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Abstract
Quantum entanglement has gained significant attention in recent years owing to its diverse application in quan-
tum informatics. Its nonlocal nature makes it a crucial resource in quantum information, especially in quantum
communication and networking. Entanglement plays a vital role in advancing quantum computation and technol-
ogy.

This study discusses the creation of entangled quantum states using photon pairs and the measurement of
entanglement, utilizing the IBM Q Experience—the first industrial initiative to develop universal quantum comput-
ers and provide widespread access to these technologies through cloud platforms. The introduction of the Qiskit
tool has enabled researchers, educators, developers, and enthusiasts to write code and conduct experiments on
quantum machines. In this study, we implemented and tested circuits on the IBM Q quantum computing platform
using Qiskit to execute quantum computing programs such as the Bell Inequality, CHSH Inequality, and Five-
Qubit GHZ States, with two successful programming presented, these tools, along with the associated Jupyter
Notebook pages, serve as additional resources for users of the IBM Q Experience. We present the results which
will help evaluate these prototypes’ performance. Where quantum computers are designed to process informa-
tion units that go beyond mere abstract mathematical entities, as suggested by Shannon’s theory; instead, they
represent real physical objects defined by one of the two fundamental physical theories—quantum mechanics.
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1. INTRODUCTION

The concept of quantum information emerged at the
intersection of quantum mechanics and information the-
ory [1]. This concept is deeply intertwined with the math-
ematical framework of quantum formalism, which es-
tablishes essential limitations of the nature of physical
laws [2]. In 1935, Albert Einstein, along with Boris Podol-
sky and Nathan Rosen, introduced a thought experiment
to demonstrate the incompleteness of quantum mechan-
ics [3]. They suggested a peculiar interaction between
the two particles, Alice and Bob, separated by a signifi-
cant distance. These particles exist in a combined state
with multiple momentum eigenstates, highlighting the
strange correlations predicted by quantum theory [4].

This paradox suggests that the global states of a com-

posite system cannot be expressed as products of the
states of individual subsystems, as described by quan-
tum mechanics. This phenomenon, referred to as "entan-
glement," highlights the inherent statistical relationships
between subsystems of a quantum system. Entangle-
ment is a pivotal resource in quantum information sci-
ence, that facilitates key applications such as superdense
coding, quantum teleportation, quantum computing, and
quantum cryptography [5].

Fundamental Concepts of the Quantum
Theory

Applied quantum theory is inherently indeterministic be-
cause it focuses on predicting the probabilities of various
events rather than providing certainties [6]. In contrast,
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classical theories, such as those described by Newtonian
mechanics, allow precise predictions. Within the Newto-
nian framework, if the initial positions and velocities of all
the interacting objects are known, their trajectories are
with complete certainty. This deterministic view of the
universe led to a philosophical interpretation of determin-
ism. A notable example is provided by mathematician
Pierre-Simon Laplace, who famously posited the idea of
a supreme intellect—commonly referred to as “Laplace’s
demon.” This hypothetical entity can predict all future
events by analyzing the present and past states of the
universe [7].

The quantum theory is a foundational framework that
describes the behavior of matter and energy at mi-
croscopic scales, such as atoms and subatomic par-
ticles. Its principles diverge significantly from classical
physics, leading to a unique understanding of the physi-
cal world [8]: Key Principles

• Wave-Particle Duality: One of the foundational ideas
in quantum theory is wave-particle duality, which as-
serts that elementary particles, such as electrons,
exhibit wave-like and particle-like properties. This
means that particles can behave as discrete entities
and exhibit interference patterns typical of waves [9].

• Superposition of States: Quantum systems can
exist in multiple states simultaneously. This principle
allows a microscopic system to be described as a
superposition of different states, meaning that it can
be partly in each of them until a measurement is
made [10].

• Uncertainty Principle: Formulated by Werner
Heisenberg, this principle states that certain pairs
of physical properties, like position and momentum,
cannot be simultaneously known to arbitrary preci-
sion. The more accurately one property is measured,
the less accurately another property can be known.
Mathematically, this is expressed as:

∆x∆p ≥ h̄
2

where ∆x is the uncertainty in the position, ∆p is the
uncertainty in the momentum, and h̄ is the reduced
Planck constant.

• Indeterminacy: Unlike classical theories, which pre-
dict exact outcomes given initial conditions, quantum
mechanics only provides probabilities for various out-
comes. The act of measurement causes a quantum
system to "collapse" into one of the possible states,
but the specific outcome cannot be predicted with
certainty [11].

• Complementarity: Proposed by Niels Bohr, this con-
cept asserts that different experimental setups reveal
different aspects of the quantum phenomena. Ob-
serving one property (such as position) affects the
measurement of another (such as momentum), em-
phasizing that measurements are inherently proba-

bilistic and context-dependent.
• Measurement Problem: The measurement problem

in quantum mechanics describes the challenge of un-
derstanding how measurements influence quantum
systems. When a measurement is performed, the
system collapses from a superposition of states to
a single outcome; however, the exact mechanism of
this transition remains a topic of debate and interpre-
tation [12].

• Implications for Understanding Reality: The in-
deterministic nature of quantum mechanics has pro-
found philosophical implications. This challenges clas-
sical determinism—the idea that future states can be
predicted with certainty based on present knowledge.
The Einstein-Podolsky-Rosen (EPR) paradox further
illustrates this tension by questioning whether quan-
tum mechanics provides a complete description of
physical reality [13].

• Entanglement: Quantum entanglement refers to a
phenomenon in which two or more particles become
interconnected such that the state of one particle is
directly related to the state of another, regardless of
the distance separating them. This unique property
allows instantaneous correlations between particles,
leading to applications in quantum computing and
cryptography [14].

These fundamental concepts of quantum theory form
the basis of many innovations in modern physics and
technology, including quantum computing, quantum cryp-
tography, and our understanding of atomic structures. By
challenging classical notions, they offer profound insights
into the nature of reality at the smallest scales [15].

The final and perhaps most remarkable feature of
quantum mechanics is entanglement. Unlike classical
phenomena, there is no true equivalent of entanglement
within classical physics. The closest comparison might
be drawn to a secret key shared between the two parties,
yet even this analogy falls short. Entanglement describes
profound quantum correlations that can exist between
two or more particles, exhibiting correlations that surpass
classical correlations in a precise manner [16].

The term "entanglement" was first introduced by Er-
win Schrödinger in 1935, as he explored some of the
peculiar properties and implications associated with this
phenomenon. Subsequently, Einstein, Podolsky, and
Rosen raised an apparent paradox related to entangle-
ment, which cast doubt on the completeness of quantum
theory. They questioned whether the unusual character-
istics of entanglement undermined the uncertainty princi-
ple and proposed the existence of “local hidden-variable”
theories that could potentially account for experimental
results [17].

It took approximately 30 years to address this para-
dox, with John Bell providing a resolution through the
introduction of a simple inequality, now known as Bell’s
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inequality [18]. He demonstrated that classical corre-
lations between two particles, adhering to the assump-
tions of the local hidden-variable theory proposed by
Einstein, Podolsky, and Rosen, must fall below a specific
threshold. Conversely, he showed that the correlations
observed in two entangled quantum particles can ex-
ceed this limit, indicating that entanglement cannot be
understood through classical correlations, but is a distinct
quantum phenomenon.

Subsequent experiments have validated that pairs of
entangled quantum particles can violate Bell’s inequality,
reinforcing the unique nature of entanglement in quantum
mechanics [19].

2. PRELIMINARIES
In quantum mechanics, a quantum system is often rep-
resented using capital letters (e.g., A, B) and modeled
within finite-dimensional Hilbert spaces, such as HA and
HB [20]. This representation is crucial for understanding
the behavior of quantum states and their interactions,
particularly in the context of quantum information the-
ory. The collection of linear operators acting on sys-
tem A is denoted as P(A), whereas the set of positive
semidefinite operators is noted as L(A). The identity
operator for system A is denoted as 1A. The quan-
tum states associated with system A are defined as
S(A) ≡ ρA | ρA = 0, TrρA = 1. A where

• ρA = 0: This indicates that the state is a valid quan-
tum state if it is not null.

• TrρA = 1: This condition signifies that the trace of the
quantum state density operator is equal to one, which
is a requirement for normalized quantum states, and
a sub-normalized state is characterized as a positive
semidefinite operator with a trace that does not ex-
ceed one. Additionally, any two Hermitian operators
X were considered within this framework.

2.1. The State Space and the Dirac No-
tation

Quantum systems, including atoms with energy levels,
electrons characterized by spin states, and photons with
polarization, can be effectively represented within the
framework of quantum mechanics. The mathematical
description of a quantum state utilizes a notation known
as Dirac or bra-ket notation [21].
Postulate: At any given momentt, the state of a physical
system is represented by an element |ψ(t)⟩ which be-
longs to a state space denoted asH This notation is fun-
damental to quantum mechanics, where the state space
is generally a complex Hilbert space [22]. This concept
was introduced by Paul Dirac in 1939, who used the no-
tation |ψ(t)⟩ to signify an element of state space. The
Hilbert space H is characterized as a finite-dimensional
vector space over the complex numbers C equipped with

an inner product that is represented as ⟨.|.⟩. It is crucial
to recognize that identifying the state space using the
mathematical notion of a vector space has significant
implications [23]. This association permits the formation
of linear combinations or superpositions of the elements
in H, which also qualify as valid quantum states. To
mathematically define the inner product within Hilbert
space H, the associated dual space is introduced.
(Dual Space):Let H represent a Hilbert space defined
over complex number C. The dual space H∗ comprises
all linear maps from H → C. Elements of the dual space,
denoted as ⟨φ| act on a state vector |ψ⟩ ∈ H through
the mapping ⟨φ| : ⟨ψ⟩ 7→ ⟨φ|ψ⟩ ∈ C . This operation
yields a complex scalar known as the inner product, rep-
resented as ⟨φ|ψ⟩, which characterizes the relationship
between the states |ψ⟩, |φ⟩ ∈ H. Furthermore, the stan-
dard inner product in vector spaces over the complex
field Cis a sesquilinear form, adhering to specific linearity
properties [24].

⟨φ | αψ1 + βψ2⟩ = α ⟨φ | ψ1⟩+ β ⟨φ | ψ2⟩
⟨αφ1 + βφ2 | ψ⟩ = α∗ ⟨φ1 | ψ⟩+ β∗ ⟨φ2 | ψ⟩

(1)

For all states |ψi⟩ , |ψ⟩ ∈ H,and dual states ⟨φ|, ⟨φi| ∈
H∗, with α, β ∈ C where α∗ represents the complex con-
jugate of α. The inner product establishes a norm ∥ · ∥ on
H. This norm is defined as ∥φ∥ :=

√
⟨ψ | ψ⟩ and states

satisfying ∥ψ∥ = 1 are referred to as normalized states.

Additionally, the inner product imparts a notion of rel-
ative orientation between states, whereby states with
⟨φ | ψ⟩ = 0 are said to be orthogonal to one another.

for all |ψi⟩ , |ψ⟩ ∈ H, ⟨φ|, ⟨φi| ∈ H∗, and α, β ∈ C,
where α∗ denotes the complex conjugation of α. The
inner product induces a norm ∥ · ∥ on H, via ∥φ∥ :=√
⟨ψ | ψ⟩ and it call states with ∥ψ∥ = 1 are referred

to as normalized states. Additionally, the inner product
imparts a notion of relative orientation between states,
whereby states with ⟨φ | ψ⟩ = 0 are said to be orthogonal
to one another.

Orthonormal Basis Let H be a d-dimensional Hilbert
space. A collection of linearly independent vectors
{|bi⟩}d

i=1 := B ⊂ H considered a basis for H if every
element |ψ⟩ ∈ H can be expressed as a unique linear
combination of the vectors in B, [25] i.e.,

|ψ⟩ =
d

∑
i=1

Ci |bi⟩ , with Ci := ⟨bi | ψ⟩ ∈ C (2)

Basis B is referred to as orthonormal if its elements
have unit length and are mutually orthogonal. This
means that for any two basis elements bi and bj the
inner product satisfies

〈
bi | bj

〉
= δi,j, where δi,j is the

Kronecker delta, which is equal to one when j = i
and zero otherwise [26]. Commonly, the preferred or-
thonormal basis is known as the computational basis,
which consists of elements {|K⟩}d−1

k=0 .Two orthonormal

bases {|bi⟩}d
i=1 ,

{∣∣∣b′j〉}d

i=1
of H are mutually unbiased
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if
∣∣∣〈bi | b′j

〉∣∣∣2 = i
d for all i, j.

2.2. Linear Operators
To describe the manipulation of a quantum state, we
introduce the following definition: (Linear Operator): A
linear operator on a Hilbert space H is defined as a linear
mapping [27] M : H → H, |ψ⟩ 7→ M|ψ⟩.

Quantum Bit
A qubit, which stands for "quantum bit," is the fundamen-
tal unit of information in quantum computing. Although it
serves a purpose similar to that of a classical bit, it differs
significantly in functionality. While a classical bit can only
represent two values (0 or1), a qubit can be measured
in two states, typically denoted [28] as |0⟩ and |1⟩.

In contrast to a classical bit, a qubit can exist in a su-
perposition of these states before measurement, mean-
ing it can simultaneously represent a combination of|0⟩
and |1⟩, each associated with a certain probability. How-
ever, when measured, the qubit state collapses to one of
these two definite states.
The notion of a qubit is relatively abstract, as it is not
directly related to a physical object in everyday experi-
ence. Instead, qubits are often represented by artificial
atom systems engineered to imitate the atomic behavior.
These artificial systems are designed to replicate the
properties of two-state systems, while meeting specific
requirements, such as minimal energy dissipation and
protection from environmental disturbances [29].
A qubit is an essential component of a quantum com-
puter. It can be represented by particles such as photons
or the nuclei of specific elements, which form the core of
the qubit and dictate its physical characteristics, includ-
ing superposition, entanglement, and parallelism
In the context of a quantum computer, qubits are ma-
nipulated to signify two different spin states: "spin-up"
corresponds to 0, while "spin-down" denotes 1. This
distinction is vital for the proper encoding of information,
particularly when considering the roles of superposition
and entanglement for the same qubit.
Under normal room temperature conditions, these parti-
cles are in an unstable state and frequently fluctuate be-
tween varying energy levels. However, when subjected
to much lower temperatures, they tended to stabilize
in the spin-down state. To induce a transition between
spin states (either spin-up or back to spin-down), an ex-
ternal energy source must be applied to facilitate this
change [30].

3. QUANTUM ENTANGLEMENT
Quantum entanglement is a promising feature of com-
posite physical systems. This illustrates a significant
departure of quantum physics from classical physics and
has evolved into a vital resource for various applications,

including quantum teleportation and quantum cryptog-
raphy. Additionally, entanglement can lead to another
intriguing phenomenon known as Bell non-locality. Con-
sequently, the detection and characterization of entangle-
ment in composite quantum systems remain a central yet
unresolved challenge in quantum information theory [31].

3.0.1. Correlations in bipartite quantum systems
For a bipartite pure state |ψ⟩AB, the entanglement of
formation is characterized by the entropy of one of its
subsystems as follows: E f (|ψ⟩AB) = S(ρA) Here,ρ rep-
resents the reduced density matrix for subsystem A,
obtained by performing a partial trace over subsystem B.
The von Neumann entropy of the quantum state ρ is de-
fined S(ρ) = −tr(ρ ln ρ) is the von Neumann entropy of
the quantum state ρ. For a bipartite mixed stateρAB the
entanglement of the formation is defined as the minimum
average entanglement overall potential decompositions
of that state. This can be mathematically expressed as
follows:

E f (ρAB) = min ∑
i

PiE f (|Ψ⟩AB), (3)

where the summation is taken over all possible pure state
decompositions of the mixed state given by

ρAB = ∑
i

Pi(|ψi⟩AB). (4)

For a probability ensemble ξ = {Pi, ρi} that results in
a quantum state ρ where ρ = ∑i Piρi, the Holevo quantity
is defined as:

x(ξ) = S(ρ)− ∑
i

PiS(ρi). (5)

3.1. Quantum entanglement and its
measures

Entanglement is a captivating phenomenon in the field
of quantum mechanics. A key illustration of this effect is
the singlet state in a system consisting of two spin-1/2
particles, which can be described by the following wave
function:

|ψ⟩ = (| ↑↓⟩ − | ↓↑⟩) (6)

This wave function demonstrates a coherent superpo-
sition of qubits and cannot be factored into the individual
wave functions of parts of the system. The entanglement
characteristic guarantees that measuring the state of
one particle will immediately affect the state of the other,
regardless of the distance between them. [32].

Quantum entanglement is a captivating phenomenon
that has attracted significant attention in both theoretical
and experimental research. The entropy associated with
a state represented by a reduced (partial or averaged)
density matrix has emerged as a crucial and insightful
measure of the entanglement. This concept was first
explored in 1986 by using black holes. Currently, the
entropy of the reduced state is widely utilized across var-
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ious scientific disciplines, including quantum field theory,
solid-state physics, and quantum information theory [33].

3.2. Pure and mixed states
In quantum mechanics, states can be classified as either
pure or mixed, each representing a different level of
information about a quantum system [34].

3.2.1. Pure state
A pure state is defined as possessing full knowledge of
a quantum system. Mathematically, it is expressed as a
state vector (or ket)|ψ⟩ within a Hilbert space. This state
cannot be decomposed into a mixture of other states,
indicating that it is an extreme point within the manifold
of the possible states. In the context of density matrices,
a pure state can be represented as follows [35]:

ρ = |ψ⟩⟨ψ| with ∥ψ∥ = 1 (7)

where ρ is a one-dimensional projector. Pure states
are associated with maximum certainty regarding the
properties of the system.

3.2.2. Mixed States
By contrast, a mixed state signifies a statistical ensem-
ble of various pure states, reflecting a lack of complete
information about the system. A mixed state is described
by a density matrix that does not act as a projector for a
single state. Instead, it can be formulated as a convex
combination of several pure states. [19]:

ρ = ∑
i

pi |ψi⟩ ⟨ψi| (8)

where pi are the probabilities associated with each pure
state |ψi⟩ Mixed states are characterized by their density
matrices having more than one non-zero eigenvalue,
reflecting the uncertainty inherent in the system.

3.3. The Differences
• Information Content : Pure states contain maximal

information, whereas mixed states contain less than
maximal information [36].

• Mathematical Representation: Pure states are
represented by vectors in Hilbert space or one-
dimensional projectors in density matrix form,
whereas mixed states are represented by density ma-
trices that can be decomposed into mixtures of pure
states.

• Purity Measure: The purity of a state is defined as
λ = tr(ρ2). For pure states, this measure equals one,
whereas, for mixed states, it falls between 1

d and one,
where d is the dimension of the Hilbert space.

Understanding these distinctions is crucial for analyz-
ing quantum systems and their behavior in various ap-
plications, including quantum computing and quantum

information theory.

3.3.1. Entropy of entanglement
Entanglement entropy : Entropement entropy, often
referred to as entanglement entropy , measures the ex-
tent of quantum entanglement between two subsystems
within a composite quantum system. A reduced matrix
can be obtained for a pure bipartite quantum state, to rep-
resent the state of one of the subsystems. The entropy
of entanglement is then defined as the von Neumann
entropy of the reduced density matrix. A non-zero value
for this entropy signifies that the two subsystems are
entangled. [37]. For a bipartite pure state ρAB = |Ψ⟩⟨Ψ|,
the entanglement entropy S can be expressed as:

S = S (ρA) = −Tr (ρA ln ρA) (9)

where ρA is the reduced density matrix obtained by trac-
ing out the other subsystem. Owing to the properties of
Schmidt decomposition, the entanglement entropy is in-
dependent of which subsystem’s reduced density matrix
is used.

3.3.2. Density Matrix
A density matrix, also known as a density operator, is a
mathematical construct used in quantum mechanics to
describe the statistical state of a quantum system. This
provides a comprehensive way to represent both pure
and mixed states, making it essential for understanding
quantum systems that are not in a definite state. The
density matrix ρ is mathematically defined as a positive
semi-definite operator with a trace of one for normalized
states. The key characteristics of the density matrix are
as follows:

• Representation: A density matrix can be represented
in a finite-dimensional Hilbert space and is denoted
as ρ.

• Normalization: For the pure state, the density matrix
satisfies (ρ) = 1. This condition ensures that the total
probability of finding a system in any of its quantum
states is summing to one.

• Mixed States: The density matrix can also describe
mixed states, which are statistical mixtures of different
quantum states rather than coherent superpositions.
Mixed states result from classical uncertainty or lack
of complete knowledge of the system.

For a finite-dimensional quantum system a pure state
can be expressed as|ψ⟩, leading to the density matrix
defined as:

ρ = |Ψ⟩⟨Ψ| (10)

This implies that the density matrix is the outer product
of the state vector. For a mixed state represented by
a probability distribution over different pure states, |ψi⟩
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with probability Pi:

ρ = ∑
i

pi|Ψ⟩⟨Ψ| (11)

Here, the probabilitiespi satisfy∑i pi = 1 and pi ≥ 0

3.3.3. Renyi Entropy
In addition to von Neumann entropy, Renyi entropy can
also be defined for measuring entanglement. The Renyi
entanglement entropy Sα for a reduced density matrix ρA
is given [38] by:

Sα (ρA) =
1

1 − α
ln (Tr (ρα

A)) (12)

for any index α ≥ 0.

3.3.4. Area Law
Entanglement entropy often follows an area law , in which
the leading term grows proportionally to the boundary
area between the two partitions of a system. This be-
havior is particularly common in the ground states of
local gapped quantum many-body systems, significantly
simplifying the analysis of such systems [39].

3.4. Separable and Non-Separable
States

In quantum mechanics, states can be classified as sep-
arable or non-separable (entangled), which reflects the
nature of their correlations.

3.4.1. Separable States
A separable state can be expressed as a convex com-
bination of the product states. This means that it can be
written in the form [40]:

ρ = ∑
i

piρ
i
A ⊗ ρi

B, (13)

Where pi is the probability, and ρi
A and ρi

B are the
states of subsystems A and B, respectively. In simpler
terms, separable states exhibit no quantum entangle-
ment; any correlations present can be attributed to clas-
sical randomness. For pure states, a state is separable
if it can be represented as a product of individual states:

|ψ⟩ = |ψA⟩ ⊗ |ψB⟩ (14)

3.4.2. Non-Separable States (Entangled States)
A non-separable state, or entangled state, cannot be
expressed as a product of the states of its subsystems.
This implies that the quantum state of the system cannot
be described independently for each subsystem. Entan-
gled states exhibit correlations that cannot be explained
by classical means. For example, a bipartite pure state
can be entangled if it cannot be expressed in the product
form mentioned earlier. In mixed states, entanglement
is indicated if the state cannot be written as a convex
combination of the product states [10].

3.4.3. Importance in Quantum Information
Determining whether a state is separable or entangled
is crucial in quantum information theory because entan-
gled states are essential resources for tasks such as
quantum teleportation, superdense coding, and quantum
cryptography. The problem of determining separability
is known to be NP-hard, which makes it computationally
challenging.

• Separable States: Can expressed as a combination
of product states that exhibit classical correlations.

• Non-separable (entangled) States: Can not be de-
composed into product states; exhibit quantum corre-
lations that defy classical explanations.

Understanding these distinctions is vital for explor-
ing the implications of quantum mechanics for various
applications and theoretical frameworks.

3.5. Applications of Entanglement
Entanglement, a fundamental phenomenon in quantum
mechanics, has numerous applications in various fields,
particularly in quantum computing and quantum commu-
nication [5]. Some key applications are as follows:

i. Quantum Computing

• Quantum Parallelism: Entanglement allows quan-
tum computers to perform multiple calculations si-
multaneously. By entangling qubits, quantum com-
puters can manipulate many qubits in a single oper-
ation, significantly enhancing computational power
compared to classical computers [41].

• Quantum Algorithms: Entangled states are es-
sential for implementing quantum algorithms that
outperform their classical counterparts. For in-
stance, Shor’s algorithm for factoring large num-
bers and Grover’s algorithm for searching unsorted
databases leverage entanglement to achieve expo-
nential speedup over classical algorithms.

• Quantum Teleportation: This process enables the
transfer of quantum states between distant systems
without moving the physical particles. By entan-
gling qubits at a source location and measuring
the state of the original qubit, information can be
transmitted effectively to recreate the state at the
destination [42].

• Quantum Error Correction: Entanglement is cru-
cial for developing error-correcting codes to protect
quantum information from decoherence and other
errors. By entangling multiple physical qubits, it is
possible to create logical qubits that can correct
errors without losing information [43].

ii. Quantum Communication

• Quantum Cryptography: Entanglement underpins
protocols such as Quantum Key Distribution (QKD),
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which ensures secure communication channels.
The security of QKD relies on the principles of en-
tanglement and the impossibility of eavesdropping
without detection [44].

• Distributed Quantum Computing: In scenarios
where multiple quantum computers collaborate, en-
tangled states can facilitate communication and co-
ordination between them, thereby enhancing com-
putational efficiency and capabilities.

iii. Fundamental Physics Research Testing Quantum
Mechanics: Experiments involving entangled particles
help test the foundations of quantum mechanics, in-
cluding Bell’s theorem and non-locality. These experi-
ments provide insights into the nature of reality and the
limitations of classical physics Quantum Sensors [45].
iv. Enhanced Measurement Techniques: Entangled
states improve the measurement precision in various
sensing applications. Quantum sensors that utilize
entangled particles can achieve a higher sensitivity
than classical sensors, making them valuable in fields
such as gravitational wave detection and magnetic field
sensing [46].

The applications of entanglement extend far beyond theo-
retical interest; they are pivotal for advancing technology
and understanding fundamental physics. As research
continues, the potential for new applications in quantum
technologies remains vast and promising transformative
across multiple domains [47].

4. USING QUANTUM SIMULATORS TO
INVESTIGATE QUANTUM ENTANGLE-
MENT

Quantum simulators can address a variety of significant
scientific challenges and greatly influence technological
advancements. They are particularly adept at modeling
quantum materials which remain poorly understood de-
spite extensive research efforts. Additionally, these sim-
ulators promise breakthroughs in accurately simulating
chemical processes that are currently beyond the reach
of the most sophisticated supercomputers. They also
provide access to extreme conditions relevant to high-
energy particle physics and cosmology, which are difficult
or impossible to replicate in laboratory settings [48]. Fur-
thermore, quantum simulators offer an unparalleled level
of control over spatial and temporal parameters, along
with enhanced measurement precision and detail. This
allows researchers to gain deeper insights into complex
quantum systems than previously possible [49]. Recently,
Google, IBM, and Intel have introduced quantum comput-
ers with capacities of 72, 53, and 49 qubits, respectively.
Nevertheless, these state-of-the-art quantum computers
still do not possess sufficient qubits to adequately apply
error correction codes. Additionally, the noise inherent
in quantum systems poses significant challenges for the

advancement of quantum computing [50].

4.1. The IBM Q Systems
In 2016, IBM introduced the IBM Quantum Experience
cloud platform, providing the public with unprecedented
access to quantum computers for the first time. Users
can currently utilize eight devices, that feature one,
five, or 15 qubits, to support their development efforts.
All quantum computers created by IBM employ a con-
strained set of gates, including arbitrary single-qubit
gates and two-qubit CNOT gates. This limited collec-
tion of gates enables the execution of any conceivable
quantum computation. [51].

However, IBM Q systems, like many quantum com-
puters based on superconducting qubits, face significant
challenges owing to limited connectivity among qubits.
This constraint can affect the efficiency and complexity of
quantum algorithms implemented in these systems [21].

4.2. Qiskit Framework
Qiskit is an open-source framework designed to develop
software quantum computing. One of its key components,
Qiskit Aqua, allows developers to implement quantum
algorithms, while another component, Qiskit Terra, pro-
vides a transpiler that handles essential tasks such as
decomposing quantum gates, mapping logical qubits to
their physical counterparts, and optimizing circuits [52].
The transpiler incorporates modular passes for transform-
ing circuits and employs a pass manager to organize
these passes and manage their interactions. Users can
control the pass manager to apply specific optimizations
to their circuits. Four predefined pass managers corre-
spond to optimization levels from 0 to 3, with higher levels
involving more comprehensive optimization processes,
resulting in longer transportation times. All quantum pro-
grams operate on qubits using gates. A single qubit can
be represented visually using a Bloch Sphere with a ra-
dius of 1 as shown in Fig.1. The state of the qubit is
determined by the point of intersection between a vector,
that extends from the center of the sphere to its sur-
face. The apex of the sphere represents the state|0⟩,
while the bottom point reflects the state |1⟩. Gates alter
the qubit’s location on the sphere’s surface to perform
computations [53] |1⟩.

Key Features of Qiskit

• Modular Design: Qiskit’s architecture allows for flex-
ibility and modularity, enabling users to effectively
customize their quantum circuits.

• Transpilation: The transpiler optimizes quantum cir-
cuits for specific hardware constraints, thereby ensur-
ing compatibility with various quantum devices.

• Visualization: The Bloch Sphere representation pro-
vides an intuitive way to understand qubit states and
their transformations.
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• Optimization Levels: Users can choose from different
optimization levels based on their needs, balancing
circuit efficiency and transportation time.

Qiskit serves as a comprehensive framework for devel-
oping quantum algorithms and applications, providing
essential tools for both beginners and experienced re-
searchers in the field of quantum computing [54].

Figure 1. The Bloch Sphere visually represents a qubit, with
the axes labeled asX, Y, andZ. The state |0⟩ is located at the
top of the sphere, while |1⟩ is at the bottom. The solid orange
vector illustrates the position of the qubit on the sphere’s sur-
face. The angle |ϕ⟩ reflects a state of superposition, indicating
that the qubit’s value lies between |0⟩ and |1⟩. Meanwhile, the
angle |ϕ⟩ signifies rotation around the Z axis, representing the
qubit’s phase.

4.2.1. IBM Quantum Composer
IBM Quantum Composer is a graphical user interface
designed to compose, construct, and execute quantum
circuits. Users can easily drag quantum gates onto qubits
to build circuits. The interface provides real-time visual-
izations of quantum states, displaying probability distribu-
tions and representations on the Bloch sphere or state
vector units as the circuit is constructed. This feature
allows users to visually grasp the effects of applying var-
ious gates to qubits [55]. Additionally, as users create
their circuits, Composer generates the corresponding
Qiskit Python code, facilitating a standardized notation
for quantum gates. Once the circuit is complete, users
can execute it on actual IBM Quantum systems based on
the selection of available machines. After execution, the
measurement results can be reviewed on the Jobs web-
page, accessible from the IBM Quantum front page [56].

Features
The user-friendly interface, characterized by its drag-
and-drop functionality, significantly simplifies the circuit
design, rendering it accessible to individuals with di-
verse expertise in quantum programming. Real-time
visualization enables users to observe the immediate

effects of circuit modifications on qubit states, thereby
enhancing their comprehension of quantum mechanics
principles. In addition, the automatic generation of the
Qiskit code streamlines the transition from visual design
to programming, thereby facilitating a seamless work-
flow. Users can execute their circuits on IBM’s quantum
computers, thereby gaining practical experience using
authentic quantum systems. Finally, the analysis of mea-
surement outcomes through the Jobs webpage allows
for further experimentation and deepens the learning
experience [57].

5. ENTANGLEMENT WITH IBM QUAN-
TUM
LAB AND QISKIT

In the process of creating entanglement, the fundamental
quantum concept of entanglement. A key example is the
quantum state.

|ψ⟩ = 1√
2
(|00⟩+ |11⟩) (15)

This illustrates perfect correlations between two qubits,
even when considering the experimental noise. This
means that if qubit q0 is measured and found to be in the
state |0⟩, it can be inferred that qubit q1 is also in the state
|0⟩. Similarly, if q0 is measured in the superposition state,
then |+⟩ = 1√

2
(|0⟩+ |1⟩), it follows that q1 will also be

in the state |+⟩. These correlations emphasize the non-
classical characteristics of entangled states, wherein
measuring one qubit instantaneously determines the
state of its entangled partner, regardless of the distance
between them.

5.1. Pure States
Pure states are those in which the quantum state can be
precisely defined at every moment in time. For instance,
if a single qubit |q⟩ is initialized in the state |0⟩ and a
Hadamard gate is subsequently applied, the final state
can be expressed as:

|q⟩ = 1√
2
(|0⟩+ |1⟩) = 1√

2

[
1
1

]
= |+⟩ (16)

In this state, if a measurement is performed the outcome
is probabilistic. Specifically, there is a 50% probability of
measuring the state |0⟩ and a 50% probability of mea-
suring the state |1⟩. This illustrates how pure states
can exhibit superposition, leading to uncertainty in the
measurement outcomes despite having a well-defined
quantum state before measurement.

However, before performing any measurements, one
can assert with 100% certainty that if the qubit initial-
ization process and the Hadamard gate are ideal, the
resulting quantum state will always be |+⟩. This means
that there is no uncertainty regarding the final state of the
qubit; thus, we can confidently classify |q⟩as a pure state.
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Pure states are characterized by complete knowledge
of their quantum state at all times, allowing for precise
predictions of their behavior under ideal conditions. In
general, a pure state comprising n-qubits can be artic-
ulated in the standard state vector notation as a linear
combination of basis states. Specifically, the state can
be represented as follows:

|ψ⟩ =


α0

α1
...

αN−1

 (17)

where N = 2n . Another approach to represent this pure
quantum state is through a matrix formulation. This can
be achieved using the density operator representation,
which is defined as follows:

ρ = |ψ⟩⟨ψ|. (18)

Here, the term |ψ⟩⟨ψ| represents the outer product of
state ψ and itself.

ρ =


α0

α1
...

αN


[

α∗0 α∗1 . . . α∗N

]
(19)

ρ =


|α0|2 α0α∗1 . . . α0α∗N
α1α∗0 |α1|2 . . . α1α∗N

...
...

. . .
...

αNα∗0 αNα∗1 . . . |αN |2

 (20)

For instance, let us examine the following two-qubit pure
state, which is maximally entangled.

|ψAB⟩ =
1√
2
(|00⟩+ |11⟩) = 1√

2


1
0
0
1

 (21)

The density matrix representation for this state can then
be expressed as:

ρAB = |ψAB⟩ ⟨ψAB|

ρAB =

 1√
2


1
0
0
1



(

1√
2

[
1 0 0 1

])

ρAB =
1
2


1 0 0 1
0 0 0 0
0 0 0 0
1 0 0 1



(22)

In Qiskit, the quantum "info module" can utilized to
represent quantum states in either the state vector
notation or density matrix form. For ease of use, this

module was imported into qi as shown in ship 1.

q0 : H •
q1 :

ship1 : Pure state

5.2. Mixed States
Mixed states are characterized by statistical ensembles
of different quantum states, meaning that they represent
a combination of various pure states rather than a single,
well-defined state. Unlike pure states, which can be
expressed as linear superpositions of normalized state
vectors, mixed states reflect uncertainty regarding the
exact state of the system.

Consider, once again, the two-qubit entangled
state:

|ψAB⟩ =
1√
2
(|0A0B⟩+ |1A1B⟩) (23)

Here subscripts A and B are explicitly used to label the
qubits associated with registers q1 and q0, respectively.
Now, let us assume that immediately after preparing our
state |ψAB⟩ it performs a measurement on register q1, as
shown below in ship 2.

q0 : H •
q1 :

c : /2
0
��

ship2 : Mixed state

5.3. Two-Qubit Correlated Observ-
ables

In quantum mechanics, an observable is represented by
a Hermitian operator, which is a matrix with real eigen-
values that correspond to the possible outcomes of a
measurement. The eigenvectors of this operator repre-
sent the states in which the system collapses upon the
measurement. Formally, if we denote an observable by
A, it can be expressed as.

A = ∑
j

aj
∣∣aj
〉 〈

aj
∣∣ (24)

where |aj⟩ is the eigenvector of the observable with result
aj. The expectation value of this observable is given by:

⟨A⟩ = ∑
j

aj
∣∣〈ψ | aj

〉∣∣2 = ∑
j

aj Pr
(
aj | ψ

)
(25)

There is a standard relationship between the average
(expectation value) and probability.

For a two-qubit system, the following are important
two-outcome (±1) single-qubit observables:

Z = |0⟩⟨0| − |1⟩⟨1|
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X = |+⟩⟨+| − |−⟩⟨−|
These are also commonly referred to as Pauli Z and X
operators respectively. These can be further extended to
the two-qubit space as follows:

⟨I ⊗ Z⟩ = Pr(00|ψ)− Pr(01|ψ) + Pr(10|ψ)− Pr(11|ψ)

⟨Z ⊗ I⟩ = Pr(00|ψ) + Pr(01|ψ)− Pr(10|ψ)− Pr(11|ψ)

⟨Z ⊗ Z⟩ = Pr(00|ψ)− Pr(01|ψ)− Pr(10|ψ) + Pr(11|ψ)

⟨I ⊗ X⟩ = Pr(+ + |ψ)− Pr(+− |ψ)
+ Pr(−+ |ψ)− Pr(−− |ψ)

⟨X ⊗ I⟩ = Pr(+ + |ψ) + Pr(+− |ψ)
− Pr(−+ |ψ)− Pr(−− |ψ)

⟨X ⊗ X⟩ = Pr(+ + |ψ)− Pr(+− |ψ)
− Pr(−+ |ψ) + Pr(−− |ψ)

⟨Z ⊗ X⟩ = Pr(0 + |ψ)− Pr(0 − |ψ)
− Pr(1 + |ψ) + Pr(1 − |ψ)

⟨X ⊗ Z⟩ = Pr(+0|ψ)− Pr(+1|ψ)
− Pr(−0|ψ) + Pr(−1|ψ)

5.4. Bell State(s)

Two quantum systems are considered entangled when
the values of the specific properties of one system are
non-classically correlated with the corresponding values
for another system. Bell states, which represent maxi-
mally entangled states of two qubits, are a key example
of this phenomenon.

|βxy⟩ =
|0y⟩+ (−1)x|1y−⟩√

2
(26)

The general form of the Bell state is as shown above. In
this context,X and Y are referred to as phase and parity
bits, respectively. One of the Bell states is x= 0, y = 1.
For the specific case where x = 0 and y = 1, the Bell
state simplifies to:∣∣βxy

〉
=

1√
2
(|0, y⟩+ (−1)x|1, 1 − y⟩) (27)

This represents a maximally entangled state of two qubits.
In this state:

• If one qubit is measured and found to be in state |0⟩,
the other qubit will be in state|1⟩

• Conversely, if the first qubit is measured and found to
be in state |1⟩, the second qubit will be in state |0⟩

5.4.1. Properties of the Bell State
• Maximal Entanglement: State |β01⟩ is maximally en-

tangled, meaning that the measurement outcomes of

the two qubits are perfectly correlated.
• Measurement Outcomes: Each qubit has an equal

probability (50%) of being measured in either state
|0⟩ or |1⟩. However, the measurement of one qubit
immediately determines the state of another.

• Quantum Communication: This entangled state can
be utilized in various quantum communication proto-
cols, such as quantum teleportation and superdense
coding.

5.4.2. Creating Bell States
To create a Bell state-like |β01⟩, you typically start with
two qubits in the state |00⟩. A Hadamard gate can then
be applied to one qubit followed by a CNOT gate:
Hadamard Gate: Apply a Hadamard gate to the first
qubit:

H|0⟩ = 1√
2
(|0⟩+ |1⟩)

CNOT Gate: Use the first qubit as control and the second
as a target for a CNOT gate:

CNOT
(

1√
2
(|0⟩+ |1⟩)|0⟩

)
=

1√
2
(|00⟩+ |11⟩).

To achieve |β01⟩, it is necessary to apply an additional
operation (such as an X gate) on the second qubit after
creating the initial Bell pair.

5.4.3. How to Create Bell State Using IBM Quantum
Circuits

After reviewing the background and the necessary math-
ematics, simple quantum circuits can be constructed
to create Bell states. As discussed previously, the
states (|0⟩, |1⟩)and(|+⟩, |−⟩) form an orthonormal basis
for the two-dimensional complex vector spaceC2. An-
other orthonormal basis set can be formed using the
states(|+⟩, |+⟩)and(|−⟩, |−⟩), defined as follows:

|+⟩ = 1√
2

(
1
1

)
, |−⟩ = 1√

2

(
1
−1

)
The Hadamard operator is a crucial component in quan-
tum computing, particularly for creating superposition
and entangled states such as Bell states. The Hadamard
matrix, often referred to as the Hadamard gate, trans-
forms the standard basis states (|0⟩ and |1⟩) into the
superposition states (|+⟩ and |−⟩).

H|0⟩ = |0⟩+ |1⟩√
2

≡ 1√
2

(
1 1
1 −1

)(
1
0

)
;

H|1⟩ = |0⟩ − |1⟩√
2

≡ 1√
2

(
1 1
1 −1

)(
0
1

)
Following the transformation described above, it can be
stated that the Hadamard operator will alter the state of
a qubit as follows: |Ψ⟩ = α|0⟩+ β|1⟩ to as below:

|Ψ⟩ = α|0⟩+ β|1⟩
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H|Ψ⟩ = α + β√
2

|0⟩+ α − β√
2

|1⟩

In general, the Hadamard operator can be employed to
generate a superposed state. Let us now outline the
steps for creating an entangled state. Bell states that
two qubits are involved, and from the previous discus-
sion, it is known that one of the simplest two-qubit gates
is the CNOT or CX gate. The CX gate operator has
been previously explored in detail, and its outer product
representation is as follows:

CX = |00⟩⟨00|+ |01⟩⟨01|+ |10⟩⟨11|+ |11⟩⟨10|

Let us consider a thought experiment in which the control
qubit is in a superposed state. Let’s say |C⟩ = |0⟩+ |1⟩
and the target qubit is in |0⟩ state.

CX(|00⟩+ |10⟩) = (|00⟩⟨00|+ |01⟩⟨01|

+|10⟩⟨11|+ |11⟩⟨10|)(|00⟩+ |10⟩)

CX(|00⟩+ |10⟩) = |00⟩+ |11⟩ =
√

2β00

So if it applies the CNOT gate to this system (|00⟩ +
|10⟩), it will get — |00⟩+ |11⟩. Returning to the general
expression for Bell states in the previous discussion,
it is evident that this represents one of the Bell states
multiplied by a factor. Therefore, entangled qubits can
created if it begin with a Hadamard gate to generate the
superposition state and use this state as a control bit for
the CNOT gate as show in ship 3. It now verifies this by
writing as code.

Qiskit Code to Create a Bell State

import q i s k i t
# s ta te vec to r o f requ i red qub i t s
is generated
from q i s k i t . quantum_info import
Sta tevec to r

# p l o t the qub i t s i n a qsphere
from q i s k i t . v i s u a l i z a t i o n
import p lo t_s ta te_qsphere

# show the inpu t s t a te 00
sv = Sta tevec to r . f rom_labe l ( ’ 00 ’ )

p lo t_s ta te_qsphere ( sv . data )
# p l o t the prev ious s ta te

# generate the c i r c u i t ’ s b e l l s t a t e
m y c i r c u i t = q i s k i t . QuantumCircui t ( 2 ,2 )
m y c i r c u i t . h ( 0 )
m y c i r c u i t . cx (0 ,1 )
m y c i r c u i t . draw ( ’ mpl ’ )

Figure 2. The bell state in the Bloch Sphere

Figure 3. Measurement of bell circuit

q0 : H •
q1 :

c : /2
0
��

1
��

ship3 : Bell state circuit by kiskit

# show the output vec to r s ta t e
new_sv = sv . evolve ( m y c i r c u i t )
pr in t ( new_sv )
# show the p l o t o f the output qub i t s
p lo t_s ta te_qsphere ( new_sv . data )

S ta tevec to r ( [0.70710678+0. j , 0 .
+0. j , 0 . +0. j ,

0.70710678+0. j ] ,
dims =(2 , 2 ) )

Both qubits are measured. The results will show correla-
tions indicative of entanglement.

A histogram of measurement outcomes is plotted,
which should show roughly equal probabilities for mea-
suring |00〉 and |11〉.

# s imula te w i th 1000 i t e r a t i o n s
counts = new_sv . sample_counts ( shots =1000)

from q i s k i t . v i s u a l i z a t i o n import p lo t_h is togram
plo t_h is togram ( counts ) # p l o t the output is togram

5.4.4. CHSH Inequality
In the context of the CHSH inequality, we measure the
correlators of four observables: A′and A on qubit q0, and
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B and B′ on q1, on qubit , each having eigenvalues of ±1.
The CHSH inequality states that no local hidden variable
theory can satisfy the following condition:

|C| > 2

where

C = ⟨B ⊗ A⟩+ ⟨B ⊗ A′⟩+ ⟨B′ ⊗ A′⟩ − ⟨B′ ⊗ A⟩.

What would this look like with some hidden variable
model under the locality and realism assumptions from
above? C then becomes

C = ∑
λ

P(λ){B(λ)[A(λ)+ A′(λ)]+B′(λ)[A′(λ)− A(λ)]

and [A(λ) + A′(λ)] = 2 (or 0) while [A′(λ)− A(λ)] = 0
(or 2) respectively. That is, |C| = 2, and noise will only
make this smaller. If it measures a number greater than
2, the above assumptions cannot be valid. (This is a
perfect example of one of those astonishing counterintu-
itive ideas one must accept in the quantum world.) For
simplicity, it chooses these observables to be

C = ⟨Z ⊗ Z⟩+ ⟨Z ⊗ X⟩+ ⟨X ⊗ X⟩ − ⟨X ⊗ Z⟩.

Z is measured in the computational basis, and X in
the superposition basis (H is applied before measure-
ment). The input state

|ψ(θ)⟩ = I ⊗ Y(θ)
|00⟩+ |11⟩√

(2)
=

cos(θ/2)|00⟩+ cos(θ/2)|11⟩+ sin(θ/2)|01⟩ − sin(θ/2)|10⟩√
2

is swept vs. θ (think of this as allowing us to prepare a set
of states varying in the angle θ). Note that the following
demonstration of CHSH is not loophole-free.

q0 : H • T
q1 : T†

ship4 : CHSH state

Figure 4. CHSH Inequality

Here is the CHSH data:

4[1.257812, 1.90039062, 1.73632812, 0.9023437,

− 0.27148437,−1.2929687,−1.91601562,

− 1.8789062,−1.0742187, 0.26757812]

Despite the presence of loopholes in its demonstration,
it can seem that this experiment is compatible with quan-
tum mechanics as a theory with no local hidden vari-
ables.

5.4.5. Five-Qubit GHZ States
What does entanglement look like beyond two qubits? An
important set of maximally entangled states are known
as GHZ states (named after Greenberger, Horne, and
Zeilinger). These are the states of the form. |ψ⟩ =

(|0...0⟩+ |1...1⟩) /
√

2. The Bell state previously de-
scribed is merely a two-qubit version of a GHZ state.
The next cells prepare GHZ states of two, three, and four
qubits.

q0 : H •
q1 : •
q2 : •
q3 : •
q4 :

c : /5
0
��

1
��

2
��

3
��

4
��

ship5 : Five − QubitGHZstate

Figure 5. GHZ state

5.5. By IBM convert GHZ states to Bell
states

This scenario utilizes mid-circuit measurement to illus-
trate the transformation of GHZ states into Bell states.
It also shows how these measurements can impact the
behavior of the quantum state.

Consider the standard three-qubit GHZ state repre-
sented as: : 1√

2
(|000⟩+ |111⟩). If one measures one of

the three qubits in the computational (z) basis without
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any strategy, the remaining two qubits end up in an unen-
tangled state. However, it is important to recognize that a
GHZ state can be expressed as (excluding normalization
constants):

|000⟩+ |111⟩ = [|00⟩+ |11⟩]⊗ (|0⟩+ |1⟩)
+ [|00⟩ − |11⟩]⊗ (|0⟩+ |1⟩) =

[|00⟩ − |11⟩]⊗ |+ x⟩+ [|00⟩ − |11⟩]⊗ | − z⟩,

It may appear that if any one of the three qubits is
measured in the x-basis, the states of the two remaining
qubits correspond to one of two possible Bell states,
indicating that these qubits remain maximally entangled.
Consequently, interference can be employed to convert
these Bell states back into the computational basis. The
circuit below achieves this by mapping [|00⟩+ |11⟩] →
|00⟩ and [|00⟩ − |11⟩] → |10⟩ . To demonstrate that the
measurement occurs mid-circuit, the flag qubit—which
records the outcome of the x-basis measurement will be
flipped and then re-measured. The results will be stored
in different classical bits to facilitate the simultaneous
display of both outcomes.

q0 : H X
q1 : •
q2 : H • • H
c : /4

0
��

1
��

2
��

3
��

ship6 : convertGHZtoBellstates

First, simulate to verify that it built the circuit correctly.
Simmeasure1result : {′1′ : 525,′ 0′ : 499}

Simmeasure2result : {′100′ : 525,′ 001′ : 499}

Now it tries on real hardware:
Meas1result : {′0′ : 2050,′ 1′ : 1950}
Meas2result : {′000′ : 1320,′ 001′ : 954,′ 010′ : 140,′ 011′ :
187,′ 100′ : 268,′ 101′ : 925,′ 110′ : 103,′ 111′ : 103}

Figure 6. X-basis measurement of GHZ state

Now, let’s explore the outcome when the initial
measurement is conducted on a computational basis
instead of an x basis, destroying the entanglement.
Since the state following this measurement is no longer

a Bell pair, it would anticipate that our transformation
back to the computational basis will produce a different
result.

Simmeasresult : {′101′ : 270,′ 100′ : 246,′ 000′ :
245,′ 001′ : 263}
Measresult : {′000′ : 832,′ 001′ : 828,′ 010′ : 224,′ 011′ :
150,′ 100′ : 732,′ 101′ : 819,′ 110′ : 248,′ 111′ : 167}

Figure 7. Computational (z) basis measurement of GHZ state

6. CONCLUSION
Entanglement is one of the most intriguing phenomena
in quantum physics and forms the backbone of quantum
information theory, quantum computation, and quantum
communication. This study explores various topics re-
lated to both the theory and practice of entanglement,
emphasizing the capabilities of IBM Quantum as a plat-
form for understanding and implementing quantum com-
puting and algorithms. IBM Quantum provides a reliable
entry point for many individuals seeking to engage in
quantum technologies. This platform demonstrated that
publicly available quantum entanglement can effectively
run smaller-scale entangled states with good accuracy.
For instance, experiments have successfully generated
and verified entangled states, including GHZ states, on
various IBM processors, showcasing their ability to cre-
ate complex entangled systems. However, hardware
limitations persist across all quantum computers. Con-
structing and implementing quantum entanglement in a
quantum circuit on a real quantum machine is not as
straightforward as it may seem. Factors such as gate
fidelity, error rates, and decoherence pose significant
challenges. Despite these obstacles, ongoing advance-
ments in quantum technology and error mitigation strate-
gies continue to enhance the performance of quantum
systems. In summary, while IBM Quantum has made
significant strides in enabling access to quantum comput-
ing and demonstrating entanglement, challenges remain
that require continued research and innovation. The
exploration of entanglement not only deepens our under-
standing of quantum mechanics but also paves the way

© 2024 JAST Sana’a University Journal of Applied Sciences and Technology 511

https://journals.su.edu.ye/index.php/jast
https://journals.su.edu.ye/index.php/jast


Saida M. Alkurkushi et al.

for practical applications that could revolutionize various
fields through enhanced computational capabilities.
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