
an even number of parties can be used to describe quantum secret sharing schemes with
a threshold or ramp access structure directly within the graph states formalism. This

chapter is largely based on Ref. [56].

6.1 Introduction

In this chapter, we will use the graph state formalism to describe AME states. Graph
states are a special class of stabilizer states, and have been introduced for qubits and qu-
dits of prime dimension [20, 5]. They offer a nice graphical representation of multipartite
entangled states and have found its use in a variety of quantum information applications,
like quantum computing [105], error correction [113, 49, 82] [§], and quantum secret shar-
ing [88, 69].

We will show two methods for checking bipartite entanglement in graph states. One
makes use of the intuitive graphical representation of graph states, while the other one
allows to efficiently check if a graph state is absolutely maximally entangled, even for
high dimensional systems and a large number of parties — a task that is generally hard

to accomplish in the Dirac notation, as it involves tracing over high-dimensional density
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matrices to verify the condition in Definition .

Examples of AME graph states will be given, among others a previously unknown
AME states for seven qutrits that we were able to find in computer searches that used the
efficient method to determine bipartite entanglement in graph states. Further, we will
show how the method presented in Section to construct graph states from classical
codes can also be used to construct AME graph states for any number of parties. Given
a certain graph state, it is straightforward to write down a quantum circuit, consisting
of controlled-Z gates that produces the graph state. Thus this method will enable us to
write down a quantum circuit that creates an AME state for any number of parties, and
once a method exists to experimentally implement controlled qudit gates, the approach in
this chapter provides a straightforward way to experimentally create qudit AME states.
At this point, graph states have been experimentally created for up to six qubits [133]
841, 24, [40].

Quantum secret sharing (QSS) with qudits has already been investigated before [88],
69]. However, only a few specific examples of graph states that can be used for QSS could
be given, and the question which graph states are generally suitable for QSS has been left
open. We answer this question by showing that all AME graph states shared between
an even number of parties can be used to construct threshold QSS schemes [30], as well
as for QSS schemes with a more general ramp access structure [14]. The connection
between AME states and threshold QSS schemes has already been shown in the previous
chapters, the treatment here is to show that the derivation of QSS schemes from AME
states can also be completely described within the graph state formalism. The results of
Section further show that AME graph states are the only graph states that result in
threshold QSS schemes.

This chapter is structured as follows. In Section [6.2] we introduce qudit graph states
and their representation as stabilizer states. In Section [6.3|we show two different methods
for checking the bipartite entanglement in graph states. Section gives examples of
AME states, which were found by using the methods presented in the previous section.
We further show that AME graph states exist for any number of parties. In Section [6.5
we show how any AME state shared between even number of parties can be used to
implement quantum secret sharing right within the graph state formalism. A short

summary of the results and open question are provided in Section

Notation: Throughout this chapter, if the dimension of a system is denoted by p, it
is meant to be a prime number. If we use d for the dimension of a system, no constraints

are imposed.
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6.2 Qudit Graph States

6.2.1 Generalized Pauli Operators

The generalized Pauli operators [101], 46, [7, [69] for qudits of dimension d are defined as

Z k) = u* k), (6.1)
X k) = |k +1), (6.2)

where w = ?/? Controlled gates are generalized straightforward, with the controlled-Z

operator between qudit ¢ and j being

d—1 d—1
CZi; =Y |k (Kl @ ZF = > WM k) (kI @ |1 (I, (6.3)
k=0 k,1=0

It is easily seen that Z¢ = X% = CZ? = 1. Furthermore we have the commutation
relation ZX = wXZ. The Fourier gate

F=2Sw ik, (6.4)

the generalization of the Hadamard gate, transforms between the Z-eigenbasis |k), and
the X-eigenbasis |k),

k) = Ft k) = Taadliy (6.5)

-
IS8

T

o

6.2.2 Graph States

We are now ready to define graph states for n qudits of dimension p, where p is a
prime number. The qudits are graphically represented by vertices V = {v;}, which are
connected by edges € = {e;; = {v;,v;}}. Each edge is assigned a weight A;; € Z,, where
weight zero is equivalent to no edge. The weights A;; form the symmetric n xn adjacency

matriz with A; = 0 that captures all the relevant information about the graph.

Definition 6.1. For a given graph G with n vertices and adjacency matrix A € Z;*",

where p is prime, we define the corresponding graph state |G) € H®", H = CP as

¢y =]z’

1>7

0)". (6.6)
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We further define a labeled graph states by attaching an additional label z = (z1, ..., z,) €
Z7 to the graph state |G) as
|G2) = 271G, (6.7)

Here and in the following we use the notation
I"=7"Q72® - QL. (6.8)

A graph state can be constructed by a quantum circuit that first prepares all sys-
tems in the |0) state, and then applies pairwise controlled-Z gates between the systems

according to the entries of the adjacency matrix.

6.2.3 Stabilizer States

Stabilizer states have first been introduced for qubits [44] and later generalized to qudits
[, [70]. The connection to qudit graph states has been made in Ref. [113, 5]. The Pauli
Group, the group that is generated by the X and Z operators for qubits is defined as

G ={aX"Z"a,b € Ly}, (6.9)

with o € {1,—1,4,—i}, and its generalization for the qudit Pauli operators of Equa-

tions (6.1) and (6.2)) is

G ={w'X*Z%a,b,c€Z,}, (6.10)

with w = e?™/P. The Pauli group over n qudits is the n-fold tensor product of G and is
denoted G,,.

The stabilizer code is defined as the common eigenspace for eigenvalue one of a sub-
group S of G,. The stabilizer code is non-trivial if S is abelian and does not contain any

scalar multiples of the identity, except for 1 itself [70, [5]. Given such a subgroup and a

minimal set of generators, g; = w X2 ZPi_ for the group, S = (g1, ..., gx), the generator
matriz is defined as
a; | by
M = N . (6.11)
ai | by

The stabilizer code does not depend on the scalar coefficients w®, and is thus fully
specified by the generator matrix M. The fact that S is abelian translates to a; - by —
b; - a; = 0 for two different rows of M. It has been shown in Ref. [5] that a stabilizer

group S with k£ generators corresponds to a stabilizer code of dimension n — k. Thus if



CHAPTER 6. ABSOLUTELY MAXIMALLY ENTANGLED QUDIT GRAPH STATES 85

the minimal set of generators for S is of size n, then the stabilizer code only contains one

state, the stabilizer state to the generator matrix M.

A special class of stabilizer states are the above introduced graph states. Given the

adjacency matrix A, a minimal set of generators for the stabilizer group is given by
g =X]]2". (6.12)
J

Here the indices labels on which qudit the operator act. This means the generator matrix
is simply given by
M = (1]A) (6.13)

The Clifford group, the group of operators that maps the Pauli group onto itself, can
also be generalized to qudits (for details on the generalized Clifford group, see Ref. [63]).
The local Clifford group for a system of n qudits is the n-fold tensor product of the
Clifford group. The following lemma, which shows when two states can be transformed

into each other by an element of the local Clifford group, is proved in Ref. [5].

Lemma 6.2 (Lemma 6 of Ref. [5]). Two stabilizer states with generator matrices A,
B are equivalent under the action of the local Clifford group, if and only if there exist
invertible matrices U and Y, such that B =UAY, and Y has the form

(& F)
Y = , (6.14)
E F

where

E = diag(eq, ..., e,), F = diag(fi,..., fn) (6.15)
E' = diag(e}, ..., ¢€)), F' = diag(f{,..., f}), (6.16)

n

and e; f] — fiel =1 for all i.

It has been further shown that every stabilizer state is equivalent to a graph state
under the action of the local Clifford group [5, 113, 49]. Thus if we want to consider
possible entanglement properties of stabilizer states, it suffices to consider graph states,
since for any stabilizer state there exists a graph state with the same entanglement

properties.
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6.3 Entanglement in Graph States

Now that we have introduced qudit graph states, the next question is, given a certain
graph state, described by the adjacency matrix A for n qudits, how to determine the
entanglement of the associated quantum state. Specifically, we are interested in the
entanglement between bipartitions of the n parties. If all these bipartitions are maximally
entangled, the state is an absolutely maximally entangled state.

We present two different methods for checking the entanglement between bipartitions.
The first uses the fact that the entanglement can be determined just by looking at the
graph, if it is in the right form. The problem in this method is to bring the graph state
into the right form for any bipartition. This is generally not so easy and thus we also
present a second method that is computationally more helpful to actually determine the

bipartite entanglement in graph states.

6.3.1 Graphical Representation

Recall that an edge of the graph represents the application of a controlled-Z gate. If
a controlled-Z gate is applied between two qudits in the |0) state, they are maximally
entangled. We say they share 1 “edit” of entanglement. For n qudits, divided into two
sets A and B, the maximal amount of entanglement between the two sets is min(|A|, | B|)
edits. This can, for instance, be achieved by preparing each qudit in the |0) state, and
then applying controlled-Z gates between the qudits, such that each party of the smaller

set is connected to a different party in the larger set. An example of a resulting graph
for four qudits is depicted in Figure [6.1(a)|

A B A B A B

(a) (b) (c)

Figure 6.1: Graph states for four qudits with maximal entanglement between the sets A
and B. The graph in (a) is the simplest graph that shows maximal entanglement between
the sets A and B. Adding edges within each set is only a local operation with regard
to that bipartition and thus does change the entanglement properties between the sets.
Thus all the shown graphs have the same amount of entanglement between A and B.

Applying the controlled-Z gate up to p—1 times between two qudits also creates 1 edit
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of entanglement, thus we may assign any non-zero weight to the connecting edges, without
changing the maximal entanglement. Furthermore, applying local unitary operations
within each set after the entanglement between the sets has been created will not change
the entanglement between these sets. Thus we may add as many edges with arbitrary
weight as we like within each set, and the sets A = {1,2} and B = {3, 4} will still remain
maximally entangled. This is demonstrated in the graphs in Figures and ,
which are both still maximally entangled for the bipartition into the sets A and B.
Checking the entanglement in these graphs between the sets A and B is easy, because

we specifically constructed the state that way. The entanglement for the bipartition
{1,3}/{2,4} is also obvious, it is 0, 1, and 2 edits for the states in Figures [6.1(a)]
, and , respectively. However, the entanglement for a different bipartition,
for example between C' = {1,4} and D = {2,3} in the graph of Figure is not
immediately obvious. To determine the entanglement, we need a graph in which each
party in C is connected to at most one party in D and vice versa. Then counting the
number of connecting edges gives the number of edits shared between C' and D. Changes
allowed on the graph are the ones that don’t change the entanglement properties of the
graph, like the ones achieved by local Clifford operations as described in Lemma|[6.2] For

graph states this lemma can be restated as operations on the graph [5]

Theorem 6.3 (Theorem 5 of Ref. [5])). Two graph states are equivalent under local
Clifford operations if and only if one can be obtained from the other by a sequence of the

two graph operations on a vertex v

opv The weight of each edge connected to the vertex v is multiplied by b, where 0 # b €
Z

-

x,0 For a € Z,, the entries of the adjacency matriz are transformed as Ajr — Aji +
aAyj Ay, for j # k.

A graphical representation of these operations, is given in Figures 1 and 2 of Ref. [5].
For qubits the o operation is always the identity, and the % operation for a = 1 is known
as the local complementation. Returning to the question what the entanglement between
sets C' = {1,4} and D = {2,3} is in the graph of Figure we can see that by
applying the operations (%11, %13, *;4), the graph is in fact local Clifford equivalent to
the graph of Figure with vertices 3 and 4 interchanged. Hence it shares only 1 edit
of entanglement for the bipartition into sets C' = {1,4} and D = {2, 3}, and therefore
is not absolutely maximally entangled. Examples of states where this method confirms

absolutely maximal entanglement will be given in Section [6.4]
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6.3.2 Efficient Method

While the above presented method to determine bipartite entanglement is very intuitive,
it is generally not easy to find the right graph operations to bring the graph into the
right form for a given bipartition. Thus we will present a second method that makes it
computationally relatively easy to check the bipartite entanglement for a given graph for

an arbitrary bipartition. We will make use of the following notations

Definition 6.4. Let |G) be a graph state shared between a set of parties P. Then, for
K C P, we define the truncated graph state |G\X), shared by P\K, as the state that is
represented by the graph GG with the vertices in K and all edges that are connected to

the parties in K removed.

Definition 6.5. For an n x n adjacency matrix A, we denote the ith row of the matrix
by A;, so A; = (Aa, ... Ay). Further for K = {ky, ko, ..., kn}, with ki, ..., k,, between
1 and n, we define A;\ K to be the vector A; with the entries {Aj,, ..., A, } removed.
For instance,

A\{2,6} = (Au, Aig, Aig, Ais, Az, Ain). (6.17)

First note that a Z—measurementE] on the kth qudit of the graph

Ai]' raY n
G) =[] cz;” 0)° (6.18)
i>j
p—1
=TI Im) (ml, © z7* [T czi7 [0y, (6.19)
Ik m=0 i>j
i,j#k
with measurement outcome a gives
1 a N A” Y n—1
{a|G) = 7 1z 1] cz;” 10)° (6.20)
I£k i>j
ij#k
1 k
abv G ) (6.21)

So this is a labeled graph state for the remaining n — 1 qudits, with the label given by
A\{k} with each componenet multiplied by the measurement outcome a. All measure-
ment outcomes are equally likely, and given that A;\{k} # 0, meaning that the kth
qudit in |G) is connected by at least one edge, the label is different for each possible

1Z is not technically an oberservable, what we mean by a Z-measurement is a projection onto the
eigenstates with (complex) eigenvalues w®. For simplicity we then call the measurement result k.
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measurement, outcome. Since labeled graph states with different labels are orthogonal,

the measurement outcome can be deduced from |GC\L{£}\ ( k}>. Hence qudit k is maximally

entangled with the other n — 1 qudits in |G).

Similarly, if Z-measurements are performed on m qudits K = {ki,...,k,}, with
measurement outcomes {ay, ..., a,}, the resulting state is
( G) = |G, ) (6.22)
k1yeeskm ar; ..., am - \/p_m Zf aini\K ’ ’

This again is a labeled graph state with the measured qudits and associated edges re-
moved, and the Z operations applied for each measurement independently, because Z
measurements and Z operators commute. Note that Z operations on qudits in K only

contribute as a global phase, which we have omitted.

If the label is different for each different possible combination of measurement out-
comes {ay,...,an,}, the resulting labeled graph states are all orthogonal and the remain-
ing parties can determine the measurement outcome. Thus the parties in K share m
edits of entanglement with the other n — m parties. The labels are all different if and
only if the m vectors Ay, \{k1,...,kn} are linearly independent in Z;~™. Thus we have

the following theorem:

Theorem 6.6. A graph state with adjacency matriz A is absolutely maximally entangled,
if and only if for all sets K = {ky,... , kn} of sizem = | 5], the vectors Ay, \K are linearly
independent in Z,~™. Here A \K denotes the k;th row of the adjacency matriz with the

entries { Ag.kys - - - s Ak, b TEMOVE.

As a concrete example, we take a look at the graph of Figure again and use
this method to determine if it is absolutely maximally entangled. For the bipartition
into the sets K = {1,2} and L = {3,4}, we get the two vectors A;\{1,2} = (1,0)
and A3\{1,2} = (0,1). These are independent and thus we have maximal entanglement
between the sets K and L. We get the same vectors for the bipartition {1,3}/{2,4}, so
we also have maximally entanglement there. However, for the bipartition into C' = {1,4}
and D = {2,3}, we get the vectors A;\{1,4} = (1,1) and A,\{1,4} = (1,1). These
are not independent and thus we do not have maximal entanglement for this bipartition.

Since their is only one independent vector, this bipartition shares 1 edit of entanglement.
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6.4 Absolutely Maximally Entangled Graph States

6.4.1 Qubits, Qutrits, and Beyond

Recall that for qubits there exist absolutely maximally entangled states for 2, 3, 5 and
6 qubits. In all these cases, we can also find absolutely maximally entangled graph
states. They are given in Figure [6.2l The ones for two and three qubits are the well
Einstein-Podolsky-Rosen (EPR) pair and the Greenberger-Horne-Zeilinger (GHZ) state,
respectively. The AME states in Figures [6.2(c)| and [6.2(d)| for five and six qubits can

be used for quantum secret sharing protocols [88], as will also be discussed in the next
section. We also included a second graph for six qubits in Figure , which illustrates
the maximal entanglement for the bipartition {1,2,3}/{4,5,6}, when using the graphical
method to check for maximal entanglement. This is also the representation with the least

number of edges and it is locally Clifford equivalent (related by a %;v operation) to the

one in Figure [6.2(d)]

4

(a) AME(2,2) (b) AME(3,2) ) AME(5,2)

2 2

13 1 3
N <=

5 4 5

(d) AME(6,2) (e) AME(6, 2)

Figure 6.2: Absolutely maximally entangled qubit graph states exist for two, three, five
and six systems. The two qubit state is locally equivalent to an EPR pair and the three
qubit state to a GHZ state. The five qubit AME state finds application in the five qubit
code and quantum secret sharing. The six qubit state in Figure emphasizes the
connection to the five qubit state, while the locally equivalent state of Figure nicely
demonstrates the maximal entanglement.
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For four and more than eight qubits no AME states exists. For seven qubits no AME
states are known, and and exhaustive search of all seven qubit graph states showed that
no seven qubit AME graph state exists. Increasing the system dimension, however, can
can help us to find AME states for scenarios where no qubit AME states exist. The reason
for that is that with higher system dimension p, the graph can have p — 1 different types
of weighted edges. This exponential growth of possible graphs results in a greater variety
of entanglement properties, which allows to construct more graphs that are absolutely

maximally entangled.

1 3 4 3

>|<117 *13, *12
e

(a) AME(4, 3) (b) AME(4, 3)

Figure 6.3: Absolutely maximally entangled graph states for four qutrits. The first
one demonstrates the maximal entanglement for the bipartitions {1,2}/{3,4} and
{1,3}/{2,4}. The second graph is locally Clifford equivalent to the first and shows
the maximal entanglement for the bipartition {1,4}/{2,3}.

2

5

Figure 6.4: AME(7,3) graph state. The use of double edges allows us to find an AME
graph state for seven qutrits, while no such graph state exists for qubits.

The first time we see that is for four qudits. If we only consider graphs with edges
of weight one, which are the only ones available for qubits, the graph with the most
amount of entanglement we can construct is the one in Figure . This graph is
maximally entangled for two of the three possible bipartition, but not for the third
as discussed in the last section. Hence we have to consider graphs that have edges
with higher weights, for instance the graph state shown in Figure [6.3(a)] where we have
assigned the weight 2 to one of the four edges. This graph is obviously still maximally
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entangled for the {1,2}/{3,4} and {1,3}/{2,4} bipartitions. To check the entanglement
for the C' = {1,4}/D = {2, 3} bipartition with the graphical method, we have to perform
the operations (11, *13, *;2) to obtain the graph shown in Figure [6.3(b)] from which
we see that the C'/D bipartition is also maximally entangled. Likewise, we could have
considered the two vectors A;\{1,4} = (1,1) and A4\{1,4} = (2, 1), to see that they are
linearly independent in Zj3. Hence we have just confirmed that this graph is maximally
entangled for four qutrits.

By doing a computer search over highly entangled seven qutrit states, the efficient
method of Section for checking bipartite entanglement in graph states allowed us
to find an AME(7, 3) graph state. It is displayed in Figure [6.4]

These examples nicely illustrate that by increasing the system dimension, more AME
graph states can be found due to the increased number of graph configurations.

Another nice property of the AME graph states is that the same graph often works
for more than one dimension. For instance the qubit graph states of Figure |6.2| are AME
states for any prime dimension, because if a set of vectors is independent in Zs, they
are also independent in Z,. Also the graph state in Figure is an AME state for
any prime dimension p > 3, because the vectors (1,1) and (2, 1) are independent in all
Zz for p > 3. However, it is not always the case that AME graph states generalize to
all higher prime dimensions. A counter-example is given in Figure [6.5] which shows a
graph state that is absolutely maximally entangled for p = 5, but not for p = 7 because
for the bipartition {1,4}/{2,3}, we have to check the two vectors (2,3) and (3,1) for

independence, and these two vectors are independent in ZZ%, but not in Z2.

1 3

2 4

Figure 6.5: An AME state for one dimension is not neccessarily a graph state for a
higher dimension. For instance, this graph states is absolutely maximally entangled for
four qudits of dimension 5, but not for qudits of dimension 7.

6.4.2 AME Graph States from Classical Codes

By now we have seen AME graph states for system with up to seven parties. In Sec-

tion [5.2] we showed that AME states can be constructed from classical error correction
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codes and that linear codes of the required form exist for any number of parties if the
dimension of the systems is chosen appropriately. A linear code C, which encodes k dits
of information into n dits, is described by a generator matriz G : Z’; — Z, such that
the codewords ¢ € C are given by Gx for x € Z’;. An equivalent description of a linear
code as the kernel of the parity check matrix H. For every linear code C one can define
a parity check matrix H : Z' — Z~* such that ¢ € C if and only if He = 0. From
HGxz = 0, it follows that the rows of H are orthogonal to the columns of G.

Recall that the Hamming distance between two codewords is defined as the number
of positions at which the codewords differ. The minimal distance § of a code is the
minimum Hamming distance between any two codewords. The larger §, the more robust
the encoding is against errors. The minimal distance is bounded by the Singleton bound,
d < n—k+1[120, 86]. Codes that satisfy the Singleton bound are called mazimum
distance separable (MDS) codes.

A MDS code with the properties n = 2k, § = k+ 1 can be used to construct an AME
state. The AME state is then given by (see Theorem [5.1(a), Equation (5.2))

|AME) = \/_ > 1Gx). (6.23)

x€Zk

Note that

X% |AME) Gx + Gy) 6.24
| f > (6.24)

x€Zk
> 1Gx) (6.25)
\/_ xeZk

= |AME), (6.26)

where we have used that C is a linear code and the sum goes over all codewords of the
code. Thus adding the same codeword to all other codewords is just a relabeling of the
terms in the sum. Thus X% is a stabilizer to the AME state for all y € Z’;. Another set
of stabilizers can be constructed from the Z-Operators. The action of a tensor product

of Z-operators on the AME state is given by

ZY |AME) = Z w¥ O |Gx) . (6.27)

erk

Thus Z7Y is a stabilizer for the AME state if y is a linear combination of rows of the parity
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check matrix H, y' = z" H. This gives us a full set of stabilizers that we can describe

GT1 0
w-(2]0) oo

H
It is easy to see that all the generators are independent, since the columns of G and rows

by the generator matrix

of H are linearly independent. They are also abelian as they satisfy a; - b; —b;-a; =0
because the rows of H are orthogonal to the columns of G. Thus M is a proper generator
matrix to the stabilizer state |AMFE). Given the generator matrix M, the AME state
can now be transformed into a graph state by local Clifford operations that change the

generator matrix according to Lemma [6.2] [5].

The whole procedure of constructing an AME graph state from an MDS code is
illustrated in the following example for the [4,2, 3]3 ternary Hamming code that results
in an AME(4, 3) graph state.

Example 6.7. The generator matrix for the [4,2, 3|3 ternary Hamming code C is given
by

: (6.29)

N = O =
—_ = = O

and the parity check matrix by H = GT (C is a self-dual code). Thus the generator
matrix for the AME state |[AME) = 33" .. lc) is

101 2/0000
01110000

M= (6.30)
000010712
00000111

Now we have to choose the matrices U and Y of Lemma [6.2] such that UMY is the
identity matrix in the first block. For that note that by choosing f; =0 and e; = f/ =1,
the condition for Y is satisfied for arbitrary e,. The effect of the value € is to add the
1th column of the second block to the ith column of the first block. We want to choose

them such that the first block has full rank, which is accomplished by e; = e5 = 0 and
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e3 = e4 = 1. This transforms the generator matrix to

101 2/0000
01 11[0000

M — MY = (6.31)
001210712
0011|0111

Then we have to choose U such that it transforms the first block into the identity. This
is achieved by

1020
010 2
U= , (6.32)
00 2 2
001 2
which results in the generator matrix
1 00020 21
01 00[0 2 2 2
M — UMY = (6.33)
00102210
0001|1201

This generator matrix has the desired form except for the entries on the diagonal of the
second block, which may be transformed to zero by an additional application of a Y
matrix with €, =0, e; = f/ = 0, and (e, ea,€3,€e4) = (1,1,2,2). Thus we arrived at the
graph state shown in Figure [6.6, which is an absolutely maximally entangled graph state

for four qutrits.

4 2

Figure 6.6: AME(4, 3) graph state constructed from the [4, 2, 3|3 ternary Hamming code

Notice that the procedure of constructing a stabilizer state from classical codes is
reminiscent of the construction of Calderbank-Shor-Steane (CSS) codes [23, 123]. In fact
we may interpret the AME states that are constructed in this form as one-dimensional
generalized CSS codes CSS,(C,C).



CHAPTER 6. ABSOLUTELY MAXIMALLY ENTANGLED QUDIT GRAPH STATES 96

6.4.3 Non-prime dimensions

So far all we considered were scenarios where the parties shared systems of prime di-
mension. This was because although the initial definition of graph states in terms of
controlled-Z gates applied to qudits in the |0) state works for any dimension, the follow-
ing treatment in terms of stabilizers does not. This includes, in particular, the methods
we derived to check the entanglement of graph states in Section [6.3] In reality, however,
we might have to deal with systems that are not of prime dimension, so how can we still
describe them while taking advantage of the tools the graph state formalism provides us
with for prime dimensions?

The answer is, we take the prime factorization for the system dimension d = p; -
P2+ pm and look for AME states for py,...p,, independently, and if we have an AME
state for each of the prime factors, then we can just construct an AME state for d by
taking the tensor product of the m AME states and assigning one qudit of each AME
state to each of the parties. In this way, we can, for instance, construct AME states
for any dimension for the number of parties n = 2,3, 5,6, since the known qubit AME
graph states work for any dimensions. Likewise, we can construct a four qudit AME
state for any uneven dimension, since the AME graph state of Figure generalizes
to all prime dimensions p > 3.

Furthermore, if two or more of the prime factors are the same, for instance for d =
4 = 2 -2, we may apply controlled-Z operations between one qubit of one party and
either qubit of the other parties. This is best illustrated in an example. Imagine we
want to find an AME(4, 4) state. It is not possible to simply take two AME(4, 2) states,
because they do not exist. We can, however, consider the each 4-dimensional systems
as consisting of two qubits and construct the graph state shown in Figure for eight
qubits. This state is maximally entangled with 4 ebits (=2 edits) of entanglement for
the bipartitions {Py, Po}/{Ps, Ps}, {P1, P3}/{ P2, Py} and {Py, P,}/{P,, Ps}. Thus this
graph state describes an AME(4, 4) state. Note that this state is generally not maximally
entangled for bipartitions where we split up the two qubits belonging to one party, and
is thus not an AME(8, 2) state (which does not exist).

6.5 Quantum Secret Sharing

As was shown in the previous chapters, one application for AME states is to construct
quantum secret sharing (QSS) protocols. Furthermore, describing quantum secret shar-

ing protocols with the help of graph states has already been studied for qubit [88] and
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Figure 6.7: By grouping qudits together, we can construct AME graph states for non-
prime dimensions. This figure shows eight qudits that are grouped into four 4-dimensional
systems to form an AME(4,4) graph state. This, however, is not an AME(8,2) state if
each qudit is regarded as a single party.

qudit graph states of prime dimension [69]. In these papers it was shown that thresh-
old quantum secret sharing schemes can be constructed from the graph state shown in
Figure for 6 qudits of arbitrary prime dimension, and for the graph state shown
in Figure for four qudits of prime dimension p > 3. However, the question which
graph states are generally suitable for quantum secret sharing remained an open question,

which we will answer in this section.

6.5.1 Threshold QSS Schemes

In Chapters[dand [5] we have already shown that there exists a one-to-one correspondence
between pure state ((m,2m — 1)) threshold QSS schemes and AME(2m, d) states. The
dimension d of the systems in the AME state translate to a d-dimensional secret and
d-dimensional share sizes for each player in the QSS scheme. Here, we want to show
how this construction of threshold QSS schemes from AME states work in the presented

graph state formalism.

Given an AME(2m, p) graph state |G), the role of the dealer D is assigned to one of
the 2m parties. The dealer possesses an additional state, the secret |s) = > a; |i), and his
job is to encode this secret onto the qudits shared by the other 2m — 1 players. He does
that by performing a generalized Bell measurement, which is a projective measurement

onto the basis .
(Wyn) = NG > e |y |j + by, (6.34)
J
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on the secret and his qudit of the graph state. This results in the encoded state

|®g) = Zﬁz |GzAD\{D} (6.35)

where (3; = (| Lls), with

U =D _ e |j) (5 + bl (6.36)

J
depends on the outcome of the Bell measurement (g, h). This outcome has to be broad-
casted to the remaining 2m—1 players P. To see that the resulting state is a ((m,2m—1))
threshold QSS scheme, we have to confirm that any subset B of m players can recover

the secret. Tracing out the other m — 1 parties K = P\B = {k1,...,kn_1} gives

p=Trg [Pg) (Ps| (6.37)
= Z Z ﬂiﬁ;D7K<i,a1,...,am,1\G) <G‘j, al,...,am,1>D7K (638)
1, aGZ;"_l
— * |\ {D,K} \{D,K}
- Z Z Bil3; |GiAD+Zl alAkl\{D,K}> <G]AD+ZlalAkl\{D,K}| : (6.39)
W aczy !

Since the vectors {Ap\{D, K}, Ax, \{D,K},..., A, \{D,K}} are linearly indepen-
dent,

S MDES :
Ve ‘Gz‘ADJer alAkl\{D,K}> = li,at, .. Q) (6.40)

is a unitary operation on the qudits shared by the players in B. Applying it to p gives

VoVl =|s') 3]®Z]a1,.. A1) (A1, .oy Q] (6.41)

with |s") = >, f; 7). Thus after applying Uy, to the first qudit, the secret is restored.

That any set with less than m players is forbidden follows directly from the no-cloning
theorem. Thus we can construct a ((m, 2m —1)) threshold QSS scheme with graph states
from any AME(2m,d) graph state.

6.5.2 Ramp QSS Schemes

A generalization of threshold secret sharing schemes are (m, L,n) ramp secret sharing
schemes [14]. In these schemes n players share a state such that any set of m or more

players can recover the secret and any set of m — L or less players is a forbidden set,
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while any set in between is an intermediate set. The special case of L =1 is a threshold

secret sharing scheme.

In Section , we showed that a (m, L, 2m — L) ramp QSS scheme can be constructed
from an AME(2m, d) state for all 1 < L < m. In this scenario each of the 2m — L players
possesses a system of dimension d, while the dimension of the secret is d*. This is
achieved by assigning the role of the dealer to more than one party in the previously
presented threshold QSS scheme. This method also works in the graph state formalism.
Note that in this scenario, contrary to the the threshold scheme presented earlier, the
secret dimension can be larger than the system of each player. This is achieved by having

a “weaker” security structure with intermediate sets.

Consider an AME(2m, p) graph state. We assign L dealers D = {d;,...,d.}. Each
of them performs a bell measurement on their qudit of the graph state an a secret
|Sm) = D i |1). Without loss of generality we assume that the measurement result
is (0,0), different measurement outcomes could be corrected in the end in the same way
as for the threshold QSS scheme. After the Bell measurements, the remaining 2m — L
players P share the state

Bs) = Y ap, - aLzL|G oA \D) (6.42)

U150 lL
Now any subset B C P of m players should be able to recover the secret. Tracing out

K =P\B ={ky,...,kyn_r} gives

p="Trg [0s) (Ps| (6.43)

_ * *
= E E Qgy = QL O 4, Qg (6.44)

i1, 774L aezm L

J1yJL
\{D,K} \{D,K}
|G m ImAd, Y alAkl\{D K}> <G m JmAdy, +3; alAkl\{D,K}| . (645)
And applying V' recovers the secrets:
VoV =ls1) (1| @ @ sp) (s£] @ D lar, -, am-r) (a1, -, G| (6.46)
a

That any subset of m — L players or less cannot gain any information about the secrets
follows again from the no-cloning theorem. For a discussion why sets of players with
more than m — L but less than m players are indeed intermediate sets, which means they

cannot recover the full secrets, but gain some information, see Section
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6.6 Conclusion and Open Questions

In this chapter, we have shown how the graph state formalism can be used to describe
absolutely maximally entangled states. Two different methods to check bipartite entan-
glement in graph states have been presented. One uses a graphical illustration of the
existing entanglement in the graph, while the other one provides a very efficient method
to check if a given graph state is absolutely maximally entangled.

With the efficient method, we are able to numerically check the entanglement of mil-
lions of graph states per minute, which we were able to use to find a previously unknown
AME state for seven qutrits. Unfortunately, with increasing system dimensions and num-
ber of parties, the number of possible graph states grows exponentially, which makes an
exhaustive search already infeasible for eight qutrits. Hence for future investigations, a
goal would be to combine both methods. Using insight gained from the graphical repre-
sentation might help us cut down on the number of graph states that are candidates for
AME states.

In addition to the seven qutrit AME graph state, we were able to construct an AME
graph state for all previously known AME states, in particular for each number of parties,
an AME graph state can be constructed from classical MDS codes. Thus the question
arises if we can always find an AME(n,d) graph state if an AME(n, d) state exists. So
far, we were not able to either proof that or construct a counterexample.

Finally, we showed how AME graph states can be used for quantum secret sharing
within the graph states formalism. QSS with graph states has already been introduced
before [88, [69], but only two examples for threshold QSS schemes for 4 and 6 qudits,
corresponding to the graph states in Figures and [6.2(d)] respectively, were given.
However, it remained an open question, with other graph states are suitable for threshold
QSS schemes. Here we showed that all AME graph states shared between an even number
of parties can be used to derive threshold QSS schemes, as well as ramp QSS schemes,

which have not been covered before in the graph state formalism.



Chapter 7

Entanglement in Quantum Error

Correction Codes

7.1 Introduction

In the previous chapters, we investigated highly entangled multipartite states, the abso-
lutely maximally entangled states and discovered a close relationship to quantum secret
sharing protocols, in particular pure state threshold QSS schemes. A ((m,2m — 1))
threshold QSS scheme is equivalent to a code for the quantum erasure channel (QEC)
that can correct m—1 erasures, where the positions of the erasures are known [48)], 30, [45].
This is easily seen since a ((m,2m — 1)) threshold QSS scheme can recover the states
if any m — 1 qudits are missing, i.e., if m — 1 known qudits are erased. The other way
around, the encoded state can be recovered by any set with at least m parties because
then we have at most m — 1 erased qudits. Security then follows from the no-cloning
theorem, which ensures that any set with m — 1 or less parties has no information at all.
Thus a ((m,2m — 1)) threshold QSS scheme is equivalent to a code that corrects m — 1
erasure, which in turn is equivalent to a ((2m — 1,d, m))4 quantum error correction code
[48].

Similarly, we can argue that a (m, L,2m — L) ramp QSS scheme is equivalent to a
code that corrects m — L erasures, which is a ((2m — L,d*,m — L + 1)); QECC. Both
allow to recover the encoded state when at most m — L qudits are lost, the no-cloning
theorem forbids players that hold m or less qudits to gain any information, and partial
information is available for any other sets as per the same argument used in the proof
for Theorem [5.5

So we know that from an AME(2m, d) state, we can construct ((2m—L,d*, m—L+1))4

101
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QECCs for 1 < L < m, but for the opposite direction, we only know that going from
a((2m — L,d*,m — L+ 1)) QECC to an AME(2m, d) state works for the case where
the QECC corresponds to a threshold QSS scheme, i.e., for L. = 1. So the question
arises if there exists a similar equivalence between QECCs and AME states for the cases
where L # 1, and if not, what other conclusions can be drawn about the entanglement
in these QECCs. This question is answered in this chapter by deriving the necessary and
sufficient entanglement conditions for such codes.

First, we will generalize the equivalence statement of Theorem for AME states and
threshold QSS schemes to give necessary and sufficient conditions for the entanglement
required to construct (m, L,2m — L) ramp QSS schemes. Due to the equivalence of the
ramp QSS schemes and ((2m — L,d*,m — L + 1))q QECCs, we can then quickly follow
that the same entanglement conditions must hold for these codes. We will consider the
case where the involved states are graph states, and the codes are graph codes. We
will establish a connection to stabilizer codes and derive existence conditions for certain
stabilizer codes based on the existence of an associated graph state. Finally, some more

discussion and examples will be provided.

7.2 Entanglement in Ramp Secret Sharing Schemes

We start by generalizing the methods used in Section that were used to prove the
equivalence of AME states and QSS schemes in Theoremto (m, L,2m — L) ramp QSS
schemes for arbitrary L. The generalization is very straightforward, the secret dimension
is now d* instead of d, changing also the dimension of the reference system to d*. We
define an isometry Ug that encodes the d¥ dimensional secret S into a state shared by

the 2m — L players, each holding a d dimensional system,
Us:Hs — Hi® @ Hom1, (7.1)

where H; = C% and Hg = C%",

We further introduce a reference system Hr = Hg and consider the state |®) that
is generated by applying the encoding operation to Hg for a maximally entangled state
IRS) = 1/VdY", i) |i) € Hr ® Hg, ie., |®) = 1z ® Us|RS). A set of players A C P
shares the state pra = Trp\a |®) with the reference system. A is authorized, if there

exists a completely positive map Ty : Ha — Hg such that [67], 1106]

1r ® Ta(pra) = |RS) . (7.2)



CHAPTER 7. ENTANGLEMENT IN QUANTUM ERROR CORRECTION CODES 103

For the mutual information between an authorized set (i.e., |A| > m) and the reference
system is
I(R:A)=1I(R:S)=25(5) if |A] >m, (7.3)

and for a forbidden set, we must have
I(R:B)=0 if|B|<m-—L. (7.4)

Ug defines a (m, L,2m — L) ramp QSS scheme if and only if these two equations are
satisified.

Since any set of players C' C P with |C'| = L can change some forbidden set into an
authorized set, we have S(C') > S(S) [67] for all sets with L players. And because S(5)

is maximal and equal to S(R),

S(S) = S(R) = S(C) = Llog . (7.5)

S(R,A) = S(A) — S(R) if |A| >m (7.6)
S(R,B) = S(B) + S(R) if |B| <m — L. (7.7)

This sums up the changes in the lead-up to Theorem in Section |5.3] whose version
we may now state and prove for ramp QSS schemes. For this we regard the reference
system of dimension d’ as consisting of L systems, each of dimension d, so that |®) is
a state shared between 2m parties, 2m — L players that share the secret and L in the

reference system, each possessing a qudit.

Theorem 7.1. For a state |®) € Hp @ Hg, shared between 2m — L players P, each

holding a qudit, and L reference qudits, the following two properties are equivalent:

(i) |®) is maximally entangled for any bipartition for which the L reference qudits are

i the same set.

(i1) |®) is the purification of a (m, L,2m — L) ramp QSS schemes. The encoded secret

of the ramp QSS scheme has dimension d*, and each share has dimension d.

Proof. (i) — (ii): In the equations for the mutual information, all occurring sets, A, B, R,
AUR and BUR, are maximally entangled with the rest because for all of them all reference
qudits are in the same set of the bipartition. Hence we have S(A) = (2m — |A])logd,
S(B) = |B|logd, S(R) = S(S) = Llogd, S(A,R) = (2m — |A| — L)logd and S(A, B) =
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(|B| + L)logd. Plugging these into Equations and while using the definition
of the mutual information (Equation , confirms that these are satisfied.

(1) — (i): Consider an unauthorized set of players B, with |B| = m — L. Then the
set is B U C' is authorized for any additional set C' with |C| = L and C' N B = {). From

Equation we have
S(B,C,R)=S5(B,C) - S(R) (7.8)

On the other hand, using the Araki-Lieb inequality [96] S(X,Y) > S(X) — S(Y) and
Equation ([7.7)) gives

S(B,C,R) > S(B,R) — S(C) = S(B) +S(R) — S(C). (7.9)
Combining the last two equations and using S(S) = S(R) = S(C') shows
S(B,C) > S(B)+ S(C), (7.10)

where equality must hold due to the subadditivity of the entropy S(X,Y) < S(X)+S(Y).
This means that the entropy increases maximally when adding L shares to m — L shares.

The strong subadditivity of the entropy [96]
S(X,)Y)=SY)>S(X,Y,Z)-S(Y, Z) (7.11)

states that adding system X to system Y increases the entropy at least by as much as
adding system X to a larger system Y U Z that contains Y. So in our case, adding L
shares to less than m — L shares increases the entropy by at least S(C'), and since this
is the maximum, it increases the entropy exactly by S(C). Moving the shares over one
by one from C to m — L or less shares must increase the entropy maximally with each
share for it to be maximally increased when all shares are added. Hence adding one
share to a set that contains less than m shares increases the entropy maximally. Hence,
starting out with a set of no shares, and repeatedly adding one share to the set until the
set contains any m shares and is authorized, shows that any set of m shares has entropy
mlogd. This shows that the entropy is maximal for any subset of m players, i.e., |®) is
maximally entangled for any bipartition into m players A and its complement P\ AU R,
which contains all L reference qudits, and thus is maximally entangled for any bipartition

where all reference qudits are in the same set. O

Note that AME states are special states that fulfill the requirement, as they exceed

the requirement. They possess more entanglement than minimally required for L > 1.
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Furthermore, also the protocol presented in the proof of Theorem works for states
that are maximally entangled for any bipartition with the reference qudits in one set.
It only uses the maximal entanglement for such bipartitions where all dealers are in the

same set.

7.3 Entanglement in Quantum MDS Codes

For QECCs, a quantum analogue to the classical Singleton bound that gives an upper

bound on the number of encoded qudits exists [L03]:

Theorem 7.2 (Quantum Singleton Bound). For a ((n, K,9d))q QECC, the amount of

encoded information K s restricted by
K <d»+2, (7.12)

As in the classical case, we call codes that saturate this bound quantum MDS' codes.
A comparison with the ((2m — L,d"*,m — L + 1)), codes mentioned in the introduction
that are equivalent to (m, L, 2m — L) ramp QSS schemes shows that these are exactly the
codes that saturate the Singleton bound. Thus we have an equivalence between quantum
MDS codes and pure state ramp QSS schemes, and Theorem can be restated to give

the entanglement in quantum MDS codes.

Theorem 7.3. For a state |®) € Hp @ Hg, shared between 2m — L players P, each

holding a qudit, and L reference qudits, the following two properties are equivalent:

(1) |®) is maximally entangled for any bipartition for which the L reference qudits are

in the same set.
(ii) |®) is the purification of a (2m — L,d*,m — L +1))q QECC.

Corollary 7.4. A d* dimensional state encoded with a ((2m — L,d*,m — L+ 1))q MDS
QECC into 2m — L qudits is maximally entangled for any bipartition of the qudits into
sets A and B with |A] > m.

7.4 Graph Codes

Graphs are a very powerful tool to construct quantum error correction codes. A lot
of good quantum codes, in particular any stabilizer code, can be described in terms of

graphs. To understand how graph codes work, let us recall the definition of labeled graph
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states, Definition . Given a graph state |G) over n qudits of dimension p, a labeled
graph state |G,) with z = (21,...,2,) € Z7 is defined as

G,) = 27 |G) . (7.13)

Labeled graph states with different labels are orthogonal and thus the collection of all
labeled graph states for any graph |G) form a Hilbert space basis.

A quantum code is defined by a mapping U : H, — H. of a D-dimensional Hilbert
space H, into a D-dimensional subspace of a larger Hilbert space H.. If H,. is the space
of n qudits of dimension p, i.e., H, has dimension p" > D, we can define a quantum code
via a mapping from the D basis states in H, to D different labeled graph states. This
mapping, described by a classical code C, together with the graph |G) defines a quantum

code.

Definition 7.5. Given a classical code C : Zp — Zy and a graph state |G) € H®", where
H = CP,a((n,D,0)), graph code is defined by the encoding

Uli) = |Gew)) - (7.14)

The distance ¢ of the code is defined as the smallest value for which an operator @)
exists that acts on § qudits non-trivially and violates the Knill-Laflamme condition [72]
(Gew|Q|Gey) = f(Q)dij (see Section and Refs. [72, [44] 96, 82]). The graph code
is fully described by specifying the graph |G) and the classical code C. Thus we denote
such a graph code by Q@ = (G,C).

If the classical code C is a linear code, then the graph code is a stabilizer code [82].
Moreover, any stabilizer code is local Clifford equivalent to such a graph code [113], 49].

Furthermore, for graph codes of that form, we can find purifications that are graph states.

Lemma 7.6. For a ((n,p*,0)), graph code Q = (G,C), where C is a linear code, described
by a generator matrixz M : Z’; — Z,, there exists a purification of the code that is a graph

state, |G), described by the adjacency matrix

A
B = NG

where A is the adjacency matrixz of the graph |G).

0

M ) , (7.15)

Proof. The codespace of the graph code is Q@ = (G,C) is spanned by the p* graph states
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|Gra), with a € ZE. || Hence

Performing a Z-measurement on the k qudits of the reference system R of the pu-
rification, i.e., the last k& qudits of the graph state |G), with measurement outcomes
a = (aj,...,ax) results in the labeled graph state state (see Section [6.3.2)

1
wlar, . a|G) = g\ ) =

\/— Z _1aiBnii\R \/p_k |G25:1 a,-ML.T>7

where M is the ith row of the transpose of the generator matrix, M7. For an explanation
of the notation, see Definitions [6.4] and [6.5] Hence

(7.16)

1
1G) = Z a1, ..., ax) |GZ§:1aiMiT> (7.17)

=— Y |a)|Gua) . (7.18)

which shows that |G) is a purification of the graph code Q = (G,C). O

We can now restate Theorem for graph codes, which have the huge advantage
that the entanglement of in graph codes can easily be checked with the methods derived
in Section [6.3

Theorem 7.7. The graph state |G) of a ((2m—L,d"*,m—L+1)), graph code Q = (G,C),
i.e., a graph code that satisfies the quantum Singleton bound, is maximally entangled for

any bipartition into sets A and B if |A| > m.

Proof. This follows directly from Corollary [7.4] O

The observations that graph codes with linear classical codes are equivalent to stabi-
lizer codes and that purifications can be found that are graph states can be combined in

the following theorem

Theorem 7.8. A [[n, k, ]|, stabilizer code that satisfies the Quantum Singleton bound,
k =mn—25+2, exists if and only if there exists a graph state |G) for n+k qudits, divided
into two sets P and R with |P| = n and |R| = k, that is mazimally entangled for all

bipartitions where the k qudits in R are in the same set.

'To not clutter up the notation even more, we do not distinguish between row and column vectors
in the graph label.
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7.5 Further Discussions and Illustrations

A state that is the purification of a ((2m— L, d*, m— L+1)); QECC also trivially satisfies
the entanglement condition that the purification of a ((2m — L', d*",m — L' +1))4 code,
with L/ > L, has to satisfy. Thus, from a ((2m—L,d*, m— L+1)); QECC we can always
construct a ((2m — L', d* ,m — L' +1))q QECC with L’ > L. The opposite, however, is
generally not true, as can be easily seen from qubit examples, for which quantum MDS
codes exist for n = 2m > 8 parties for some parameter sets with L > 1 [50], but no AME
states with n > 8 exist, and hence also no quantum MDS codes can exist for L = 1 or
L =0 with n = 2m > 8. Note that a L = 0 MDS code is equivalent to an AME state, a
fact that has been noted before, e.g., in Ref. [I02]. Thus these codes are of considerable
value, although they only “encode” a O-dimensional state and one might therefore at first
wonder what they are good for.

In the following, we will illustrate our results of this chapter on a graph code for six

qutrits.

Example 7.9 (Cycle Graphs). One set of graphs that have been shown to be a good
candidate for the construction of graph codes are cycle graphs [82], which are graphs
where the qudits form a circle that is made of edges with non-zero weight. See Figure

for an illustration for six qudits.

2 2 2

3 3 3
(a) (b) (c)

Figure 7.1: Cycle graphs for six qudits. All edges must have non-zero weight. They may
all have weight 1 as in Figure (a), but may as well contain edges with a different non-zero
weight as in Figures (b) and (c).

It can easily be checked with the methods shown in Section that all cycle graph
states for n qudits are maximally entangled for any bipartition into sets with 2 and n — 2
parties, respectively, and are not maximally entangled for bipartitions into two sets that

both contain more than two qudits. Hence, we know from Theorem [7.7|that these graph
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states can potentially be used to construct MDS graph codes with § < 3, but will never
produce MDS graph codes with § > 3.

One example of where this works successfully is the 5-qubit code, where the cycle
graph given in Figure [6.2(c)| can be used to construct a ((5,2,3))s QECC. MDS graph
codes for qutrits with a cycle graph and ¢ = 3 have been found for up to ten qutrits [82].

In the following, we will provide an example for constructing a ((6, 32,3))3 QECC for

qutrits from a cycle graph.

Example 7.10. We can try to find a ((6,3% 3))3 graph code by attaching two more
qutrits to a cycle graph and check if the resulting graph is maximally entangled for all
bipartition where the two added qutrits are in the same set. Then, from Theorem [7.8] we
know that the graph is equivalent to a [[6,2, 3]]3 stabilizer code, i.e., a ((6,32,3)); graph

code with a linear classical code.

The number of possible 8 qutrit graph states constructed this way is small enough that
we can do an exhaustive computer search. This computer search showed that no graph
state with the required entanglement conditions exist based on the graph of Figure[7.1(a)l,
which contains only edges with weight 1. However, using the graph in Figure [7.1(b)|
proved to be more successful and numerous suitable graphs were found. One of them,
with the least number of edges, is depicted in Figure [7.2l This graph state gives a
((6,3%,3))3 graph code Q = (G,C) with the graph G of Figure [7.1(b)| and the a linear
code C given by the generator matrix M : Z2 — Z3,

(7.19)

S = O = ==
_ o N = O =

We have also done an exhaustive search of all 8 qutrits graph states based on any
cycle graph of 6 qutrits to look for an AME(S, 3) state, but no such AME state could
be found. Thus, this provides an example where a ((6, 32, 3))3 code exists from which no
((7,3%,4))3 or ((8,3°5))3 code can be constructed.
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Figure 7.2: Graph state to construct a ((6,32 3)); graph code. This graph state is
maximally entangled for all bipartitions for which qutrits 7 and 8 are in the same set.

7.6 Conclusion

This chapter provided a treatment of codes that correct quantum erasures from an en-
tanglement perspective. The general idea of treating quantum erasures goes back to the
parallel teleportation protocol introduced in Section [4.3] which provides us with suffi-
cient entanglement conditions to correct quantum erasures by providing a way to encode
a quantum state such that it is robust against losses, if the state used for encoding
satisfies the entanglement conditions stated in Theorem [7.3]

To show that these entanglement conditions are also necessary, we first generalized
the previously derived results regarding the relationship between AME states and thresh-
old QSS schemes to derive necessary and sufficient condition for (m, L,2m — L) ramp
QSS schemes. Since QSS schemes are fundamentally very similar to codes for the QEC,
as erasing qudits belonging to a forbidden set does not prevent us from recovering an
encoded state, we were able to use these results to derive equivalent necessary and suffi-
cient entanglement conditions for codes for the QEC, and thus QECCs, that satisfy the
quantum Singleton bound.

A popular tool to investigate QECC are graph codes. They consist of a graph state
and a classical code, which together fully describe the QECC. The subset of graph codes
with a linear classical code coincide with the stabilizer codes. This connection and
the previously derived entanglement conditions for quantum MDS codes, allowed us to
formulate an existence criterion for MDS stabilizer codes in terms of the existence of
highly entangled graph states.

It should be noted, that the occurrence of entanglement in QECCs has been noted
before for special cases, in particular, it has been noted before [102], that ((2n,1,n+1)),4
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QECCs or [[2n,0,n + 1]]4 stabilizer codes, i.e., MDS codes that only contain one state,
are absolutely maximally entangled. An example of that actually already occurred in
Section [6.4.2) where we saw that the construction of AME states from classical MDS
codes is equivalent to the construction of CSS codes that are [[2n,0,n + 1]], stabilizer
codes. However, a more general analysis of entanglement conditions for QECCs has been
missing. Additionally, our treatment of the QEC via the parallel teleportation protocol
does not rely on previous results from quantum error correction and should instead be

viewed as an alternative approach to the QEC purely based on entanglement.



Chapter 8
Conclusion and Outlook

The goal of this thesis was to broaden our understanding of multipartite entanglement
in quantum information processing tasks. First, we investigated transformations among
multipartite entangled states, specifically for the transformation from the GHZ state to
another multipartite entangled three qubit state of the GHZ class. For this transforma-
tion, we derived new upper and lower bounds. The lower bound is derived by giving a
specific protocol that provides this transformation probabilities. For a certain class of
target states, this protocol can also be extended to higher dimensional GHZ states shared
among more parties.

The focus was then shifted to a special kind of multipartite entangled states, which
we call absolutely maximally entangled (AME) states. These are pure multipartite states
shared among n parties, each with a d-dimensional system, such that for every bipartition
of the n parties, the state is maximally entangled. We showed that such states exist for
any number of parties, if the system dimensions are chosen appropriately.

We demonstrated how this high degree of entanglement can be used for novel parallel
teleportation protocols. A closer look at these parallel teleportation protocols revealed
that threshold quantum secret sharing (QSS) schemes follow naturally from AME states.
Furthermore, AME states are not only a sufficient, but also a necessary resource for
the implementation of pure state threshold QSS schemes. The same idea that was used
to construct a threshold QSS scheme, can also be used to produce more general QSS
schemes, namely ramp QSS schemes. For these QSS schemes, the necessary entanglement
properties of the utilized state can be slightly loosened, and we derived the necessary and
sufficient entanglement properties.

Sharing quantum secrets is fundamentally very similar to protecting information
against losses, which is generally modeled as a quantum erasure channel (QEC). The

ramp QSS schemes we treated refer to codes for the QEC that are optimal in the sense
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that they satisfy the quantum Singleton bound. Hence our method, based on the parallel
teleportation protocol, also provides an intuitive approach to the protection of quantum
information against losses, which is solely based on the entanglement of the state used for
encoding the information. Moreover, the entanglement properties are not only sufficient,
but also necessary for protection against losses in optimal codes for QECs. Since codes
for QEC and quantum error correction codes (QECC) are equivalent, the results also
give necessary and sufficient entanglement properties in optimal (i.e., those that satisfy
the quantum Singleton bound) QECCs.

A particularly nice framework to describe highly entangled multipartite states is the
graph states formalism. We showed how bipartite entanglement can efficiently be checked
in graph states, which was then used to find various graph AME states, among them AME
graph states for all previously known qubit and qutrit cases, as well as a new AME state
for seven qutrits. Existence of AME graph states for any number of parties was shown,
and the derivation of threshold and ramp QSS schemes from AME states was formulated
entirely within the graph state formalism. The graph state approach to AME states
should also prove helpful in future considerations for experimental implementations of
AME states, as they are also valuable resources in quantum error correction and quantum

computing, which means there is ample interest in progressing their implementation.

8.1 Open Problems

By deriving quantum secret sharing schemes, and thus protocols that protect quantum
information against losses, from the parallel teleportation protocol, we were able to de-
velop a very intuitive approach to quantum error correction that solely relies on the
entanglement of the involved states.

There are, however, still two missing parts to understand all aspects of quantum error
correction from a purely entanglement based point of view. First, at the moment, we
can only give necessary and sufficient entanglement conditions for QECCs that satisfy
the quantum Singleton bound. Thus, one question is how the generalization of these
conditions look like for arbitrary QECCs.

The second open problem is that we, in fact, only derived the construction of codes
for the QEC from our entanglement based approach, and then used known results about
the equivalence of codes that can correct erasures, and codes that can detect and correct
errors [72, 48] to argue that these conditions must hold for QECCs. Thus, it would be
desirable to design a method that can also detect and then correct errors in the encoded

states, by only using the knowledge about the entanglement used to encode the state.
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8.1.1 Experimental Prospect

In addition to the theoretical challenges, there is also the task of experimentally realizing
AME states to implement the presented protocols. The fundamental building blocks to
implement AME states are an appropriate system to represent the qudits, and entangling
operations between the qudits. With photonic systems and trapped ions we have already
introduced two different approaches of implementing entangled states in Section [2.4]

As discussed in Section [2.4.1], there are various ways to encode quantum information
onto photons. Qubits can be encoded onto the polarization degree of freedom, while
general qudits can, for instance, be encoded onto the path, time-bin or frequency of the
photons, or by creating a hyper-entangled state that is entangled in more than one of
these degrees of freedom. The entanglement in experiments with photons is generally
created by spontaneous parametric down-conversion (SPDC). This method of creating
entangled states is non-deterministic; we have to post-select the final data for those
events, where the probabilistic SPDC pair creation was successful and the photons ended
up in the desired paths.

For trapped ions, we have only discussed the qubit case in Section [2.4.2] because
that is what current experiments focus on. However, there is no fundamental obstacle
to using more than one metastable internal state in addition to the ground state, to
implement higher dimensional qudits with ions. Also the vibrational mode, which is
described by a harmonic oscillator, can contain any number of excitations, and can thus
represent any higher dimensional qudit as well. Furthermore, various different entangling
operations exist, most notably the Cirac-Zoller and Mglmer-Sgrensen gates that have
been introduced in Section 2.4.21

Hence, even though photonic and trapped ion systems are not quite at the technolog-
ical level where AME states can actually be created, the fundamental building blocks are
already available. To give an idea at what stage current experimental implementations
are at, we will shortly describe the current technological state of three areas that have
been shown in this thesis to be closely related to AME states: graph state generation,
quantum error correction and quantum secret sharing. Given the recent efforts to create
multipartite entangled states in the laboratory, we might not be too far away from actu-
ally implementing AME states other than the EPR and GHZ state. The first candidates
for implementation will likely be the AME(6,2), AME(4, 3) and AME(4, 4) states, whose
graph state representations are shown in Figures and [6.7] respectively.

It should be noted that although we only provide a quick overview of the possibility
of experimental implementation with photons and trapped ions, there are also other

promising systems that can be used to for implementing quantum information protocols,
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like nuclear magnetic resonance (NMR) systems and superconductors. An overview of
the currently developed systems, with their advantages and shortcomings, can be found
in Ref. [70].

Graph States

Graph states find application in numerous quantum information processing task, most no-
tably in quantum error correction and quantum computing, where it has been shown that
cluster states, a special class of graph states, form a universal resource for measurement-
based quantum computing (MBQC) [105]. This fact has sparked interest in experimental
implementations of graph states, and with recent technological advances ever more so-
phisticated graph and cluster states have been created.

As mentioned in Section 2.4.1] the maximum number of photons that have been
entangled by using networks of SPDC crystals and linear optical elements (beam splitters,
phase shifters, etc.) are eight photons, and both of these implementations are indeed
graph states. One of the created states was an eight photon GHZ state, which is a
graph state [64], and the other one the graph state shown in Figure 8.1 with N =
8 [139]. In both experimental setups, four photon pairs were created via SPDC, and
then further superposed on polarizing beam splitters to create the desired state. The
experiments relied on post-selection, i.e., the states were not created deterministically,
but instead, only the data where eight-fold coincidence in the desired paths was registered
were kept, while the rest had to be discarded. Both experiments used the polarization of
the photons to encode the quantum information. Experiments that use the idea of hyper-
entanglement [75] to encode two qubits onto certain photons, one in the polarization
degree of freedom and one in the spatial degree of freedom, have also been implemented
to create graph states of six [40] and seven [7§] qubits encoded onto four photons. In
these experiments, two photon pairs were created via SPDC and further superposed on
(polarizing) beam splitters to create the hyper-entanglement in polarization and path.

For trapped ions, the largest entangled state that has been created is a 14 ion GHZ-
state [92], which is a graph state. It was created by applying a global Mglmer-Sgrensen
(MS) gate [90] to all 14 ions in the trap. More involved cluster and graph states have
just recently been successfully implemented with up to seven ions [77]. One of the states
was a 2D cluster state consisting of four ions, and the others were graph states of the
form of Figure with N = {3,5,7} qubits. The graph states were implemented by
global MS gates to create large scale entanglement between the ions, supplemented by
single-ion operations.

As a final remark, when talking about large-scale cluster states, it should be mentioned
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n

Figure 8.1: Cluster state for N = n+2 qubits used for topological error correction against
up to (n — 1)/2 phase flip errors.

that just recently a continuous-variable cluster state of more than 10 000 entangled
modes has been created [141]. The modes were wave packets of light, multiplexed in
the time domain. The implementation being in the continuous-variable setting makes it
not immediately applicable for the discrete-variable AME states discussed in this thesis.
There exists, however, a theoretical proposal of how to encode qubits in continuous-
variable systems [40], which gives hope that these large-scale continuous-variable cluster
states might also be useful for the implementation of the AME states discussed in this

thesis.

Quantum Error Correction

For photons, in addition to errors that change the state of the encoded qubit, another
common error source is the complete loss of a photon. This is described by the quantum
erasure channel discussed in the last chapter. It is an error that is easier to correct,
because it is already known which photon was lost. Experimentally, a system to encode
one qubit onto four photons such that the information is protected against the loss of one
of the four photons has been implemented in Ref. [83]. The entangled four photon state
to encode the qubit was generated by creating two photon pairs via SPDC followed by
a linear optical network. To test the system, three different input states were used and
a photon loss was simulated, after which the initial state could be reconstructed with a
fidelity between 74% and 83%, dependent on the input state.

For trapped ions, quantum error correction has been implemented by encoding one
qubit onto three ions [27, [[12] by using Mglmer-Sgrensen type entangling operations
[90, [79]. Since the minimum amount of qubits required to correct an arbitrary error

is five [96], these implementations are not able to correct arbitrary errors, but instead
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can only correct either bit-flip [27] or phase-flip errors [112]. Currently no experimental
implementation with trapped ions exists that can correct bit-flip as well as phase flip
errors, however, a laser pulse sequence that would implement a five qubit code to correct
any error on one of the five ions has already been proposed [94].

Additionally, for both systems, photons and trapped ions, topological error correction
[71], 106] can be performed with a cluster state of the type of Figure which has been
created for N = 8 photons [139] and N = {3,5,7} ions [77]. In this scheme, the left and
right qubits are the input and output qubits, respectively, while the state is encoded onto
the middle n = N — 2 qubits. Hence these are the ones that experience the errors. The
error encoding can correct phase-flip errors occurring on up to (n — 1)/2 of the qubits.
This has been successfully simulated with n = 6 photons, by introducing an error on
one of the six photons, and for the trapped ions by introducing an error on one ion for
n = 3, and two errors for n = 5. Furthermore, in both cases, all n qubits were randomly
subjected to an error with probability p, and the error observed in the output state was

in agreement with the expected theoretical value. .

Quantum Secret Sharing

For quantum secret sharing, photons are the most suitable system, as the information
has to be distributed over greater distances, which works well for photons due to their
weak coupling to the environment. So far, QSS schemes where parties actually share a
quantum secret, as discussed in this thesis, have not been implemented, yet. However,
multipartite entangled quantum states also provide a resource for sharing classical secrets
[61], which is easier to implement experimentally.

The simplest implementation to share a classical secret requires a GHZ state shared
between three parties [61]. This allows one party to distribute a key such that the other
two parties can only access the key if they cooperate. This has been implemented in
Ref. [25], where two photon pairs were created via SPDC and then further superposed
on PBS to create a four photon GHZ state. This four photon GHZ state was then trans-
formed into a three photon GHZ state by measuring one photon, similar to the method
described in Section[2.4.1] After correcting the introduced error via error correction (EC)
and privacy amplification (PA) techniques widely used in quantum cryptography proto-
cols [43], a secret key could successfully be established. Additionally, they implemented
a third-man cryptography protocol [145] that allows two parties to share a secret key if
the third party assists them.

By using all four photons emitted by a second-order SPDC process, also a four party

secret sharing scheme has been implemented [39]. The four photons were distributed
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between four parties. One of them acted as a dealer, while the other three were able to
recover the secret when they collaborated. In the employed scheme, depending on the
measurement outcomes, two parties were sometimes able to deduce a secret bit without
the help of the third party, while one party alone was never able to gain any information.

Introduced errors were again corrected with EC and PA protocols.
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A.1 Proof of Theorem (3.9
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value when ¢, = ¢g = ¢y = a and the corresponding maximum value of 3-tangle is
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Then we show, for the interference term I > 0, we have
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When I < 0, the discussion is almost the same. Except that, we need to consider the

condition ss = ¢s = %i,cw = —1 first and find cocpcy = —TI[ = a’® > 0. Then easy to
find the corresponding maximum value is % And use the same tricks one can show

it is the maximum value of the 3-tangle.

One thing to notice is that, the expression of a’ and a is just opposite to each other.

So if we let a = 1_£1 = —a’ when I <0, we will get
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Then in all we have

max(tapc(o|I(¢) = 1) = 8 : 2:3;2 = 8 _T_ 2332 (A.11)
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