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INTRODUCTION

Quantum entanglement is one of the strange and interesting aspects of the realm of quantum
interrelations, where two or more particles become linked in such a way that the state of one
particle instantly affects another no matter how far apart they are. As we know, Einstein called
this measure once “spooky action at a distance,” and it has been exemplified in so many ways,
but its most remarkable promise is in quantum computing. To add, quantum computation which
comes from respect to the principles of quantum mechanics is going to dramatically change the
way in which information is processed by allowing the solving of sophisticated and hard
problems in record times.

So in this paper we investigate the possibility of how quantum entanglement could improve the
performance of quantum computers by allowing for the quicker solving of data sets and
assisting in the solving of more complex problems that standard computers would be unable to
resolve.

Quantum Physics And Entanglement: Quantum Physics And Its Contribution To Quantum
Computing Almost all nondeterministic polynomial problems have P = NP intersectionality with
classical computers, but from a theoretical standpoint, foundational computers and classical
ones will experience problems with quantum computing for its interference with ‘qubits.’

Quantum Entanglement: The Concept and Mechanism

For a mathematical formulation of the qubits, consider Einstein's theory of general relativity: a
two-qubit system state is a linear combination of the four basis states, where |00⟩, |01⟩, |10⟩, |11⟩
are the four basis states that make up the Hilbert space. The linear combination of the four
bases is defined as

|\Psi\rangle = \alpha |00\rangle + \beta |01\rangle + \gamma |10\rangle + \delta |11\rangle

where \alpha, \beta, \gamma and \delta are all complex numbers used to describe a quantum
state. In the context of entanglement, these states cannot be viewed as independent variables,
but rather as dependent variables in some structural form, meaning the total state of the system
cannot be written as a product of the individual states of the two qubits. Because of this
entanglement, if particle A is manipulated, particle B will also change in some way, making the
two qubits interconnected regardless of distance.

Entanglement's non-locality is another feature that is relevant to connectivity, as it does not
matter how far away the qubits are; as long as they are interconnected, there will be a quantum
correlation between them. This is behavior that is completely foreign to classical systems in
which objects that are separated in this way cannot have their properties connected to one
another in such an instantaneous way. Quantum algorithms rely on quantum entanglement and
vice versa, and quantum entanglement is why quantum computers excel over their classical
counterparts, and quantum speed up is made possible through the expected entanglement.



Quantum computing employs this strategy through the use of various errant mechanisms, such
as Shor's and Grover's algorithms, which outperform classical algorithms.

Shor’s Algorithm and Quantum Factorization

Shor’s algorithm is perhaps the most famous quantum algorithm, known for its ability to factor
large integers exponentially faster than the best-known classical algorithms. The security of
many cryptographic systems, such as RSA encryption, depends on the difficulty of factoring
large numbers. Shor’s algorithm uses quantum Fourier transform (QFT), a process that is
exponential in speed compared to classical Fourier transforms, to find the prime factors of large
numbers efficiently. Central to Shor’s algorithm is the use of entanglement in its quantum
Fourier transform step, which exponentially reduces the time complexity of factoring numbers.

Mathematically, Shor’s algorithm finds the period of a function that is difficult to compute
classically. The quantum operations involved use entanglement to test many possible solutions
simultaneously, reducing the need for trial and error that would otherwise require exponential
time. This quantum parallelism, enabled by entanglement, allows Shor’s algorithm to solve
problems in polynomial time, which is an exponential speedup over classical algorithms.

Grover’s Algorithm and Quantum Search

Grover’s algorithm provides a quadratic speedup for unstructured search problems. In classical
computing, if one needs to search through an unsorted database of NN elements to find a
target, the expected number of steps is O(N)O(N). However, Grover’s algorithm allows for
searching through the database in O(N)O(\sqrt{N}) steps, which is a quadratic improvement.

Grover’s algorithm uses quantum entanglement to explore multiple possibilities simultaneously.
In the quantum oracle used by the algorithm, entanglement enables the quantum state to hold a
superposition of all possible database entries. The algorithm applies a series of quantum
operations to amplify the probability of finding the target, and this amplification is a direct
consequence of the entanglement between the qubits involved in the search.

Quantum Entanglement and Quantum Error Correction

While quantum entanglement is a powerful resource, it is also highly susceptible to
decoherence, which occurs when quantum systems interact with their environment and lose
their quantum properties. Decoherence destroys the delicate entanglement between qubits,
rendering the quantum information unreliable. Therefore, a critical area of research is how to
maintain entanglement and protect quantum systems from the disruptive effects of
decoherence.

Quantum error correction (QEC) is a method to preserve quantum information by encoding it
across multiple qubits. The idea is to use entanglement to distribute the information over several
qubits in such a way that even if some qubits are corrupted by noise or decoherence, the
original quantum state can be recovered.



For example, the Shor code, one of the most famous quantum error correction codes, encodes
a single logical qubit into nine physical qubits. This encoding relies on the principles of
entanglement to allow for the correction of errors by detecting discrepancies between qubits and
applying recovery operations.

However, the overhead in the number of physical qubits required for effective error correction is
substantial, and this remains a significant challenge in building practical, scalable quantum
computers. For large-scale quantum computations to become viable, robust quantum error
correction schemes must be developed that can handle the noise and decoherence inevitable in
physical quantum systems.

Quantum Entanglement and Quantum Communication

Quantum entanglement also has significant applications in quantum communication, particularly
in protocols like quantum key distribution (QKD) and quantum teleportation.

Quantum Key Distribution (QKD)

Quantum key distribution allows two parties to share a cryptographic key securely, even if they
are communicating over an insecure channel. The security of QKD relies on the principles of
quantum mechanics, particularly entanglement. In the most common QKD protocol, BB84, the
sender and receiver exchange quantum bits encoded in entangled states. Any attempt to
eavesdrop on the communication will disturb the entanglement, revealing the presence of the
eavesdropper and ensuring the security of the transmission.

Entanglement-based QKD protocols, such as E91, use the entanglement of particles to detect
and correct errors in the key exchange process. The measurement of entangled quantum states
allows the sender and receiver to correlate their results, while any interception by a third party
will cause detectable disturbances in the entangled states.

Quantum Teleportation

Quantum teleportation is another application of entanglement that has profound implications for
the future of quantum communication. It enables the transfer of quantum information between
two distant locations without physically transmitting the particle carrying the information.
Quantum teleportation relies on entanglement between two particles, one at the sender's
location and the other at the receiver's location. The sender performs a quantum operation on
their particle, and through the entanglement, the quantum state is transferred to the receiver’s
particle.

Teleportation does not allow for the faster-than-light transmission of information, as it requires
classical communication to complete the process. However, it opens up possibilities for
instantaneous transmission of quantum states over vast distances, which could form the
foundation of secure global communication networks based on quantum mechanics.



Challenges in Realizing Quantum Entanglement

Despite the promise of quantum computing, several practical challenges remain. The primary
challenge lies in maintaining entanglement over time and preventing decoherence. To sustain
entanglement, quantum systems must be isolated from their environment, which is incredibly
difficult in practice due to the inherent noise and interactions that exist in any physical system.
Various quantum error correction schemes are being researched to address this challenge, but
the resources required for error correction remain prohibitively high for large-scale systems.

Furthermore, entangling large numbers of qubits in a scalable and controllable manner is a
significant technological hurdle. Current quantum processors, such as those developed by IBM
and Google, can only entangle a small number of qubits. To achieve the full potential of
quantum computing, techniques must be developed that allow for the entanglement of hundreds
or thousands of qubits while maintaining the system's coherence.

Conclusion

Quantum entanglement lies at the core of quantum computing, allowing for the parallel
processing of information and enabling quantum speedups in algorithms like Shor’s and
Grover’s. Its application in quantum communication has the potential to revolutionize encryption
and secure data transmission. However, maintaining entanglement and overcoming
decoherence remains a significant challenge. Advances in quantum error correction,
entanglement generation, and quantum hardware design are crucial for scaling quantum
computing to practical levels.


