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Abstract

Quantum entanglement is key to the development of more advanced and ef-
ficient technologies. While its nature can be conceptually confusing, it admits
ma-thematical descriptions. This work begins with an overview of quantum me-
chanics fundamentals, followed by a study of methods to characterize and quan-
tify entanglement. Such methods are based on a complex projective geometry
approach, with Segre embeddings playing a central role. Once we have gone
deeper into this mathematical formalism, we explore how quantum teleportation
works. Thanks to some properties that entanglement exhibits, qubits of informa-
tion can be transmitted from one point to another using only classical bits. Finally,
we establish a set of conditions under which a two-qubit state can be utilized for
quantum teleportation and, furthermore, qualifies as a maximally entangled state.
For other states, we briefly introduce an algorithm for achieving better teleporta-
tion results.

Resum

L’entrellacament quantic és clau per al desenvolupament de tecnologies més
avangades i eficients. Tot i que la seva naturalesa pot resultar conceptualment
confusa, admet descripcions matematiques. Aquest treball comenca amb una
visi6 general dels fonaments de la mecanica quantica, seguida d'un estudi de
metodes per caracteritzar i quantificar I’entrellacament. Tals metodes es basen en
un enfocament de geometria projectiva complexa, amb les Segre embeddings com
a element central. Un cop aprofundit en aquest formalisme matematic, explorem
com funciona la teleportacié quantica. Gracies a algunes propietats que exhibeix
'entrellagament, els qubits d’informacié poden ser transmesos de manera segura
d'un punt a un altre utilitzant només bits classics. Finalment, establim un con-
junt de condicions sota les quals un estat de dos qubits pot ser utilitzat per a la
teleportacié quantica i, a més, qualifica com un estat maximament entrellagat. Per
a altres estats, fem una introduccié breu dun algorisme per tal d’assolir millors
resultats de teleportacio.

2020 Mathematics Subject Classification. 14E25, 81P42, 81P48
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Introduction A

Introduction

Since the 20th century, quantum mechanics has undergone enormous develop-
ment. This is the fundamental theory that studies the behavior of physical systems,
constituted by particles smaller than atoms, such as electrons and photons. One
of the most important implications of this field is that some characteristics of such
particles are undetermined: they are found to be in a superposition of different
values or states. However, quantum mechanics can only predict the probability of
finding the particle at every different state. For instance, the exact position of the
electron in a hydrogen atom cannot be obtained, but one obtains the probability
of finding it at different locations.

The features of these particles are described mathematically by quantum states.
Their formalism depends on the kind of problem under study. Generally, they are
defined as wave functions or vector quantum states. When the characteristic of the
particle under study is more than assumed or is not important, then it is just said
state of the particle.

One interesting situation is when a particle presents a physical feature that is
found in a superposition of only two states. Such characteristic is described by
what is known as a qubit. This is the fundamental unit of quantum information,
consisting on a quantum state superposed in two different states, typically labeled
as “0” and “1”. For example, the spin of a spin-4 particle, such as an electron, acts
as a qubit as it can exist in a superposition of spin-up and spin-down (along the 2
direction, for example):

state of the spin = |S) = aq [12) + a2 |l2), a1,a20€C

where |a1|?> and |a;|? are the probabilities of finding the spin upwards or down-
wards, respectively.

In this context, when we say that a physical system is formed by n qubits, we
refer to a system of n particles where the physical characteristic under study of
each one behaves as a qubit. We could have a quantum state of a 2-qubit system
of spin—% particles:

|5182) = g

Te1z) + a2

Tede) +as|lsts) +ag|lzls)

This case give 4-dimensional systems since there are up to four possible states.
We will often say for states like this that they are two-particle states, or in this case
two-qubit states.

When preparing a system of several particles, it has been found that there can
arise some interesting phenomena between the states of these particles. One of the
most well-known is quantum entanglement. When two particle states are entangled,
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both behave as a single, inseparable entity. In other words, the state of each particle
cannot be described independently of the state of the other. Consequently, any
measurement or transformation applied to the state of one particle instantaneously
changes the state of the other one, regardless of the distance between them.

The simplest case for illustrating how entanglement works is with the 2-qubit

state
1

V2

If a measurement on one of these two qubits gives as an outcome the state labeled
as “0” (or “1”), then the state of the other changes instantly to “0” (or “1”). From

|©7) = —=(100) + [11)).

this state it is impossible to obtain two independent states, one for each particle.
On the other hand, the states for which this can be done are called product states.
An example of this is the 3-qubit state

_ L

V2

The concept of entanglement was first introduced by Erwin Schrodinger'? in
response to the Einstein-Podolsky-Rosen®® (EPR) paradox in 1935 [EPR35]. This
paper led to the conception of EPR pairs: two-qubit states which were later recog-
nized as being maximally entangled —the state |®T) is one of these pairs. In 1964,
John Bell formulated Bell’s theorem [Bel64], introducing the well-known Bell in-
equalities. His work tested the validity of the EPR paradox, and after that, EPR
pairs were renamed Bell states. The presence of quantum entanglement in physical

[B) = —=(|000) + [011)) = 0) & ).

systems was proven theoretical and experimentally. Although it is still an active
area of research, it has been recognized its importance and utility in technology
and communication. In fact, it is at the forefront of several scientific areas such as
quantum information theory, dense coding and quantum computing.

One of the most important implementations of quantum entanglement is to
“teleport” one qubit from one point to another without being concerned about
distance. Actually, there is no matter teleport but transmission of information.
This phenomenon is known as quantum teleportation (QT) and a brief explanation
of this goes as follow: a Bell state is prepared and the two entangled particles
are separated; the qubit wanted to be teleported is coupled to one of these two
particles; then a Bell measurement is performed onto the state of the two-coupled
qubits, changing to one of the four Bell states; so, the qubit isolated is also modi-
fied because of the existing entanglement; after that, the measurement outcome

24 Physicist and Nobel Prize-winning Austrain, 1887-1961.

3+ Albert Einstein, German theoretical physicist and Nobel Prize-winning, 1879-1955.
Boris Yakovlevich Podolsky, Russian-American physicist, 1896-1966.
Nathan Rosen, American-Israeli physicist, 1909-1995.
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is sent to the insulated particle via two bits of classical information and, depend-
ing on the message, a certain transformation on this qubit is made, leading to a
quantum state equivalent to the one desired to transfer. At the end of the process,
despite the entangled pair —which could be prepared long ago, without concern-
ing about the teleportation—, a qubit of information has been teleported via the
transmission of two bits.

Bell state

Bell i 20 £ 25

@ measurement | ", / E
° >|:: :E

Bell state

"0 | Bell state 2
(two bits)
]

i
|
|
|
|
|
|
|
|
|
v
\}?j >@ Select and >@

apply Pauli
transformation

Classical channel
—

Figure 1: A schematic representation of the global quantum teleportation process.

Among the first papers investigating about (QT) using Bell states we find
[BBC93] published in 1993. After that, some experiments with photons have
verified this phenomenon: across the Danube River (600m) in 2004 [UJA"04] and
between Las Palmas and Tenerife (143km) in 2012 [MHS"12], among others. One
of the latest experiments has been carry out the last December by a research team
from the University of Northwestern [TYC*24]. They have achieved performing
quantum teleportation with existing fiber optics crowded with classical Internet
signals. Such a discovery is a big approach to the settlement of a large-scale quan-
tum network, because it seems that there is no need of a new infrastructure for
transmitting quantum information. On the other hand, there are studies related
to teleport two qubits instead of only one [YC06]. Furthermore, [DC00] investi-
gates how to teleport one qubit to several different places. All in all, because of the
fast information transmission, the versatility of qubits and the message encryption
provided by QT, this phenomenon is very useful for doing quantum computing.
It is also visualized as an option to establish a better and more secure global-scale
internet.

This process seems unnatural and impossible to perform, but it is already a
reality. Theoretically, it can be also proven that this actually works. In Chapter 4,
one can find a detailed explanation of how it is carried out with the mathematical
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quantum formalism —see also [Pre01]. On the other hand, a crucial step to achieve
QT is when performing a Bell measurement on the 2-qubit state. For this reason,
the procedure of this is described as well. Hereafter, we investigate how this
process goes for a generic 2-qubit state. We are able to establish some conditions
under which a state is perfect for quantum teleportation (PQT).

Quantum mechanics is the new emerging paradigm in the technology field.
Although there still is so much to investigate and develop, some quantum phe-
nomenons are already being exploited to achieve more accurate results in the
shortest possible time. The main objective of this work is to show that some quan-
tum features and behaviors, such as entanglement and quantum teleportation, can
be explained with a complex algebraic-geometrical approach. Extensive research
on this topic can be found in [BBC"19]. But before going straight to these mathe-
matical descriptions, in Chapter 1 one has at its disposal some basic concepts
about quantum mechanics, such as the description of Hilbert spaces H, quantum
states |¢@) and how measurements of observables A work.

The fascinating nature of entanglement and its crucial role in quantum me-
chanics have been the motivation to delve deeper into this phenomenon in this
work. In fact, it is the key for doing quantum teleportation. For this reason, we
consider that it is important to give a mathematical characterization of quantum
entanglement for pure states. In general, an algebraic-geometrical approach to
quantum entanglement via a hypercube of Segre embeddings'* [CST21] is stu-
died (Chapter 2) and implemented (Chapter 3) on systems of qubits. The Segre
embedding is a map describing how to take products between projective spaces IP:

(k)
Px- - xP—DP.

[x]

We settle the relation between quantum states |¢) € H and projective points in a
complex projective space, [¢] € P. Then, there is a clear implementation of the
Segre embedding for obtaining the state of a composite system:

E(lgr], - [e]) «— o) @ - @ o) -

From this, some interesting results are extracted. For instance, the Segre variety
is defined as the image of the Segre embedding, ¥ = Im E. If a projective point
lies in ¥, then it can be separated, so the state associated to the former point is a
product state.
We dedicate more attention to bipartite-type Segre embeddings between sys-
tems of n qubits:
B, P2l P2l p2]

4+ Named after the Italian mathematician Corrado Segre, 1863-1924.
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where 1 < I < n — 1 refers to the system partition. The notation PN means that
it is N-dimensional. These type of functions are the fundamental objects in the
Segre theory, as every Segre embedding is a combination of some bipartite-type
ones. Actually, this decomposition is not unique. Something interesting is found
when considering all possible decompositions: it leads to the construction of a
(n — 1)-hypercube, where the vertices are products of projective spaces and the
edges are maps of the form I x &, ; x IL.

The bipartite-type Segre varieties, X, ;, are then enough for characterizing the
entanglement of n-qubit systems. In fact, the Generalized Decomposability theorem
settles that [¢] lies in at least g different bipartite-type Segre varieties if and only if
the state is (g + 1)-partite (that is, it can be expressed as a product of g + 1 states).
Given the importance of %, j, it is crucial to describe the structure of these Segre
varieties. We proof that they are defined by the zero locus of all 2 x 2 minors of a
matrix constructed using projective coordinates.

The images of bipartite-type Segre maps become essential for defining a family
of quantum observables {7, ;};. Generally, their values range from zero to one.
Notably, a state is g-partite if at least § — 1 observables 7, ; are zero. Therefore,
they settle the connection between the geometry from the Segre embedding to
quantum entanglement.

A crucial step for being capable to teleport one qubit is to use one maximally
entangled state of two qubits. This concept emerged when measurements for
quantifying the amount of entanglement on any physical state arose. For pure
states, the most widely used measurement of quantum entanglement is given by
the so called von Neumann entanglement entropy. According to this, a state of
two qubits is maximally entangled if the entropy of entanglement is maximal,
with value In2. Nevertheless, it is still an open problem and there is not only one
way for quantifying entanglement, but in general it is agreed that a good measure
must satisfy some properties [HHHHO09]. Other commonly methods are exposed
in [PV07].

In this work, we will study and adopt an entanglement measure provided in
the paper [CST21] already mentioned. This is defined as the average observable
of the family {.7,,;}; from before:

1 n—1
TIn = E jn,l~
=1

n—1

It has been observed that 7, works well for quantifying entanglement when n < 4.
The physical interpretations of its extreme values are

Tn(Pp) =0 < |y) is (n — 1)-partite, J,(¢) =1 < |¢) is maximally entangled.
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For a number of qubits greater than four, maximally entangled states are not
well defined since it is unknown the maximal value of this function: have been
observed states with 7,(¢) > 1. However, in this work we will only consider
states consisting of up to four qubits.

For the ones that are more interested in such teleportation protocol, we suggest
taking a look on our Physics Final Degree Project [LSC25]. It is contemplated
to carry out the process in question by considering two-qubit states of the form
|P(0)) = cos B |00) + sinB|11) for angles between 0 and 7t. The main issue is that
these states are or are not maximally entangled depending on the angle, according
to J». For the latter case, it is impossible to perform successful QT. Despite of
that, we implement an algorithm called Multiple Correlated-Try Metropolis (MCTM)
[CLO7] with the aim to find the best transformations to apply on the isolated qubit
in order to obtain the best possible results. This method is a modification of the
Metropolis-Hastings" algorithm [Rob16].

We briefly explain the structure and contents of this project. In Chapter 1,
we introduce the principal concepts about Quantum mechanics that will appear
along, as well as their mathematic formalism. Later, in Chapter 2 we describe
how practical are projective points for representing quantum states. Consequently,
we also introduce the fundamentals of the Segre embedding and give important
results for the following part. Once provided these features, we implement the
Segre theory for studying the separability of n-qubit states in Chapter 3. Moreover,
we also define the family of observables {7}, the entanglement measure given
by J, and it is also provided an illustration of the (1 — 1)-hypercube for2 < n < 5.
Lastly, in Chapter 4 we explain how quantum teleportation and Bell measurement
are carried out. After that, a discussion about performing QT with an arbitrary
two-qubit state is given. We will see that this is connected to the work done in our
physics project.

5+ Named after the Greek-American physicist Nicholas Constantine Metropolis (1915-1999) and
the Canadian statistician Wilfred Keith Hastings (1930-2016).



Chapter 1

Quantum mechanics

In this first section, the reader not familiarized with quantum mechanics will
find explanations about some fundamental concepts that will appear frequently
during the next chapters. Specially, we will describe the structure of the Hilbert
space ‘H we will work in and how quantum states may be represented. Later, we
will talk about some functions called operators and how they act on states. Two
important groups of these are the observables and the unitary transformations.
Finally, we will introduce the fundamental quantum element: the qubit.

1.1 The Hilbert space

Definition 1.1. A Hilbert space H is a complex vector space equipped with an inner
product denoted as (,) which satisfies the following properties:

1) (x,y) €C, Vx,y € H.

2) It is conjugate symmetric, i.e. (x,y) = (y,x)". This implies that (x,x) € R.

3) It is linear in its first argument.

4) The product (x, x) is positive definite: (x,x) > 0and (x,x) =0« x =0.
This inner product induces a norm in H defined as | x|| := /(x, x) for any x € H.

Hilbert spaces are indispensable for describing the quantum states of mecha-
nical systems:

Definition 1.2. A (quantum) state is a vector x € ‘H such that (x,x) = 1.

1



2 Quantum mechanics

The nature of the Hilbert space H depends on the physical system. In this
work, we will focus only on describing the spin! of fixed particles. The corres-
ponding Hilbert spaces are of finite dimension N < co —we will denote it as
HN— and they are just the complex vector space CV equipped with the usual
inner product. The inner product of two vectors x,y € H" is then (x,y) = x* - y.
From now on, we will only consider as elements of the Hilbert space the states of
this kind.

For quantum states, we use the bra-ket notation. On the one hand, the term
ket is referred for vectors of HN written as |p). They are expressed in terms of
some vector basis {|e;)}Y, where |¢;) also are quantum states (i.e. this basis is
orthonormal):

|@p) =ayler) +azxle) +---+anlen) = : ) (1.1)

The coefficients a; ..., ay € C are the coordinates of the vector in the respective
basis and they satisfy |a1|?> + - -+ + |ay|?> = 1. This is called normalization of the
quantum state. With this notation, |¢) refers to a state. An important observation is
that states are physically indistinguishable up to a global phase factor with unitary
norm. Therefore, we say that two states |¢) and |¢) are equivalent, |@) ~ |¢), (i.e.
with the same physical properties) if and only if

lp) =€ |p), for somed € R. (1.2)

On the other hand, the term bra (¢| represents a linear form of the dual Hilbert
space (HN )* and it is expressed as

(go]:ﬁl<€1|+ﬁz<€2|+"'+ﬁN<€N|E<ﬁl a e EN)E.:|¢>+’ (13)

where a; is the complex conjugate of a; and {(e;|} is the dual vector basis.
The inner product of two quantum states |@), |¢) € HN is written as (¢ | ¢)
and it can be easily computed using matrix forms:

a
<¢|§D>:<El EN) :Ela1+"'+ENllNEC.
an

The coordinates a; and b; of |@) and |¢), respectively, are in the same basis. This
can be done as well by using that {le;) } is an orthonormal basis, i.e. {¢; | ¢;) = J;;.
Note that (¢; | ¢) = a; foralli=1,...,N.

IThe spin is an intrinsic angular momentum characteristic of elementary particles.
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1.2 Composite Hilbert space

Definition 1.3. Let ’Hi\l ! and ’Hé\b be two Hilbert spaces, with N; and N, two
positive integers. The composite Hilbert space of ’Hi\] ! and Hé\jz is the Hilbert space
given by the tensor product of these vector spaces ’H,i\h ® ”Hé\l 2

defined as

. Its inner product is

(gl @ (@2l [ 1) @ [1h2)) := (@1 | Y1) (@2 | ¥2),
for all |@);, |); € HZNi with i = 1,2. The operation ® is the Kronecker product.

If {]ui>}lN:11 is basis of #)' and {]vj)};\]:zl is one of H,"?, then a basis of the
composite space H]' © HJ" is formed by the vectors |u;) ® |vj) =: |u;jv;). Observe
that dim(H]" ® H5?) = NiNo.

Note that the definition of this inner product is only defined by quantum states
of H1 ® H, that factorize —that is states of the form |¢); ® |¢), where |¢), € H;
and |¢), € Ho. Fortunately, we can always use a base of states of 71 ® H, where
all of the elements are factorized vectors. So thanks to the linearity of the inner
product, we can extend this to every state written in a basis like this.

Definition 1.4. A state |@) € HY is product if there exist two smaller Hilbert spaces
satisfying Hfl '® ”H,é\l 2 = HN (where 0 < Ni, N, < N are two integers) and two
states |¢1) € HI1, |@2) € HA? such that

) = l91) @ |@2) -
In other words, a state is product if there exists a composite Hilbert space where it
factorizes. In contrast, if one state can not be factorized in any way, then the state
is said to be entangled.

Composite Hilbert spaces are very important and frequently used in quantum
mechanics, because sometimes it is necessary to consider different quantum states
of separated systems as a unique state of a single system, or trying to decompose
a quantum state into several independent states. These actions are useful for
studying some properties of the state, such us its separability or its entanglement.

Given an n-particle state |¢) € HY, sometimes it is convenient to consider this
Hilbert space as a composite of the form Hi\h ®---®@Hp". Bach HZN " represents the
Nj-dimensional system formed by the i-th particle. In respect of these dimensions,
we have N = N;---N,,. If {|u;z>}2]‘:1 is a basis of HZNI' foreachi = 1,...,n, then
{]u}l ++-uj )} is one of HN.

Moreover, it is useful to introduce some observers O, each living in one of the
Hilbert spaces forming the previous composite system. They are used for empha-
sizing that only the observer O; of HZNi can make transformations and measure-
ments (see the next two sections) on the particle living at this particular Hilbert
space. With this new concept, the original state |¢) can be written as
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1
J1rees]n

In this context, in quantum mechanics is said that this state |¢) is separable if
there exist states |¢;) € ”HlN iforalli=1,...,n such that

|§0>Ol...on = |(Pl>01 K& |(Pn>@n .

Note that this is a particular case of product states which can be factorized in
terms of the states of each particle.

1.3 Observables, measurements and transformations

Definition 1.5. An operator O is a linear map on a Hilbert space O : H — H.

For any pair of states |¢1), |¢2) € H, the function |¢;) (¢1] is an operator:

|p2) (1| © H — H
1) — |@2) (p1 | ¥)

Given a Hilbert space H" and a certain orthonormal basis {|e;) }, the set of ope-
rators {|e;) (¢j|} is a base of the space of the operators in HN. So for any operator
O on H there exists a set of constants {c;;} C C such that O =}, ;cjle;) (¢j|. For
this reason, this operator has an associated matrix which in the base {|e;) (¢;|} has

the form
€11 - CIN

CN1 *** CNN

From now on, we will identify operators with their corresponding matrices given
in a certain basis. Note that any complex matrix of dimension N x N defines an
operator on HN.

In bra-ket notation,

i1 -+ QN ay
Olp):=0(l¢)) = + . | eH”,
CN1 - CNN an
€11 -+ CIN a1
(9[Olg) ==yl Olg)) = (b -+ By) |+ -~ = ||:]|ecC

CN1 "+ CNN aN
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There is a postulate in quantum mechanics establishing that every observable
magnitude (such as the spin, the momentum, the energy...) is associated with one
linear operator on the Hilbert space which has real eigenvalues.

Definition 1.6. An operator A : HN — HN is called hermitian if A" = A.
This kind of operators satisfy two interesting properties:

1) Their eigenvalues live in the real space. That is if A is hermitian and
Alp) = Algp), then A € R.

2) Given an hermitian operator A, there exists an orthonormal basis of H
formed with eigenvectors of A.

From this, for any hermitian operator exists one orthonormal basis of HN such
that its associated matrix is diagonal with real numbers:

M
A= , whereA;c RVi=1,...,s and 1 <s <N.
As

This is the general case, where we contemplate the possibility of the eigenvalue
spectrum of A being degenerate. In this sense, we have A; repeated r; times, where
1<r,<Nandr +---4+r; = N. The eigenstates (unit eigenvectors) associated
to the eigenvalue A; are denoted as |A;, 1), ..., |A;, 1) and they form a vector basis
of one subspace of HY of dimension r;. Therefore, an orthonormal basis in HN
formed by the eigenstates of A is of the form

{‘/\1,1> , (rl), |A1,1’1> , |/\2,1> P (r?)’ ‘)\2, 7’2> ey |)ts, 1> , (rs)’ |/\5, 1’S>}.

Note that </\], mj | A ‘ A, mi> = Aiéij(imimj VZ,] =1,...,5, where 1 < mj; < Tij.

These two properties are the reason why hermitian operators correspond to
the operators associated to the observables discussed above. Because of this con-
nection, this type of operators are also named observables.

An observable has a spectral decomposition of the form A =Y} ; A;IT; where
IT; = Y, |Ai, 1) (A ]| are one kind of observables called projectors: hermitian
operators such that IT> = TI. Given this, there exists a postulate in quantum
mechanics called the Born rule which states that:

i) The outcome of the measurement of the observable A on one state |¢) will
be one of its eigenvalues A;.

ii) The probability of measuring A; is

Py (A A) = [|TL @) [|> = (¢ | IL; | @) . (1.5)



6 Quantum mechanics

After an observable measurement, the state of the system always changes fol-
lowing this criteria: if the measurement outcome has been the eigenvalue A;, then
|¢) has become the state

v ifg) 16
90 = T 1oV T (16)

If we develop this expression we get

Z;Ll ‘Ai/ l> </\i/l ‘ 90> i
|p;) = == =Y w|A,l),
N T A I YR
where w; = m € Cforalll =1,...,r. So, an interesting interpretation of
i

(1.6) is that, after getting the measurement outcome A;, the state |¢) has been pro-
jected to the subspace generated by the eigenstates associated to this eigenvalue.
In this respect, the notation |¢) — |¢;) is commonly used. Note that the likelihood
that the state |¢) will end up being |¢;) is the same as obtaining the measurement
)\1‘ ’ i.e.

P(lg) = |@i)) = Pgy(A: Ai).

If the eigenspace associated to A; is one-dimensional and generated by the
eigenstate |A;) = |A;, 1), then IT; = |A;) (A4, so |¢;) = |A;). Hence, the probability
is

Plp) = 14)) = [ (A [ o) " (17)

Let us explain how operators are used on a composite Hilbert space. Suppose
a state like (1.4) but of two particles, i.e. [¢)p 0, = LijCij |uivi>0102 € Hi1® Ho.
Suppose one operator O acting only on the first particle (the one associated to the
observer ;). An operator like this is defined as

0% :=0% 1% : HiQH, — Hi1QHa

(@)
9o, — Lei (0% ui)o,) @ [0,
)
where 192 is the identity operator in Hy. Note that there is an abuse of nota-
tions, but we could avoid writing the observer in O ® I if we clearly differentiate
which observable acts on each particle. For the second particle we would take
0% := T® O. If now we consider both operators acting together,

0%0% .= (0N (I®0) =00 =0% © 0%,
what we have is
0% ®0% : Hi@H;, — Hi@H,

’(P>01(92 — Zcij (OO1 ’ui>(91) ® (O(92 |Uj>02) ‘ (1.8)
ij
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An observation about these last operators is that 0% ® 092 = 0% ® 09,
When this happens and both are observables, it means that both measurements
can be taken simultaneously. However, not every operator acting on H1 ® H>
can be factorized. Despite of that, a generic operator can be written as a linear
combination of factorizing operators.

Unitary transformations

There are some particular operators U/ that preserve the norm, in other words
|Ux|| = ||x||, Yx € HN. They are called unitary transformations and the associated
complex matrices form the unitary group defined as

U(N) = {u e My (C) | Ut :u—l}.

Every unitary matrix U satisfies that |det(i/)| = 1.

For any state |¢) one can perform a unitary transformation ¢/ and get a dif-
ferent state |¢) = U |@). Some examples of these transformations in H? are the
well-known Pauli® operators (or matrices):

1 0 01 0 —i 1 0
g .= (0 1),0‘1.— (1 0),0’2.— <1 0) and 03 = (O _1>, (19)

which also are hermitian —therefore observables. Because of that, Ui’l =0

1
so these operators satisfy 07 = L.
One matrix from the unitary group U(2) can be written as

: ePcosh®  ¢7sinb
=% ) ; 1.1
U=e (—3_17 sinf e P cos 9) (1.10)

=0,

where «,,7,0 € R. Note that there are four degrees of freedom. However, in
the context of quantum mechanics, the factor ¢® is a global phase and does not
affect the physical properties of the system. As a result, these transformations are
defined by three degrees of freedom, up to a global phase.

1+ Named after the physicist Wolfrang Pauli.
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1.4 Qubits

A qubit is a state of the smallest system one can consider. It consists of a
superposition of two states usually labeled as “0” and “1”. A general qubit is
given by the state

§) = a10) + a2 [1)

where {|0),|1)} is an orthonormal basis of a Hilbert space H2. As we have men-
tioned before, this state must be normalized, so its coefficients 41,4, € C must
satisfy |aq|? + |az|> = 1.

This quantum state is called like this because it is interpreted as the quantum
version of the bit: a classical object that has one of two possible values, commonly
represented as “0” and “1” as well. In the same way bits are the fundamental
element for classical computation, qubits are for quantum, where many qubits
have to coexist and interact. It is therefore interesting to consider a quantum
system composed of n qubits living in a Hilbert space HN, where N = 2". A
general n-qubit state has the following form of representation:

-1 -1 n
W) = a1 0°70) + a2 10" 01) 4 - 4 any [177710) + an 101)

where a1...,ay € C and YN, |ax|> = 1. We have used the orthonormal basis
1+ jn) = lj1)o, ® - @ |ju)o,, where j; € {0,1} represents the state of the j-th
qubit for all i = 1,...,n. One difference here is that now there are n different
particles, so as we explained before it may be convenient using observers O;, one
for each qubit.

One of the most well-known examples of qubits arises from spin-3 particles,
such as electrons. These particles have a spin that can exist in a superposition of
two states: up |1) and down |]), along a chosen direction. More precisely, the
particles themselves are not qubits, but their spin states serve as qubits.

Additionally, photons can also function as qubits, making them highly valu-
able in quantum experiments and technological applications. Specifically, their
polarization can exist in a superposition of horizontal |H) and vertical |V) polari-
zation states.



Chapter 2

The Segre embedding

This chapter has been written following the structure and results explained
in [CST21]. We will introduce briefly what a complex projective space is and
how it is strongly connected with the Hilbert space. Moreover, we will use a
map called Segre embedding for taking products between two different projective
spaces. After that, we will generalize this map for a set of projective spaces.

2.1 Complex projective space

Denote by CV the complex vector space of dimension N < co.
Definition 2.1. The complex projective space PN is the quotient space defined as

_ CN+1\{0}

PN -
z~ Az

where z € CN*1\{0}, A € C\{0} and ~ is an equivalence relation that identifies
proportional vectors in CN*1.

The notation used PV also means that the dimension of the projective space
is N. The elements of PV are called projective points and they are represented
by the projective coordinates z,...,zy € C using the notation p = [z9 : -+ : zN].
Actually, these coordinates are the ones of a vector z from CN*1\{0} in a certain
basis. According to the equivalence relation ~ from Definition 2.1, we have that
(zo,...,zn) ~ (Azp,...,AzN), YA € C*, so in terms of projective points,

p=lzo:---:izn]=[Az0: -1 Azny], VAECT (2.1)

On the other hand, the complex projective space PN may be also understood
as the set of lines in CN"! that go through the origin.

9
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2.2 Projective Hilbert space

Complex algebraic geometry can be implemented for understanding some con-
cepts of quantum mechanics.

Let N > 1 be a positive integer and let {¢;} Y, be the standard basis in CV. We
will consider a Hilbert space HY with basis |e;) and a complex projective space
PN-1 with e; as adapted basis.

Let be |p) € HN one state of an N-dimensional system. This state is of the
form (1.1). According to (1.2), |¢) is unique up to a global phase, so for any 6 € R
the state of the form ¢’ | @) represents the same physical state. If we consider the
coordinates of any of them, we see that {eieak}i\il C C and there must be at least
one nonzero element. Therefore, we have that [e?a; : - : ¢ay] is a projective
point in PN~!. Consequently, we have the following identity:

[e%ay - :eay] =[ay:- :an], VOER.

In other words, all equivalent physical states in HN are represented by the same
projective point in PN~1.

On the other hand, let p = [z; : - - - : zy] be a projective point in PN~1. If we
consider the constant C = |z1/2 + - - - 4 |zn|?> € R, then p can be also expressed
like ,

etf
p_%[zl-“"ZN] = [agy1:-- 1 agn],

where ag; = ez, //C for all k = 1...,N and 6 is some real constant. Note that
apr € C with at least one nonzero, according to Definition 2.1. Moreover, they
satisfy |ag1|> + -+ + |agn|*> = 1. For each 6 € R, the vector ug = (agy,...,agn)
representing p can be considered thus a state |ug) in HN. Actually, the family of
vectors {|ug) }oer are all the ones representing a unique physical state. In other
words, any projective point in PN~! describes a distinctive mechanical state in
HN.

All in all, one may observe that there is a strong correlation between states in
HYN and projective points in the complex projective space PN~1. From the above
discussion we obtain:

Proposition 2.2. There exists a bijection between the sets of equivalent states in a Hilbert
space HN and projective points in PN~

equivalent states in HN — PNl

{j;(a1|€1>+"'+ﬂ]\]|€]\]>)‘GGIR} <—— [alz---:aN]

where C = |a1|? + - - - + |an|?.
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Therefore, we can visualize quantum states as projective points. Moreover, one
unique projective point represents all possible states (which are infinity of them)
describing the same properties of a given system. For this reason, and given that
there is no need to compute any normalization constant, using projective points
may be more practical than quantum vector states. When we deal with projective
points, instead of the Hilbert space we use what is called projective Hilbert space IP.

Note that, from Proposition 2.2, the correspondence between HN and PN-1
is described also by [¢] < {|¢) | |¢) ~ |¢)}, where [¢] = [a1 : --- : an]

1

and |¢) = \/5(5!0 ler) + ---an|en)). For simplicity, from now on we will write

[¢] <> |¢), where |@) denotes the state representing all equivalent states.

Example 2.3. Here are some examples of well-known states of two and three
qubits written as projective points:

a) The four Bell states:

[$o) := 75 (100) +[11)) «— [go] = [1:0:0:1]
[¢1) == 75 (101) +[10)) «— [¢1] = [0:1:1:0]
|$2) := 75 (101) — [10)) «— [¢o] = [0:1: ~1:0]
|¢3) == 75 (100) — [11)) «— [¢] = [1:0:0: —1]

b) |Sep) :=|000) <— [Sep] =[1:0:0:0:0:0:0:0]

) |B1) := == (]000) 4 [011)) +— [B1] =[1:0:0:1:0:0:0:0]

S

d) [W) = -1 (|001) + [010) + [100)) «— [W] =[0:1:1:0:1:0:0:0]

S

e) \GHZ):%(\OOOH—\HD)<—>[GHZ]:[1:0:O:O:O:O:O:1]

In this work, we will often use projective points when studying states as it is
more comfortable: there is no need of computing the normalization constant nor
considering global phases, as we already noticed just above.

2.3 Segre embedding

We will see that the Segre embedding is a map describing how to take products
of projective Hilbert spaces IP.

Bipartite-type Segre embedding

Consider a state [¢] in a composite projective Hilbert space PN = PM @ P2,
where N > 3 and 1 < Nj, N, < N. According to the concepts already introduced
about composite Hilbert spaces in Section 1.2, there exist two adapted bases u; and
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v; from two projective Hilbert spaces PN and IP™2, respectively, such that u;v; is an
adapted basis of PN, where 1 < Nj, N, < N. Therefore, the projective coordinates
of our state in this basis are of the form:

[QD]:[COO:"':CONZ:"':Cij:"':CN10:"':CN1N2]-

Note that this is a point with (N; + 1)(N; + 1) projective coordinates, so we have
the relation N = (Nj 4+ 1)(N + 1) — 1 between the dimensions of the projective
spaces. One may wonder if our state is product in these two projective Hilbert

spaces. In other words, if there exist two states 1] = [ag : - -+ : an,] € PN and
[@2] = [bo : - - - : bn,] € PM2 such that, according to (1.4),
[9) = |91) @ |92) < [9] = [aobo : - - - aobn, < -~ anbo : -+ an; DN, ]

<:>C,‘j:aibj, Vi:O,...,NlandezO,...,NQ.
The next definition is motivated on that:

Definition 2.4. Let PM and P be two projective spaces, where Ni, N, € Z7". The
(bipartite-type) Segre embedding = is the map defined as

ENyN, PN x ph — PN

(lag:---ran], [bo:---:bn,]) V= [+ iaibj:---]
where 0 <i< N;,0<j< Nyand N:= (N; +1)(N,+1) — 1.

Note that for any two states [p1] € PM and [@s] € P2, their Segre image
En,N, ([@1], [@2]) is a state in the projective Hilbert space PN. More precisely, it is
a product state.

This function is injective but not exhaustive. Indeed, the decomposition of one
product state into two states given the spaces PN and P2 is unique, and on the
other hand not every state in IPY is product.

Definition 2.5. The (bipartite-type) Segre variety XN, n, of a Segre embedding En;, n,
is the image of this map:

ZNl,Nz = Im (ENl,Nz) .

This can be interpreted as the set of all product states generated by every
pair of states formed by one state from PN and another one from PM2. That is
so interesting, because by knowing how this set is constructed, one may easily
characterize if one state is a product state in respect of two projective Hilbert
spaces.
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Proposition 2.6. Given N1, Ny € Z™, the Segre variety ¥, N, can be described as

ZNLNZZ{[---ZCZ‘]'Z"']E]PN | Cijckl:Cilckjr VZ#k,VJ#Z}

Coo -+ CON,
= ( zero locus of all 2 x 2 minors of

CNi0 " CN|N,

Proof. Let N1 and N, be two arbitrary positive integers. Consider the Segre va-
riety Zn,n, C PN, where N = (N; +1)(N, + 1) — 1. Note that the projective
coordinates of every point in PN can be indexed like [Zo0 : -+t ZoN, 0t 2NN, )
Let us take one arbitrary point p = [coo : - - - : cn,n,] from PV,
First of all, suppose that p € X, n,. By definition of bipartite-type Segre
variety, 3q1 = [ag: - -+ 1 an,] € PN and 3gp = [by : - - - : by,] € PN such that

p = ENl,Nz(q1/q2) = [aobo I Ll()sz : a1b0 Doeee LlNle2].

Therefore, we have that [coo : - - : cnyN,| = [a0bo @ - - - = an,bn,]. This happens
if and only if (co, ..., cnyN,) = Alaobo, . .., an, b, ) for some A € C*. With this, the
projective coordinates of p satisfy

2 2
Cijckl — Cilckj =A aib]-akbl —A aiblakb]- =0,

Vi,k = 0,...,Nyand Vj,I = 0,...,Np. In particular, this happens Vi # k and
Vi # L

On the other hand, now consider that the projective coordinates of p have the
property that c;jciy = cijckj, Vi # k and Vj # I. By definition of projective point,
ey # 0 forsome k' =0,...,Nyand I’ =0,..., N,. Then we have that

¢ = CZ/C"’J‘, Vie {0,..., N\ {K'} and Vj € {0,..., Na }\{I'}.
k'

After replacing the corresponding projective coordinates of p with this expression
and multiplying every one with the constant ¢y € C*, we obtain
C:11Cyt;
Cl‘]‘ = lék/l]j] — Cil/ck’j Vi e {O, ey Nl}\{k/} and V] € {0, . ,Nz}\{l/}
ciy — cipcpyp Vi € {O, cey Nl}\{k/}
Ck’j — Ck’l’Ck/j V] S {0, . ,Nz}\{l/}

Cx'r — CprCpy

In summary, note that c;; has become cjycpj, Vi,j. Therefore, we have another
possible representation of p:

p=lcoo:--:Cijir1CNNy] = [CorCro st CipCrrj e ONICRNG |
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With that in mind, let be a, = ¢, for all » = 0,...,N; and by = ¢, for all

s=0,...,Np. Note that,asay = by = cpp #0,thenqy :=[ap:---:an,] € PM and
g2 := [bo : - - - : by,] € PM2 are well-defined projective points. Using this notation,
from the last expression of p we have that p = [agbp : - - - : an,bn,| = EnyN, (91, 92),

sop € Z‘Nerz‘
It is easy to check that cjjcyy = cjicj Vi # k and Vj # [ is equivalent to the fact
that all 2 x 2 minors from the matrix

Coo - CON,

CNi0 " CNIN,

are zero. Indeed, giveni # k € {0,..., N1} and j # 1 € {0,..., Ny} arbitrariness
integers,

Cij Cil
cijcr — cigckj = 0= | 7 =0,

Ckj Ckl

which is clearly a minor from the matrix of above. By changing the indexes we
run over all possible 2 X 2 minors.
O

In respect of the previous proposition, the total number of 2 x 2 minors existing
in that matrix is given by

ENN, = Ni(Na + 1)4N2<N2 +1) (2.2)

Example 2.7. The simplest Segre variety is
S0 = {lcop:co1:cro:ci1] €PP | copc11 = cocio}-

Another two Segre varieties which we will see very often in the next chapter
are the following;:

. c e
a) Y13 =4 [coo: - :c13] € P7|all 2 x 2 minors of 0.0 03 are zero
€0 - €13
€00 Coa
. €19 ¢
b) T31 =1 [cop:---:c31] € P7|all 2 x 2minors of [ "' | are zero
€20 €21

C30 €31
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Generalized Segre embedding

The Segre embedding from Definition 2.4 can be generalized by considering
more than two projective Hilbert spaces.

First of all, let us define a function that sets a relation between the dimensions
of the projective spaces involved, like in Definition 2.4 but in a generalized way:

N(Ny,...,Ny):=(Ny+1)--- (N +1) =1, Vm>1. (2.3)

Definition 2.8. Let PM,...,IPN» be m > 3 projective spaces, where the respec-
tive dimensions are Nj ..., N,, € Z*. The generalized Segre embedding is the map
defined as:

ENyNy, PN x .. x PN — PN N

([a(l):---:a}\h],...,[ag:---:a%mD — [ Al ]

where 0 <i; < Nj forallj=1,...,mand N(Nj, ..., Ny) is the function given by
2.3).

Definition 2.9. The generalized Segre variety Ly, N, is the image of the corres-
ponding generalized Segre embedding:

ZNy, Ny =Im (BN, N, -

With these definitions, given a state [¢] € PN and a Segre embedding Ey, .. n,
such that N(Ny,...,N,) = N, if [¢] € ZN,,.. N, then there exist m smaller states
[p1] € PN, ..., [@m] € PN" such that [¢] is a product state in terms of these m
states:

(@] = BNy, N ([@1], - [om]) <= o) = |91) @ -+ @ |om) -

In contrast with the bipartite-type Segre variety from Definition 2.5, the gene-
ralized one can not be described in terms of homogeneous quadratic polynomial
equations. Despite of that, from Definition 2.8 it is direct to deduce that general-
ized Segre maps can be described in terms of some bipartite ones:

Lemma 2.10. If En, . N, : PN x - x PNe — PN(NuNu) s g generalized Segre
embedding, then it can be written as a successive composition of m — 1 functions of the
form

Hﬁl X X ]IN-,] X HNI_,N’_H X HNH X X HN@’

1

where the value of m is different for each function involved in the composition, going from

m to 2. For a function of this form with value m, foralli =1,...,m:

i) Ny is the identity map of the projective space PN,
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i) BN, PNi 5 PNt —y PN(NuNi1) s e bipartite-type Segre embedding,
iii) min{Ny,..., Ny} < N; < N(Ny,...,Np).

For instance, for any generalized Segre embedding with m = 3, i.e. En;,np,N5/
we have the following diagram:

=) x1
PM % PNz « PNs N1N2 7 N3 PN (NLN2) 5 pNs

Iny X Eny,Ng ~ EN(Np,Np), N3

PN x PNV (N2,N3) PN (N1,N2,N3)

=N (N2 N3)

The dashed arrow represents the generalized Segre map, while the continuous
arrows correspond to the maps from Lemma 2.10. Note that these together form a
square, i.e. a 2-hypercube as defined in Definition 3.16. Regarding the dimensions
of the projective spaces involved in the diagram, it can be verified that

N(N(Nl,Nz),Ng,) = (N(Nl,Nz) + 1) (N3 + 1) -1
=(N1+1)(No+1)(N3 +1) — 1 =N (N, Ny, N3),
and similarly for A/ (N1, N' (N2, N3)).
Example 2.11. Let us consider the following generalized Segre embedding:
Ei11: P x P! x P! — P7.
This one has just two possible decompositions in terms of bipartite-type Segre
embeddings:
® Ononehand, E117 = 831 0 (811 x 1), because:

El,l X Hl

P! x P! x P P3Pl 2, p7

* On the other hand, Z117 = E13 0 (I; x E11), because:

I xEqq E13
P! xP3 ——— 5 P’

P! x P! x P!

For a deeper understanding of the result from last Lemma, one may refer

to the end of Chapter 3, where several (n — 1)-hypercubes constructed by Segre

embeddings of the latter form are presented. The projective spaces involved are
of the form IPZk*l, where 1 < k < n.



Chapter 3

Characterization of quantum
entanglement in qubits

This chapter is based on the work of [CST21] as well. Here, it will be only
considered quantum states of particles systems acting as qubits. First of all, we
will implement the Segre’s theory to this type of states. Thanks to that, we will be
able to easily characterize its entanglement, or equivalently its decomposability.
We will see in addition a function that quantifies how entangled a state is. Finally,
it is shown that all Segre embeddings that may be performed in a n-qubit state
can be illustrated with an (n — 1)-hypercube.

3.1 Segre embedding in qubits

According to the introduction made in Section 1.4 about qubits, it is of relevant
importance studying how much entanglement has any state of n > 2 qubits. For-
tunately, in this section we may see that Segre embeddings may be a useful tool
for achieving this objective.

Let |¢) be a state of n particles. As we have already seen, this state lives in a
2"-dimensional Hilbert space, or equivalently, its projective point [¢] belongs to a
projective Hilbert space IP?'~1. We will use the following notation:

M, :=2"—1=N(1,",1).

The first question one might consider is if [i] is a product state. Applying
the concepts introduced in Section 2.3, this state is a product state if and only if
there exist one state of n; particles [¢1] € PMm and another [y] € PMn of n,
particles such that By, m,, ([#1], [$2]) = [¢]. The positive integers M, and M,

17
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must satisfy N'(M,,, M,,,) = M,,. Note that
N (M, My,) = (My, +1)(My, +1) =1 =212 1 = M, & ny +ny = n.

This result aligns with the physical principle that the number of particles must
be preserved. Therefore, imposing that n, = n — n; is equivalent to the condition
N(Mnl, an) — Mn.

All in all, it is possible to give a more simplest way of characterizing a product
state:

Lemma 3.1. A state [p] € PM» of n particles is a product state if and only if exists a
positive integer | € {1,...,n — 1} such that [{] € Ly m, -

Now we can understand why it is called bipartite-type Segre embedding: for
determining if it is a product state, it is enough by finding one bipartition of
the n particles satisfying the previous Lemma. The partitions are indexed by the
I parameter and there are a total of n — 1 different partitions. Therefore, it is
important to consider all possible Segre embeddings of the form

Emgm,, P2 U P PP vi=1, 01 (3.1)
as well as the corresponding Segre varieties
oM, , =Im (Emm, ), VI=1,...,n-1; (3.2)
which we already know their structure thanks to Proposition 2.6.

Example 3.2. Consider a qubit-system formed by 3 particles in the state
1

B = —

| 1>ABC \/E

where A, B and C are three observers, one for each particle. There are only two

(1000) pgc + 1011) 45c) <— [B1]apc =1[1:0:0:1:0:0:0:0],

possible partitions:

TJe
Ne
BN

TJe
Ne
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In the left partition (I = 1), we have two different subsystems: the system
of A with one particle P, and the system of B and C with two particles P3..
Meanwhile, in the right partition, we get the subsystems IP3 ; and P_.

For checking if the state [B;] is a product state of one state in IP4 and another
of Pgc we may see if [B1] € X135 =: Xagpc. According to Example 2.7, we know
that

. c C cop €
Y AeBc = 1 zero locus of all 2 x 2 minors of 00 F01 %0, 03 .
€10 €11 C12 €13

In our case, we have cpp = cp3 = 1 and the rest of the projective coordinates are
zero. So, we have to check if all the 2 x 2 minors of the following matrix are zero:

1 001
000O0]/

It is easy to see that there is a total of 6 minors —a number that can be computed
with (2.2)— and all of them are zero. Therefore, [B1] € Lagpc and it is a product
state. In fact, we could also noticed that

IB1)anc = [0) 4 ® k (100) e + [11) 5c)

On the other hand, by doing the same for the left partition (! = 2) we obtain
[B1] ¢ L apsc because there exists a non-zero minor in the matrix

o O O -
S O = O

One might wonder that there may be more than two partitions, for example in one
side the observer B while in the other one A and C. Nevertheless, this partition
is not possible in our case, let us see why. In order to perform this partition, we
have to consider the order BAC by permuting the particles A and B on the state
from before —and therefore permuting the basis of IP”. The result is a different
state from |By):

1

where the names of the observers A and B have been exchanged after reordering
the basis. Doing the same as before, [By| ¢ L agpc UXApsc-
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3.2 Decomposability and separability

Another interesting aspect of study is the possibility of the state |) not only
being a product state of two states but of three or more states.

Definition 3.3. Let |¢) be a state of n > 2 particles. |¢) is said to be g-partite if
there exist g states of n; particles |¢;) such that

) = [1) ® - @ [¢hy)
where2§q§nandn1+---+nq:n.

This definition provides a way for classifying entangled and product states:
|) is a product state <= |¢) is g-partite for some 2 < g < n.

It seems very interesting for characterizing quantum states in this way. Hope-
fully, Segre embeddings could be a valuable tool for this purpose. Before explain-
ing how this works, it is crucial to introduce some important concepts.

Definition 3.4. Let [] € PM" be an n-particle state, n > 2 and 2 < g < n. [¢] is
qg-decomposable if there exist q positive integers ny, ..., 1, such that

[¥] € Zm,,,...M,,
where ny + -+ +n, =n.

Note that if [ip] is g-decomposable, then there exist n;-particle states [;] € P
withi=1,...,q such that

EMnl,._,,an ([4’1]/ ceey [#Jq]) = W’]

In other words, [if] can be separated within g states, i.e. |¢) is g-partite. With this,
one can observe that there is a strong correlation between Definitions 3.3 and 3.4:

Lemma 3.5. Given an integer 2 < q < n, one n-particle state |¢) is g-partite if and only
if its corresponding projective point [¢] is g-decomposable.

According to this last result, |¢) is a separable state if and only if [¢] is n-
decomposable. That is if it is a point in the generalized Segre variety of the form
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Lemma 3.6. For n > 3, if [] is g-decomposable for some 2 < q < n, then it is (q — 1)-
decomposable.

Proof. Let [i] be g-decomposable. Then, there exist [¢;] € PMu fori = 1,...,q
such that

[¢] = Em,, ..M, ([w1], - - (i, [il, (@il [Wigal, - []) -

Because g > 2, then &y, ., m,, is one generalized Segre embedding. According to
Lemma 2.10, this Segre map can be written as a composition of two functions of

ngq
the form

PMu x ... x PMay

HMnle“X‘:‘Mni’Mni_*_ X"‘XHan T~

1

PMn s oo PMutnin .o PMug

EMiy oMty g Mg

forsomei=1,...,9— 1. Letbe n = n; + n;;4, therefore

9] = EMyy My My (1], (i), (D], [Pl - )

Note that [¢] € Zu, .., m;,...m,, and the following g — 1 positive integers satisfy

ny+-o+nig+n+ngot+ng=mn.

Lemma 3.7. If [y] is g-decomposable for some 2 < q < n, then it is 2-decomposable.

According to the reciprocal of the last Lemma, if [¢] is not 2-decomposable,
then it is not g-decomposable for all 2 < g < n. The next definition is motivated
on this result:

Definition 3.8. A state [] is indecomposable if it is not 2-decomposable.

Lemma 3.9. The state |) is entangled if and only if its corresponding projective point
[y] is indecomposable.
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We will see the decomposability of a state [¢] can be described only by means
of bipartite-type Segre varieties. In [CST21] the reader can find an extended and
detailed proof of the following result:

Theorem 3.10. (Generalized Decomposability) Let n > 2 and 2 < q < n be two
integers. The state [] € PMn is g-decomposable if and only if the state can be separated
within q — 1 different bi-partitions. In other words,

[] is g-decomposable <= 1<l <--- <l; < <lgy <n—1such that
[l/)] € ZM}[.,M,,,]Z./ Vi = 1,- Y/ 1.

This theorem is very useful as it means that decomposability of states is fully
characterized only by Segre varieties of the form (3.2). More specifically, it offers
a method for classifying entangled and separable n-particle states:

n—1
|p) entangled <= [¢] ¢ U Zm, M,
1=1

n—1

|) separable <= [¢] € ﬂ MM,
=1

Example 3.11. Some cases for determining the decomposability of states:
a) [¢] € P7 is 2-decomposable < [P] € 13 U%31;
b) [¢] € PP is 3-decomposable < [¢] € (£17 N Z33) U (Z17NZ71) U (233N 271).

It is already possible to give the characterization of separability depending on
n. For instance, for smaller states we have

a) 2-particle states are separable < [¢] € X1,
b) 3-particle states are separable < [¢] € X13N X3,
c) 4-particle states are separable < [¢] € £17 N X33 N X7,
d) 5-particle states are separable < [] € X115 N X37 N X753 N X15,1.
Example 3.12. Let’s consider again the 3-particle states
[B1]apc =11:0:0:1:0:0:0:0] and [Ba]apc=[1:0:0:0:0:1:0:0].

We have already seen in Example 3.2 that [Bi] € Zagpc := X13. Conversely,
[B1] ¢ Zapgc := Z31. Thus, according to Theorem 3.10 this state is 2-decompo-
sable, or equivalently, it is a 2-partite (bipartite) state, meaning that it can be sepa-
rated within two different states. On the other hand, [By] ¢ X agpc U Xapsc, SO
[B] is an entangled state.
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3.3 Measurement of entanglement

We have already seen that for characterizing the separability of a n-particle
state it is sufficient by analyzing if its corresponding projective point lies in Segre
., wWherel <[ <n-—1and M, =2l_1.

Let |) be an n-particle state and consider the family of observables defined as

varieties of the form X, m

MM,

T () =4 Y [Mi(lp)?, vVi<Ii<n-—1, (3.3)
i=1

where M; are the 2 x 2 minors determining the zero locus of Xy, v, , defined as
functions H2" — C of the form

X
M; . =| T = xyxy — XX,
: Xiy  Xig
XM,

and ¢, M, , is the total number of these type of minors (take a look at Proposition
2.6). From these set of observables, there is a result —which can be found in
[CST21]— that settles a connection between geometry and physics:

Theorem 3.13. Given an integer 1 <1 <n —1,

jn,l (|l[J>) =0 [l/)] S ZMZ/Mn—I'

Given this, if we desire to know if one n-particle state is separable in a certain
partition [, one option is to look if the observable 7, ; acting on the state vanishes.

A particular case of study are the 2-particle states. Their general quantum
state is |¢) = ag |00) + a3 |01) + a2 [10) + a3 |11) with the corresponding projective
point [¢] = [ap : a1 : a2 : a3]. These type of states only can be of two types:
2-decomposable or indecomposable (i.e. separable or entangled, respectively) as
there is just one possible partition. For characterizing them, it is enough by only
considering the Segre variety of the form X ;. According to Proposition 2.6,
ap Mm

(] € Z11 < agaz —ma, =0 & =M ([p)) =0& [Mi([p) =0

ay 4as

1
S0=4Y IMi(|$) P = Toa (l9)).
i=1
From this, we easily see that

Joa ([9)) = 4lagas — araz|*. (3.4)
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Instead of the expression of J,; from (3.3), it can be shown that the value of
this family of observables can be computed in terms of the Pauli matrices from
(1.9):

3

=2 (zfll IDRIVECIE LY '2> B
i1, ,ij=

The sum runs over all possible sets {iy,...,i;,...,i}, where i; = 0,1,2,3. This

form may be more comfortable for computing the values of {7} than the for-

mer introduced. For a more detailed explanation about these observables consult

[CST21].

In general, every function from the family {7, ;} ranges from 0 to 1. For states
consisting of three or more particles, its exact value does not provide important
physical information. Despite of that, according to Theorem 3.13 it is possible to
extract from them interesting equivalences:

i) Jui(|$)) =0 <= |¢) is a product state and it can be separated in respect of
the [ system partitioning, so it is at least 2-partite.

i) Jui(l)) > 0 <= |¢) is not separable.

On the other hand, instead of considering only one observable 7, ;, we may
compute the values of all the members of the family {.7,,;} on the state. After that,
let j be the cardinal of the set

ji=HI|Tw(l$)) =0and 1 <1 <n-—1}.

Taking a look again to the Generalized Decomposability theorem, we can affirm
that |ip) is (j + 1)-partite, or equivalently that [¢] is (j + 1)-decomposable.
Therefore, the separability (or decomposability) of any n-particle state is fully
determined by measuring only (n — 1) observables. We may define the observable
Jn that calculates the average value of the set {7,;(|¢))} acting on n-particle

states:
1

n—1

n—1
Tn(l9)) := l; T ([9))- (3-6)

For states of n < 5 particles, the values of this new observable range from 0
to 1. In contrast, this is a good measure of entanglement as it is proven in the
work already mentioned. The values of J, acting on several states have already
been computed and compared to other measurement methods, generally with
great success. As bigger they are, more entangled the states. Moreover, it is able
to provide a definition of maximally entangled which frequently agrees with the
literature:



3.3 Measurement of entanglement 25

Definition 3.14. A smaller state |¢), typically of n < 4 qubits, is maximal entangled
if 7u(lg)) = 1.

All in all, let us make a compilation of the physical results provided by the
observable 7, defined in (3.6):

Ta(|$)) =1 < |¢) is maximally entangled (j = 0)
Ju(|$)) =0 < |y) is separable (j =n —1)
0<Tn(Pp)) <1 = 0<j<n-—1

For the latter case, one can observe that the observable .7, does not give much
information about the state: we only know that it is neither maximally entangled
nor separable, but it could still be either a product state or an entangled state. In
order to characterize if a state is product, we must dispose of the values of each
observable from the family {7, ;} and check if some of them vanishes. If it is not,
then |¢) is entangled. Therefore, even product states may have a certain level of
entanglement, which might be counter-intuitive.

On the other hand, the fact that for a given n-particle state the value of the
observable is 0 < J,(]i)) < 1 is interesting because it means that there exists
a partition ! such that 7,;(|¢)) > 0. Thus, if we perform such system partition
on this state, entanglement phenomenons may arose between the resulting two
states —even for product states. This may be interesting when performing quan-
tum teleportation of more than one qubit, where the particles involved must be
separated and placed in different locations (see Chapter 4).

To end this section, let us compute the entanglement of the state |W) as an
example of how these observables work.

Example 3.15. Let us study the entanglement of the state
_ 1
V3

by computing the values of J3,(|W)) for the partitions / = 1 and | = 2 using the
expression from (3.5). In respect of the partition ] =1,

|W) (]001) 4 |010) + |100)) +— [W] =1[0:1:1:0:1:0:0:0]

1 & 3 8
T31([W)) =2~ (211 Y [(W|oy, @1 |[W) ’2> =2-Y [(Wo;@L |W) > = 9
120 i=0

Note that J31(|W)) > 0. Indeed, [W] ¢ X, M, = X135 because there exists one
non-zero 2 X 2 minor of the matrix

0110
1000 )



26 Characterization of quantum entanglement in qubits

On the other hand, about the | = 2 partition, we get

28

3
Jo2(IW)) =25} [(W]e, @i, @I |[W) |
i1,i2=0

N =

Again, the value of this observable is grater than zero. Furthermore, we can easily
observe that the point [WW] does not lie in the Segre variety X, m, = X3 either.
Finally, the amount of entanglement in |W) is

W) = 2 (s (W) + FaIW))) = 5

In conclusion, the values of J31 and J3, are grater than zero, so the state |W)
is 1-partite (entangled). However, even 8/9 is so close to one, the state is not
maximally entangled.

3.4 Entanglement of small states

In this section, we will summarize the results obtained in this chapter by ap-
plying them to states consisting of n = 2,3,4,5 particles. Furthermore, we will
expose the values of {7,,;} and 7, for some states of 2 < n < 4 qubits. They have
been computed according to (3.3) using the Python code in [Lap] Some of these
states appear in [YCO06] and [CST21].

Before doing so, we will briefly introduce how Segre embeddings on n-qubit
systems provide (n-1)-hypercubes, offering a more illustrative way to understand
the separability of states.

Definition 3.16. The k-hypercube is the set of points in the euclidean space R* such
that
{(x1,...,x0) eRF | x; € ]0,1] Vi=1,...,k}.

In other words, it is the extension of the idea of a square in R? to R¥. For exam-
ple, the square is the 2-hypercube, meanwhile the 3-hypercube and 4-hypercube
are the cube and the tesseract, respectively.

For any hypercube of dimension k, there are 2F vertices, a total of k2~! edges
and k edges concurrent at every single vertex. We will deal with directed hypercubes,
which all of their edges have an orientation settled.

In our case, if we have an n-qubit system, then an (n — 1)-dimensional directed
hypercube can be constructed as following:

1. Considering as vertices the categorical product of projective Hilbert spaces
of the form PMm x -+ x PMm, where 1 <m <mnand ny + -+ n, = n.
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2. Considering as directed edges the Segre maps of the form given by Lemma
2.10, connecting the latter projective spaces.

In this sense, there is a starting vertex P! x o x P! which all the n — 1 edges
concurrent at this point are outgoing represented by the maps I x Z;; x . Mean-
while, in the finishing one every edge is ingoing and this vertex is PM» = P2"~1,
These last edges are described by all possible bipartite-type Segre maps, Ey, M, ;-

Once the (n — 1)-hypercube is constructed, we obtain a global vision of all the
partitions from P?"~! to P! x - - - x P! obtained by taking bi-partitions sequentially.

Two-particle states

The general form of the projective point of state formed by two qubits is
[Y] = [ag: a1 : az : a3] € P°.

In order to study its separability, we can focus on the decomposability of [] by
considering all possible bipartite-type Segre varieties. Because there is only one
possible bi-partition of the system, we only have to check if [] € X;;. This
can be done by computing the minors given in Example 2.7 or by measuring the
observable J»1(|)) = 2 |aoas — ajaz|?, where C = |ag|*> + - - - + |a3|?. If its value is
zero, then [¢] is 2-decomposable (product, in particular separable). If it is not, [¢]
is indecomposable (entangled). In respect of measuring its entanglement, we can
use the observable (3.6) which in this case is the same as 1. Thus, the possible
results are:

J2(|p)) = 0 < |¢) is product and also separable,
0< J(ly)) <1< |yp) is entangled,
J(|p)) =1 < |¢) is maximally entangled.

In this cases, a part for quantifying the entanglement, 7, fully determines if the
state is product or entangled.

For this states, there is only one Segre embedding Z; ; characterizing the sepa-
rability of states. This one generates a 1-hypercube in R!, which is simply a
segment:

E11
P!xpP! ——— 5 P3
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Two-particle states T2

¢;] Vi=0,...,3 1

[1:£1:0:0] 0
1:1:1:0],[1:0:1:1],[1:1:0:1],[0:1:1:1] | 4/9
[cosf :sinf : £sinf: Fcosh] VO € [0, ) 1
[£cosf: Fsinf :sinf:cosh] VO € [0,7) 1

Table 3.1: Measurement of entanglement of some 2-particle states.

Three-particle states

The general form of these states is
(W] =[ap:a1:ar:a3:a4:as:ag:ay:] € P’
Their decomposability is fully characterized by X; 3 and X3 ;:

[¢] is indecomposable < [] € Z13UX31 < Ta1(|¢)), Ta2(|)) >0,
[¢] is 2-decomposable <[] € 13UX31 < T31(|¢)) =0or T3x(|p)) =0,
[¢] is 3-decomposable < [¢] € 13N X351 < T31(|¢)) = T32(|¢)) = 0.

1
For measuring their entanglement, one can use the observable 73 = 5 (J31+ T32)-
The hypercube related to these states is the two dimensional one, which repre-
sents a square in R?:

Hl ><31,1

P! x P! x P!

El/l x1q E:'1,3

P3 x P! P7
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Three-particle states Ts1 Ts2 || T3
[Sep] =[1:0:0:0:0:0:0] 0 0 0
[Bi]=[1:0:0:1:0:0:0:0] 0 1 | 1/2

W] =[0:1:1:0:1:0:0:0] 8/9 8/9 | 8/9
[GHZ]=1[1:0:0:0:0:0:0:1] 1 1 1

Table 3.2: Measurement of entanglement of some 3-particle states.

Four-particle states

These states are represented with projective points in P>

[] =lag:---: ais].

In this case, there are three Segre varieties that determines the decomposability:
Y17,233 and X7 1. They are connected with the observables Ju1, J12, J43, respec-
tively. The 3-hypercube (a cube) describes all possible Segre embeddings.

]I3 X E'l,l

P3 x P! x P! P3 x IP3
H11xIp xI i 83110 Eq,1 %15
i
I[1 XH] XE],l —_
P! x P! x P! x P! : P! x P! x P3 Es3
|
} ]Il ><313
3 ,
Iy xEq 1 x4 IP7 X 1131 ,,,,, ‘,:‘Z’l ,,,,,,,,,,,,,,,,,,,,,,, 5 :[1315
E],3><]I] //,”’}
7 - 817
1X23,1
P! x P3 x P! P! x P?
Four-particle states Ts1 Tap Tz || Ta

[Dy1]=10:1:1:0:1:0:0:0:1:0:0:0:0:0:0:0] 3/4 1 3/4 | 5/6

[Dyp]=10:0:0:1:0:1:1:0:0:1:1:0:1:0:0:0] 1 1 1 1

[Dy3]=10:0:0:0:0:0:0:1:0:0:0:1:0:1:1:0] || 3/4 1 3/4|5/6
°]=01:0:0:-1:0:-1:1:0:0:0:0:0:0:0:0:0] || 0 1 1 | 2/3
('] =10:0:0:0:0:0:0:0:0:1:1:0:1:0:0:1] 0 1 1 | 2/3

Table 3.3: Measurement of entanglement of some 4-particle states.
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Five-particle states

Their corresponding projective points are from IP3!. The bipartite-type Segre
varieties we must consider here are X 15,237,273 and Y51, or the respective
observables [J51...,J54. We only focus on showing one way of drawing a 4-
hypercube in R3. This four-dimensional space is also known as tesseract.

P3 x P! x P! x P! P? x P! x P3

IsxI1 xE1,1

Z1xh xh XD N - .
. Zeaxlixl Ssaxls 7/
'/ B XX
Lol ool el ol I xIy X1y XZ1 1 Lot
P! x Pt x P! x P! x P P x P x P x P
= * I xE y
xEaxhixh P7x P! x P! —— =0 3 PT X PP hixEiaxls
Z1axI xI
E1,3xls
1y 3 o pl oy prliXfsxEia 1y p3 o p3 )
P! xP3 x P! x Pl ——————— 5 P! x P? x P 3xE13
Zr,3
EraxIy
IsxZ,1 X1y
e LxIxE1s
1X=23,3
I xE3,1 %Iy
LxLxSyaxL | Pplsypl e > P31
F\\
£
P! P’ x P ——— e P' x P¥® T
e \ N Ear
P x P7

I3xE3,1

o bl 1% 7
= xI3x -
PRI i xE s xTy
. E1axl7

T XTI XE3,1

P! x P! x P3 x P! P! x P! x P7



Chapter 4

Quantum teleportation of one
qubit

4.1 Problem statement

For explaining quantum teleportation (QT) it is commonly used three people,
like in [Pre01], named Alice, Bob and Charlie. One day, Alice and Bob met and
prepared one maximally entangled state of two qubits, |®). After that, Alice
took one of the particles and Bob grabbed the other one, and then they moved
away from each other. For this reason, it is convenient to assign one observer
for each particle: we will say that the observer of Alice’s particle is labeled with
the letter A, meanwhile Bob’s observer is B. Therefore, we will represent the
maximally entangled state shared between Alice and Bob as |®) , . It is important
to remark that, despite the distance between Alice and Bob (which can be from
one centimeter to light years), both are still connected by one classical channel'.

After a certain period of time, Charlie prepares a 1-particle state |i)., i.e. a
qubit, where C represents the observer associated to this system. He desires to
send his qubit to Bob but he has no communication at all with him. Fortunately,
he is able to transfer his qubit to Alice through a preexisting quantum channel,
hoping that she might find a way to use the classical channel to relay the qubit to
Bob. However, Alice can only send Bob bits of information. Furthermore, she is
not able to know Charlie’s particle state because if she does any measurement on
his qubit, some information about it will be lost. Therefore, how can she manage
to teleport one qubit under these conditions?

We will see that Alice may undertake some measurement on the two particles

LA classical channel represents a communication medium where classical messages (bits) can be
sent from one point to another. With a quantum channel, instead, one can transfer qubits.

31
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she is in possession of. This action, because of the existing entanglement between
particles A and B, would change in some way the state of Bob’s. The measure-
ment outcome gotten by Alice can be transferred to Bob using bits via the classical
channel. Depending on this message, Bob would perform a certain local transfor-
mation on his qubit, resulting on an identical state like Charlie’s original qubit.
For a clearer understanding of this process, refer to the diagram in Figure 1 in the
Introduction.

4.2 Using a Bell state

Let us take into account the Bell basis, which is a vector basis of a 4-dimensional
Hilbert space generated by the four Bell states |¢o), 1), |¢2) and |¢3) already in-
troduced in Example 2.3. These are states of two qubits— and all of them have the
property that are maximally entangled, i.e. 7>(|¢;)) =1Vi=0,...,3.

Taking back to the situation from before, let us suppose that the shared state
between Alice and Bob is one of the Bell states, for example

D) 45 = |0 a5 = % (00) + [11)).

At this point, we have two states: |®),, € H%p and |). € HZ, where the
general form of Charlie’s qubit is |¢)- = «|0) + B|1), being a and B complex
numbers such that |«|? + |8|?> = 1. We can consider the composite system of the
three particles, which its state is [¥)c5 = ) @ [®) 45 € HE® Hhp = HE 45
Let’s compute this state:

L
V2

1
= NG (2]000)c4p + @ [011)c4p + B[100) c o + B |111) c 4p) -

Once Charlie has given Alice his qubit, then she is in possession of both parti-
cles A and C. She may perform a measurement on these ones, so it is convenient
to write |¥) 45 in terms of a basis in H¢ , ® H%. More precisely, she will make a

¥)cap = (@|0)c +B[1)c) @ (100) 4 + 11) 45)

Bell measurement: a projection of her two qubits onto one of the four Bell states®.
For this reason, instead of using the standard basis {|000),(001),...,|111)}caB,
we will change to {|¢o) [0),...,|¢3)|0),|¢o) |1),...,|¢3)|1) }cap. We can do this
since the four Bell states are orthogonal. To achieve this, we must apply the fol-

2See Section 4.3 for an explanation of how it is done.
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lowing relations:

00) = = (Ig) + lgad)  101) = -

1 1

10) = NG (Ip1) = l¢2))  11) =

(I¢1) + |¢2))

S

2 4.1)

(I¢o) — |¢p))

S

2

Therefore, what we have is

%) 5 = [po)ca (2105 + 1)) +1g1)ca (B10)5 +a1)p)]
b [92)ca (=B 10)s +a11)5) + Igs)ca (21005 — B11))] -

Note that if we perform the Pauli transformations (1.9) on |¢) = « |0) + B |1),
the resulting four states are

%\@z@, m|¢>=(§>, az|¢>=<_if> and aar¢>=<_"‘ﬁ>~

We can apply these results into the last expression of ['¥) and what we get is

1 1
1Y) can =3 P0)ca 0 [$)5 + 5 61)ca 0t [$)5

2 X 4.2)
3 |p2)cu (—i03) |9)p + > $3)ca 03 [9)5

With this final expression, we can see that after Alice projects the state of
her two particles |®) ., onto one of the four Bell states, then Bob’s state changes
immediately to a state |¢); depending on her outcome. As described in [YCO06], if
ca (i | ¥)cap

, so there are
lca{¢i | ¥)cap |l

|D)cp — i)y for some i =0,...,3, then @), =

four possibilities:

1 3\
calpo | ¥)eas = 500 1) ~
AP % (; ’ oy )y if |CP>CA = |$0)ca
calpr [ ¥)cap = 271 V)5 = o), = 'Uli [¥)p if |P)ea = [P1)ca
(o | ¥)enp = L ) —ioy [¢)p if |?>CA = |$2)ca
AR oA g e o)y i |Phcs = |#3)ca
calps | ¥)cap = 5‘73? [¥)p

where |[ca (¢i | ¥)cupll = 1/2 for alli = 0,...,3. Let |¢;)5 be each of these
possible states when |®) ., — |¢:) ¢, for each i.

All together, after the Bell measurement performed by Alice, the state of qubits
A and C is one Bell state |¢;)-,, while Bob’s state is |¢;), for some i = 0,...,3.
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Therefore, the global state of the three particles |¥).,5 changes to the quantum
state |¥)cap = |9i)c4 |@i) With a probability P; that is computed from (4.2) as

S|

- 2 1
Pi:= ‘CAB <‘"Ij ’ T>CAB‘ = ‘2

Note that all outcomes are equiprobable.

From |‘ff’>C 4p We can already extract an interesting aspect: this state is a pro-
duct of two states |¢;) -4 and |@;)5. Therefore, after the measurement performed
by Alice, qubits A and B have lost totally the entanglement they had before, be-
coming two independent qubits. On the other hand, qubits A and C both started
being independent states but now they are maximally entangled.

At this point, Bob’s qubit has changed to the state [¢) ; = |¢;), = €I (T]B |¢) 5 for
some? j=0,...,3, where ) = 0; =03 =0and 6, = 37” This happened because
of the fact that qubits A and B were entangled: if two particles are entangled, a
change on one state causes modification on the other one. Note that Bob’s qubit
is very close to the original state of Charlie’s: he only needs to perform the Pauli
transformation ¢; to his qubit and this one will be equivalent to |¢) . The problem,
however, is that he is unaware of which of the four possible states his qubit has
been transformed into. In particular, he does not even realize that his state has
been modified. Despite of that, it is enough for Bob to know what state |®),
Alice has obtained:

if [®)ca= |)cs = @) =l0j)y and o} o), =€ [g). (4.3)

Fortunately, thanks to the existing classical channel, Alice is able to send her
outcome to Bob via a classical message: as there are only four possibilities, it is
only needed two bits for codifying Alice’s measurement. First of all, it is required
that Alice and Bob had agreed (before QT) what code to use. For example, they
could set up the following one —which is the one that we will always consider in
this chapter:

//00// o |(P0>, //01// o |(P1>, //10// o |(P2> , //11// o |4)3> .

With all this already explained, let us go back and suppose that, after the Bell
measurement, Alice’s state is |q>]-> CA for some j = 0,1,2,3. Then, the state of
Bob’s particle is projected onto |¢;),. Alice sends a message to Bob with the j-
th outcome written in binary. After that, according to (4.3), he performs the Pauli
transformation ¢; to his qubit, obtaining a state such that O’jB l9j) 5 = e'% |1h) 5. Note

3We have changed the index i to j to avoid confusion with the complex number i = v/—1.
4We should recall that 0’1-2 =1 foralli=0,...,3.
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that O’jB |9} ~ |$)p. Therefore, at the end of the process Bob is in possession
of one quantum state with the same physical properties than [¢), successfully
achieving the objective.

The equivalence between both states from before can be described also in terms
of the fidelity of the quantum teleportation. This is computed as

F=1[(¢|y)[% (4.4)

where | @) is Bob’s state at the end of the experiment. It is satisfied that

F=[(g|yp)P=1<|p)=€"|p) = [9) ~ |y). (4.5)

The value of the fidelity F also represents the probability of the state |§) to be
equivalent to [¢).
In our case, O'JB |@j) 5 ~ ) p, so effectively

F=1{g;lo | p))=1.

Observations on quantum teleportation

From the theoretical experiment we have already explained, it is possible to
get to know some important aspects about QT.

At the beginning of the experiment, we could also use another Bell state instead
of |¢o) as the one shared between Alice and Bob. Nevertheless, the algebraic
process to follow is always the same. The only thing that might change are the
instructions A that Bob has to follow when applying a transformation on |¢) .
These transformations will be denoted as A := {Ao, A1, A2, A3}, where A; € U(2),
and are used as follow: if he gets the message "00” then he must use Ay; if it is
01", then Ay, and so on. Therefore, in the case from before, we have that A; = ¢;
foralli =0,...,3. The instructions corresponding to each Bell state are:

| o) op 01 0 03

1) || o0 o0 03 o

|¢2> 02 3 70 71 Table 4.1: Transformations
of the instructions A%, where
|p3) o3 02 01 00
|¢;) are the four Bell states.
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Secondly, we can already confirm that quantum teleportation always works if
the shared state between Alice and Bob is one of Bell’s. More generally, it is known
that if this state is maximally entangled then the process always goes well, but if
it is not one Bell state the algorithm might change.

Moreover, the instructions A that Bob follows are always the same even though
Charlie’s state |¢) - is completely arbitrary. Therefore, A is fully determined by the
shared state |®) ,5. This makes sense because Alice and Bob remain unaware of
Charlie’s state at all times, so quantum teleportation must work for any |¢) . This
is why A can not depend on Charlie’s qubit. So, we must write A® for specifying
that the instructions are associated to the state |®) 5.

4.3 Performing Bell measurement on two qubits

In the previous section, one may have noticed that one fundamental step for
achieving QT is the Bell measurement performed by Alice on her two qubits.
Therefore, we will explain how this process works. However, before exploring this
part, it is important to be familiar with the concepts introduced in Section 1.3.

Observables involved

Given an arbitrary 2-qubit state [¢) 5 o, = a0 [00) + a1 [01) + a2 [10) + a3 [11),
the Bell measurement on this one is the projection of ) onto one of the four Bell
states |¢o), ..., |¢3). They constitute a base of maximally entangled states in H*.

This measurement is given by the following two observables, which are asso-
ciated to the parity of states (if the total number of qubits at the state |1) is even or
odd) and the relative phase between states. In the standard basis {|00),...,|11)}
of H*, these observables are represented by the matrices:

000 1
— O Or _ 0 o,y _ 0010
A=t en (m 0) 0100|

1000
1 0 0 0
- O (92: 03 0 _ 0 -1 0 0
Azi= 037 @05 (o —(73> 0 0 -1 0
00 0 1

The Pauli transformations (710 "and af ', where i = 1,2, act on the Hilbert space
of the observer O; (see (1.8)). Indeed, A; are observables: both are hermitian
operators on a 4-dimensional Hilbert space.
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In order to project |¢) onto one of the four Bell states, we must measure the
observables A; and A,. Note that these both commute: A4; A4, = A, A;. For this
reason, the measurements can be taken simultaneously. In other words, physical
properties do not change if we measure first A; or A, and later the other one.

Measurements of observables are given by the Born rule. Therefore, first of all
is convenient to find the spectral decomposition of both observables:

1)

2)

The eigenvalues of A; are /\gl) =1 and AS) = —1. The eigenvectors of
the former live in a 2-dimensional subspace of H* generated by the two
states |1,1) = |¢o) and |1,2) = |¢1). Similarly, for the latter eigenstate its
corresponding eigenspace is spanned by |—1,1) = |¢2) and |—1,2) = |¢3).
Then the associated projectors are

1001
110110
I = go) (9ol + o0 (0l =5 | g 1 1 ol
1001
1 0 0 -1
110 1 -1 0
) =l el o) sl =5 | 0, o |
-1 0 1

so A; can be written as A; = Hgl) — Hgl).

With regard to A, we have Agz) =1and Aéz) = —1 as well. The eigenspace
of the former is generated by |1,1) = |00) and |1,2) = |11), meanwhile for
the other is spanned by |—1,1) = |01) and |—1,2) = |10). Therefore, what
we have at the end is Ay, = ng) — ng) with

11 = 100) (00| +[11) (11],
1? = |01) (01| + [10) (10| .

Note, indeed, that for both observables their eigenvalues are real numbers and
their eigenstates form a basis of H*.

Measurement of the observables

We will first measure A; and then A; (the reverse process is performed in the
same way). According to the Born rule, after measuring the observable 4; on
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|) we obtain as outcome one of its eigenvalues: Agl) = 1 with probability P; or

Aél) = —1 with P,. We compute these probabilities using (1.5):

1
Pri= Py (A A =@ T [9) =5 (@ - @)

1 3
= E 1 +§)ﬂiﬁg_i ,

Pyi= Py (A M) = (p |11 | )

—_ o O
O = = o
o= = o
_ O O =

Il
N =
VS
N
S
QY
5
N———
o
(S
—_
_
—_
o O
Il
N =
N
—_
|
[
2
QY
I
~__—

|
—_
o
—_

as

Note that it is satisfied the fact that P; + P, = 1.

a) If we obtain /\gl) = 1, |i) has changed to (or has been projected onto) the

state
@ ap + as
I ) 1 ay + az
= = = by |00) + by |01) + b1 [10) + by |11),
|ll11> Hngl)‘¢>H 2\/171 a; + ap 0’ > 1‘ > 1‘ > 0’ >
ap + a3
where by = a;j%3 and by = a;j%2. We have used that

[0®19)| = /019 = Viw 1100 1 9) = v/

We can check that, in fact, || [1) || = 2|bo|? + 2|b1|*> = 1. One may observe
that (1) = bov/2 |o) + b1v/2 |¢1). Indeed, after this measurement, |¢p) has
been projected to the subspace spanned by the eigenstates of Agl). We may
recall that the probability of this projection, |ip) — |¢), is the same as P;.

Hereafter, we measure A, on |¢1) and we obtain again only one of its eigen-
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values with respective probabilities (both computed using bra-ket notation):

Piyc= Py (A : AY) = (g1 | 117 | )
= (¢1 | 00) <00 | 1) + (1 | 11) (11 | ¢n)
=00 | 1) >+ [ (11 | gn) |2 —Z\bol%
Pip = Py (Ar: M) = (g1 | T | 1)
= (1] 01) (01 | 1) + (y1 | 10) (10 | 1) = 2|1 [%

both together satisfying Py 1 + P1» = 1.

a.l) If we get /\gz) = 1 with probability P; ;, then the state |i1) has become
one generated by |00) and |11):

(2)
I [¢1) 1
[$10) = 7 = (100) (00 | 1) + [11) (11 | y1))
o ]| VR
=2 (jo0) + 11)) = — (!00> +11)) = L(|00> +11))
VP V2 V2
= l¢o) .
where at the end we have used the polar form by = |byle® for some
0 € R.
a.2) In turn, if the outcome is Agz) = —1, then the resulting state must be
one state in a superposition of |01) and |10). Effectively,
(2)
15 [¢1) 1
P12) = 7— = (101) (01 | g1) +[10) (10 | ¥1))
P T R
b 1

= (00 110)) = 2 [ (00 + 10) = [¢1).

b) On the other hand, if we get the other possible outcome after measuring A;,
Agl) = —1, then |¢) has been projected onto

ap — as

1
HE)M _ 1 Ja—a
Hgl) W)>H 2\/P2 a) — a1

as — ag

|l,lJ2> = H = Cp |OO> +C1 |01> —C1 ’10> —Cp |11> ,
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where ¢y =

fo — & and ¢; =
2P, e

ap —az

2VP,

. Again is satisfied that || [¢2) || = 1. We

can see that [)) — cov/2|¢3) + c1v/2 |¢2) as we could expect. The outcome
probabilities of measuring A, on |¢,) are

Poy i = Py (Az s A) = (2| 00) (00 | ) + (2 | 11) (11 | ) = 2[co?,
Poy i = Py (A2 : AYY) = (2| O1) (01 | 92) + (1 | 10) (10| 1) = 2]e >

It is easy to see that P, 1 + P, = 1.

b.1) If we obtain Agz) = 1, then we have

[$2,1)

B Hngz) |92)

1% |2)

1

2,

H - \/P71(|00> (00 [ 92) + [11) (11 | ¢2)) = |¢p3);

b.2) orifitis Agz) = —1, the state we get is:

[2,2)

115 |y1)

1

BERGE

(101) (01 | 92) + [10) (10 | 92)) = |¢2) -

In conclusion, after measuring the observables A; and A, on the state of two

qubits |¢), i.e. performing a Bell measurement, this can end up being one of the

four Bell states:

) = o)
) = o)
) = [92)
) = [93)

with probability
with probability
with probability

with probability

PUIp) — o)) = P2y = 122
PUIp) — [4)) = PPy, = 1122
PUIp) — 4) = BaPra = 1122
P(Ig) - I9s)) = Pobyy = 12 BE

Another way of understanding Bell measurement

The process just explained for projecting our original state to one Bell state
illustrates how this is achieved experimentally: by obtaining specific measurement
values, we can determine with certainty the resulting state of our physical system.

Fortunately, from a theoretical perspective, it is not necessary to follow all
those steps. In fact, as Bell states form a base of H*, then every 2-qubit state can
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be written in terms of these states. Using the same generic state |¢) as before and
the relations (4.1), this one can be written as

_ ap+as ay +az ﬂ1—02|¢2>+610—

as

This can be interpreted as |¢) being in a superposition of the four Bell states. After
Bell measurement, our state will be projected onto one of the Bell states |¢;) with
probability

P(lp) — |¢i) = [ {¢i | ) >, Vi=0,...,3.

Note that these probabilities align with those computed before. Therefore, using
this approach is entirely correct and much easier to compute. In fact, this is the
method applied in Section 4.2.

4.4 Using an arbitrary two-qubit state

In this last section, we will consider performing quantum teleportation with an
arbitrary two-particle state, which could be both product or entangled then. First
of all, we will develop the algebra of Section 4.2 but with a random shared state
and we will discuss its consequences. After that, the work we have done in our
Physics Final Degree Project [LSC25] will be briefly introduced, as well as a short
explanation about the results obtained there.

44.1 Generalization of quantum teleportation

Let |®) 45 = a0 |00) 45 + a1 |01) 45 + a2 |10) 45 + a3 |11) 45 represent an arbitrary
2-qubit state, and let |¢p) - = a |0) + B|1) be a random qubit. From now on, we
will avoid using the observers’” notation, while carefully preserving the order of

the basis in H? , ;. The state of the composite system is:

['¥) = |¢) |P) = aap|000) + aaq |001) + aay [010) + aas [011)
+ Bag |100) + Bay [101) + Bay |110) + Bas |111)
L = ) [(aan + paz) [0) + (e + ) [1)]

45 101) [(aaa + o) [0) + (a+ fan) 1) *6)

+ 5 19a) (a2 — B0)0) + (aas — fn) 1)

+ \2 |p3) [(wag — Baz) |0) + (xay — Paz) |1)]
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After the Bell measurement is performed, the state |¥) is projected onto one
(i |Y)
g 187

R

some i =0,...,3. Thus, the possible states |¢;) are
«
2 ) (5) =
) 4.7)

\¢o>:1<mo+ﬁaz)_ (
V2Cy \ way + Baz
Kl )

1) = 1 aay + Pag\
o= V2C, \waz + pay

|92 = 1 aay — Bag\

2 \/2C2 xas — ﬁal 202
1 xag — Bay
- = A

e %) () (5) - m
where C; = || {(¢; | ¥) ||* and A; € M;(C), which can not be null. The probability
of [¥) — |¢i) |¢i) is given by

state of the form |®) @ |¢), where |®) = |¢;) and |¢) = |@;) =

P = |((gi] (gl [} = ]\f

Then, these probabilities are of the form

Py (Jaao + Baz|? + |aar + Bas|*) Py = = (|laay + Bao|* + |aaz + Bay|?)

4.8)
(|aag — Baz|* + |aar — as|?) .

\HN\)—\

P, = (le—ﬁﬂd + |aas — pmr|*)  Ps =

I\J\HI\J\*—‘

Note that at least one of them may be zero and we could not calculate the
corresponding state |¢). Nevertheless, when P; = 0 the state |¢;) does not exist,
so there is no need for considering it. In this context, let us define the set

Y:={i| P, #0, where 0 <i < 3}.

Afterwards, only one transformation must be applied on the state |¢), which
depends on |®), for completing the process. This transformation is a 2 X 2 unitary
matrix U of the form (1.10). Suppose that |¢p) = [¢;) for some j € Y. Then the
experiment is successfully finished if and only if there exists a matrix U/; € U(2)
such that the fidelity is F = | (¢ | Z/{]-Jr | ¥) |> = 1 (see (4.5)). With this in mind,

F=1sUlg) «|p) & e“Uilg)) = |§) & “UA;|p) = [y)

(4.9)
© BiAj|p) = |p) < (BA; —1) ) =0,
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where w is some real constant and A; is one of the matrices from above. Note that
B; = ei“’Z/{j is a unitary matrix as well, and therefore Bj’l = B]‘-L. However, it is a
complex problem to deduce from the last expression what conditions must satisfy
the matrix A; or what is the form of B]'. But it is clear that if the latter is known,
then we can choose U; = B;, which is determined up to a global phase. Indeed,
let be B; € U(2) s.t. '(BJ-AJ‘ —1) |p) = 0. If we suppose that Bob performs the
transformation U; = ¢'*B; for some p € R, then we have

(724 1) |9) = 0= & "2 ) = [) = e "2 |gy) = |y)
= Ujlgj) = " [p) < |9) = F=| (g | U] | )P =1.

On the other hand, in order to ensure that QT of |¢) works perfectly, we must
contemplate each possible Alice’s outcome. Let us consider the fidelity defined
as szp := | (@;|p) |* for each j € Y, where |¢;) is Bob’s state at the end of the ex-
periment when Alice’s outcome is j. The teleportation of |¢) would be performed
successfully if and only if F? =1 for each j € Y. This is equivalent to the existence
of U; € U(2) such that (4.9) is satisfied for each j € Y, where |¢;) = U;|g;). In
conclusion, we can stablish the following criteria:

|®) is perfect for teleporting |¢) &, ;e UQ2) st (UiA; —T) [p) =0, Vj €Y.

In this case, the instructions Bob must follow are A; = U; for each j € Y, which
are defined up to a global phase.

Example 4.1. The following state is perfect for teleporting |¢) = %(\O) +|1)):
1 1
V2 V2

Indeed, from (4.6) we get [¥) = % o) |¥) + % |$1) |). Therefore, the probabili-

ty outcomes defined in (4.8) are Py = P; = % and P, = P; = 0. We must find two

matrices Uy, U; € U(2) such that
1
) _I[] <ﬁ> - (0>
1 0/’
V2

()0 e o

which are the same matrix equation. It is easy to see that Uy = U; = I satisfy both

|®) = 5 (00) +101) + [10) + [11)) = —=(10) + [1)) ® —=([0) +[1)).

N =

N[—=N[=
N[—=N[=
NI=NI=
NI NI =

relations. Thus, |®) is perfect for teleporting the qubit |¢) with the instructions
A§ = A =1, while the other two can be any. This result makes sense actually.
Note that |®),; = |¢) 4 ® |¢)p, so the shared state is product and Bob posses
the state [¢);, which is the same state as Charlie’s, |i). Because of |®) being
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product, then the measurement performed by Alice does not alter in any way
Bob’s state. Therefore, |po)y = |¢1)5 = i), so Bob does not need to apply any
transformation on his state as he already have Charlie’s state |1).

An observation about this example is that it may not be considered a result
of quantum teleportation. The reason is because the measurement of Alice and
the message of her outcome are irrelevant for the experiment to be successful. In
fact, Bob could apply just at the beginning the given instructions on his state and
would obtain the same state as Charlie’s.

What is required in quantum teleportation is that the shared state |®) is perfect
for teleporting any qubit. Moreover, as the qubit to be teleported theoretically is
not known, then the instruction A® that Bob must follow cannot depend on this
one, as we already discussed in Section 4.2. In summary, we will say that:

Definition 4.2. A 2-qubit state |®) is perfect for quantum teleportation (PQT) if there
exists a set of unitary matrices A® = {AF, AP, AP, AT} C U(2) (defined up to a
global phase) such that for all [¢y) € H? is satisfied (A;DA]-(\I,D)) - II) lp) =0, for
each j € Yy. The matrices A;(|y)) are the ones from (4.7).

Nevertheless, the matrices A;(|¢)) can depend on [¢) because of the probabili-
ties P;. For this reason, if we do not first impose some conditions on the matrices

Aj, finding the instructions that satisfy the equations (A;-I’A]- - ]I) |) = 0 can be
quite challenging.

Some conditions under which a two-qubit state qualifies as PQT

Let us suppose that we desire to teleport a qubit |ip) with the shared state |P)
such that Aj(|p)) € U(2), for each j € Y. In this case, we can choose U; = A,

which is also unitary, so it is satisfied (A;Aj — ]I) = 0. Therefore, |®) is perfect
for teleporting |¢) and A; = A}L. It can be seen that

|ao|* + |a2* = [m1|* + |as|* = 1/2
A](’ll)» S U(Z) s A]A}r =1 < apd] = —axaz and adpga; = —a»4a;3
P =1/4

or, on the other hand,
|ao* + a1 [* = |a2]* + |a3]> = 1/2

Ai(lp)) e U(2) <= A}LA]- =1<= < apap = —maz and dpa, = —a1a3
P=1/4
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Considering the last relations between the coefficients of |®) and implementing
them onto (4.8), we obtain P; = 1/4 which does not depend on [¢) = « [0) + B[1).
Thus, we get the following simplified equivalence for each j € Y:

|ao|? + |a1|* = [az]? + |as]* = 1/2

. _ ! ’ (4.10)
apgdy = —a1as and apgdy = —a1as

A eU(2) <= {

Let us analyze the consequences of this last result. If the coefficients of the
state |®) satisfy these conditions, then P; = 1/4 for all a4, € C and A; € U(2).
On the one hand, the sum over all P; must be one, so Y = {0,1,2,3} for any
qubit to be teleported. On the other hand, from (4.7) one may notice that the
matrices A; do not depend on a and B because of the probabilities P; = 1/4.
Furthermore, we have observed just above that we can choose A]q’ = A}L and we

get (A]‘.LA]' — II) l) = 0 for all |) € H?. Therefore, the state |®) is PQT.

It could be appropriate to define from (4.10) the following subset of 2-qubit
states in H*:

a0 + a1 [* = |az]* + [as|* = 3
apay = —a1as N apdy = —a1ds
(4.11)

9 = {ao 00) + a1 |01) + a3 [10) + a3 [11) € H*

All in all, we can already confirm the next result:

Proposition 4.3. Let |®) = ag|00) + a1 [01) + a2 |10) + a3 |11) be a 2-qubit state.
If |®)eA = |P) is PQT.
In this case, the instructions A% are of the form (up to a global phase)

Ag =2 (”0 ”1> AP =2 (”2 ”3>

ap as ap @m

aeva(fn) areva(®n

—ap —a —ap; —as

and the outcomes of the Bell measurement are all equiprobable, i.e. P; = 1/4 for all
j =0,1,2,3 and for any teleported state |) € H?>.

Besides that, it is possible to establish a connection between these conditions
and the observable 7, from (3.6):

Proposition 4.4. Let |®) = ag |00) + ay |01) + a3 |10) + a3 |11) be a 2-qubit state.

If |®) €A = R(P)) =1
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Proof. From (3.4) we have that J>(|®)) = J21(|®)) = 4|apas — a1a2|*. Because of
the hypothesis, from (4.10) we know that A; € U(2) forall j = 0,1,2,3. So these
matrices satisfy |det A;| = 1. Considering the Proposition 4.3, then the outcome
probabilities are P; = 1/4 for all j, so from the determinants of the matrices (4.7)
we get

|det A;| = 2|agas — a1az| = 1 = 4|agas — alaz\z =1.

Therefore, 7>(|®)) = 1, as we wanted to see. O

Example 4.5. The 2-qubit states |¢;) and [¢o2(0)) = cos@ |¢po) + sin6 |¢2) belong
to the set /A defined above. Therefore, according to Propositions 4.3 and 4.4, we
already know both states are PQT and maximally entangled. Effectively, we can
observe in Table 3.1 that J2(¢;) = J2(|¢o2(0))) =1, foralli = 0,1,2,3 and for all
6 € [0, ).

For the Bell states |¢;), we already know the corresponding instructions (see
Table 4.2). Besides, Proposition 4.3 provides as well the matrices of A?. For
instance, for the state |¢y) we can see that these only differ from the Pauli matrices

(1.9) in a global phase:
1
V2 |
0 ) 7

0
_ 1| =03

|p02(0)) = \2 (cos6]00) 4 sin 6 |01) —sin 6 |10) 4+ cos 6 [11)),

L 0
=va(l 1) ar-va(

OE‘“ N"" ©

0 L\
A;”O:\/E( . \g>:e’23(72 A§0:ﬁ<
V2

S

For the other states, which are of the form

the set A%2(%) is constituted by

Ago,z(e) _ ( cos sin@) Affolz(e) _ (—sin@ Cos 9)

—sinf® cos6 cosf sinf

Ag;o,z(e) _ (—sinG cos 0 > Af‘”w) _ (cos@ sin@ >

—cosf —sin6 sinf — cos@

Physical considerations about the conditions from 2(

We have already shown that for any two-qubit state |®) we have the following
result:

If |®)cA = |®)isPQT and J(|P)) =1,
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where 2 is the subset of states in #* defined as (4.11).

One may wonder if there exists a direct connection between PQT states and
states with maximum value of the observable 7, (which theoretically are maxi-
mally entangled).

On the one hand, if we manage to find the unitary matrices U/; such that
(UiAj—T) [) = 0 for all |) € H? and for each j € Yy, then we might settle
the exact conditions —if they exist— for which the state |®) is PQT. Afterwards, it
could be possible to proof that if |®) satisfies these hypothetical properties, then
J2(|®)) = 1. This is because, experimentally, it is well known that one of the re-
quirements for a state to be PQT is that it must be maximally entangled: when two
particles are maximally entangled then there exists a perfect correlation between
the measurements performed on one particle or the other.

On the other hand, it may be a bit fuzzy that J>(|®)) = 1 implies |®) to
be PQT. It is important to emphasize that the Definition 4.2 is based on the fact
that Alice always performs a Bell measurement. However, it could be possible
that for carrying out QT with a specific 2-particle maximally entangled state, the
measurement must be different and related to this state. Therefore, we could have
one state such that J>(|®)) = 1 and not being PQT according to the definition
from above.

From the results we have already obtained, we can confirm that 2-qubit states
satisfying the conditions of the set 2 are perfect for carrying out quantum telepor-
tation of any qubit. Furthermore, the instructions Bob must follow are perfectly
known and they are fully determined, up to a global phase, by the shared state in-
volved. Theoretically, these states must be maximally entangled. Indeed, besides
being PQT, we have seen that the observable 7, acting on these type of states re-
turns a maximum value, in agreement with the theory developed in Section 3.3.
This strengthens the fact that the observables 7, defined in [CST21] are actually a
good measurement of entanglement, in particular for 2-qubit states.

Nevertheless, there may exist PQT states which do not belong to the subset
2A C H*. For these ones, it has not been possible to find the general form of the
instructions A. Even more, there could be maximally entangled states that are not
PQT (that is, it is required another measurement different from the Bell one). In
addition, 2-qubit states with [/, < 1 are not from 2|, so it is unclear if they are PQT
or not. Despite that, the fact that the observable on these states is not maximal
suggests that they are not actually maximally entangled states. Therefore, they
must not be capable of teleporting any qubit with any kind of measurement.

For all the states just described, which are the ones that do not lie in the set 2
from (4.11), then it is unclear if they are PQT. In addition, if some of them are ac-
tually PQT, then it may be complex to find their corresponding instructions. All in
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all, in these cases it may be interesting to search for the instructions which provide
better teleportation results under Bell measurement (i.e. higher fidelity values). In
our physics work we have provided a method for achieving this objective.

4.4.2 Optimizing instructions for quantum teleportation

Let us explain briefly the problem statement, the implemented algorithms and
the results obtained in our Bachelor’s Thesis in Physics [LSC25].

Let |®) represent an arbitrary two-particle state and let us suppose that the
instructions for doing QT with it are unknown. The thing we do know is that the
general form of A;D is (1.10) for all j = 0,...,3. Therefore, A;I’ = Af’((x, B, ), so
they are determined, up to a global phase, by a set of points )(]c-b C [0,27) 3.

In this sense, if we try to teleport one qubit |¢) with that state, we obtain that
the fidelities of each possible outcome j € Y, can be expressed like

B =01 (AP pm) | Mz = (0B, 7),

as |@;) only depends on [¢) and j. Therefore, in order to find the best A; for tele-
porting |¢) we must look for the points («, B, y) which give the maximum value
of FY. However, these ones may depend on [¢), and so A;. We will try to avoid
this dependence by considering a set of m arbitrary qubits Q = {|¢1),..., |Pm)}
and defining the following error fidelity:

m

Fi(a,B,7) = [TF*(@B,7), V¥ji=0,...3 (4.12)
k=1

Given this, the main goal is to find the points )(]q’ which maximize F; for a given
state |®), for each j =0, ..., 3. Note that we are considering all possible outcomes
j but we could have |Yy,| < 4 for some k' = 1,...,m. When this happens, for
the missing outcome " in Yy,,, we will impose that FY¥ = 1 because for |() the
transformation A; can be any (because it is never used by Bob). If this is another
value less than one, it would affect inappropriately on the result of F;. On the
other hand, since (4.12) is an error-type function, it is more convenient to find the
probability density function p; of the points (a,f,7), instead of looking for the
maximums of F;.

Let us fix one arbitrary outcome j. In our physics work, we consider the
function f; = —InF; € [0,00). We know that there exists a density function
pr(x) o exp(—fj(x)/T) =: gr(x), where T > 0 is a scale parameter. Observe
that the modes of pr match the minimums of f]-, which are the same as the maxi-
mums of F;. With the purpose of modeling pr, we base our work on Markov Chain
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Monte Carlo (MCMC) methods [Ser1l]. In particular, we use an algorithm that is
known as Multiple Correlated-Try Metropolis (MCTM) [CLO7]. The reader can find
in S.A.I the version of this method we implement.

Once this method is written and executed enough times in [Lap], we get perfect
results for the cases when the shared state |®) is any of the four Bell states. The
interested reader can find in S.A.II the representations of the corresponding 2D
marginal densities for each outcome when |®) = |¢p) in Figure 4.1.

After the guarantee that the MCTM algorithm works well in our problem, we
focus on analyzing the states of the form |®(0)) = cos6|00) + sin6 |11), where
6 € [0, ). They are interesting because they are the result of applying one 4 x 4
unitary matrix on the Bell state |¢g). Moreover, according to (3.4), the amount of
their entanglement varies with 0 like 4 cos? § sin 6.

For all the angles different from 7 and %”, the states do not belong to the set
2 defined in (4.11) and also they are not maximally entangled states([/> < 1), so
they must be not PQT. Therefore, it seems useful to implement MCTM for these

angles and see how A®®) varies. After carrying out this method for some values
T

12
must follow are A%, meanwhile in (%, 7r) these are A?*. On the other hand, if
0 € {0,2} —the only cases in which |®(0)) is product— A®®) can be both of
them. For a illustrative deduction of this conclusions, we suggest to take a look at
Figure 4.2 in S.AIL.

We have used these instructions to study how the fidelity results vary when at-
tempting QT using the shared states |®(0)), in relation to the values of J>(|®(6))).
A consistent dependence is observed between the values of this observable and
the success of QT (see Figure 4.3 in S.AIl), suggesting that if |®) is PQT, then

J2(|®)) = 1. This aligns with J, being a good entanglement measure. Further-

of 0, the conclusions we extract are that for angles in (0, %) the instructions Bob

more, as noted in [Pre01], for cases where /> < 1, Alice could follow an alternative
process to achieve maximum fidelities of . Using our method, we improve these
results for cases where 7, > 0.125.
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Summary and conclusions

The enigmatic nature of entanglement and its valuable role in technology have
captured the interest of researchers worldwide. To better understand and imple-
ment this phenomenon, various mathematical frameworks and theories, based on
complex geometric algebra, have been developed to provide structure and intu-
ition about quantum entanglement.

In this work, we have seen that the entanglement of pure states can be analyzed
using a complex geometrical approach based on Segre embeddings of projective
Hilbert spaces. This offers a geometric and intuitive perspective on quantum states
and their separability, as well as a practical tool for quantifying entanglement.
We refer the interested reader to [CST21, Gatl4] for deepen in such topic or to
[BBC19] for a more general understanding of geometry in quantum mechanics.

Among the most significant applications of quantum entanglement is quantum
teleportation. We have shown that this phenomenon can be rigorously described
through the algebraic principles of quantum mechanics. In the attempt to provide
a general description of quantum teleportation, we have proposed a set of condi-
tions useful for determine whether a given two-qubit state is suitable for quantum
teleportation. Future research in this area could focus on looking for the exact
properties that make a state perfect for teleporting any arbitrary qubit. Addi-
tionally, exploring alternative measures on two-qubit states different from the Bell
measurement may enhance the efficiency and versatility of quantum teleportation
protocols.

Implementing entanglement in order to teleport qubits from one point to an-
other could lay the foundation for a global-scale quantum internet, offering more
security and computational power. However, preserving the properties of en-
tanglement unaltered and enabling the transmission of multiple qubits are very
challenging problems, so there is still so much to explore and develop in this
promising field.
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Supplementary appendix

In this last part, the reader can find some supplementary work that may need
in order to fully understand some concepts or steps mentioned before in this work.
Each section refers to some specific content related on the context where the refe-
rence S.A.# appears in the project.

S.A.L One version of the Multiple Correlated-Try Metropolis
(MCTM)

The main objective is to look for the form of the target density pr, such that
pr(x) < exp(—fj(x)/T) =: gr(x) We could try to compute [, _,, ¢r(x)dx, but this
integral is too complex. Fortunately, [CLO7] provides an accelerated version of the
Metropolis-Hastings method for estimating pr without computing any integral at
all. This algorithm is called Multiple Correlated-Try Metropolis (MCTM). Being one
Markov Chain Monte Carlo method, it generates random numbers from the known
function g7, which produces a Markov chain {x;} ; such as its invariant density
function matches with our target density p « gr.

The version of the MCTM method we have used generates a Markov chain
{x;:}} following these steps:

1. We choose a random point in V as the first member of the chain, x;, such as

fj(X]) 75 Q.

2. For t > 1, let x := x; be the last point of the chain. From a Gaussian
distribution A/ ((x7, ) xT)T,%3;), we generate k trial proposals v, ..., .
The covariance matrix X3 is of the form

r = I T
Z3k: . . . . ... . .
r T - %
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S.A.L One version of the Multiple Correlated-Try Metropolis (MCTM)

where X = ¢?I3 and T = %]Ig, for some 2. We will use values of ¢ around
10 — 20. Moreover, the work [CL07] indicates that for that version of the
MCTM a number of k = 7 trial proposals is a good one.

. We compute gr(y;) for each I = 1,...,k, and then we select one of these

points y with probability proportional to gr(y).

. We generate X, ..., X; points from the same Gaussian distribution from be-

fore, but with y instead of x and conditioning that x; = x.

. We compute the acceptance probability:

= min gr(y1) +- -+ 8r(yx)
Aly, x1) = {1'gT(z1)+---+gT(fk>}'

. The following point of the chain x;;1 is y with probability A(y, x) or x with

probability 1 — A(y, x).

. The steps 2 — 6 are repeated with the last point of the chain x;,, until xy is

reached.
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S.A.IlL. Results from our Physics Final Degree Project

For a clearer understanding of these results, we refer the interested reader to
[LSC25].
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Figure 4.1: For the shared state |®) = |¢p), we have represented for each Bell mea-
surement outcome the 2D marginal densities p,p, pgy and p,a. These densities have been
computed after implementing the MCTM method. Note that, for each outcome, we can
get to know the modes of the 3D density p,p,, which effectively agree with the set of

points X;Po determining the instructions A%0.
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Figure 4.2: Contours of the modes from the densities p,, where x,y € {«, B, v}, for
each outcome. These have been obtained by applying the MCTM algorithm to the states
|®P(0)) = cos0]00) + sin6 |11) for ten different values of 6 € [0, 7).
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Figure 4.3: Plot of the fidelity results in QT depending on [J,. The data have been
obtained from the function Fo(y) := Y5, pz-F;P. With this one, we have computed for
each 6 € [0,77) the mean value of the set {Fg(p) (¢)}y for 10° random qubits |¢p). The
shared states are of the form |®(6)) = cos6 |00) + sin |11). The plotted red lines S are
the standard deviation of the mean value.
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