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Abstract

Quantum computing represents a transformative approach to computation by leveraging the fundamental
principles of quantum mechanics. Unlike classical computing, which operates on bits, quantum computing
uses quantum bits or qubits that exist in superposition, enabling parallel processing of information. This
paper introduces the foundational concepts of quantum computing—such as superposition, entanglement,
and quantum gates—and explores how these principles differ from classical models. Further, it highlights
the implications of quantum computing in modern physics, especially in areas like quantum simulation,
cryptography, and quantum field theory. By avoiding complex mathematical derivations, this paper aims
to make quantum computing accessible to a broader academic audience, emphasizing both theoretical
insights and practical impacts.
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1. Introduction

Quantum computing is one of the most exciting developments in modern science, promising to redefine
the landscape of computation and physics. At its core, quantum computing combines information science
with quantum physics, offering solutions to problems considered intractable for classical systems. This
paper provides a simplified yet comprehensive overview of quantum computing concepts, its evolution,
and its relevance to various domains of modern physics.

2. Classical vs. Quantum Computing

Classical computers process information in bits (0 or 1). In contrast, quantum computers use qubits,

which can exist in multiple states simultaneously due to superposition. This unique feature allows

quantum computers to process vast amounts of information in parallel.

e Superposition: A qubit can be both 0 and 1 at the same time.

o Entanglement: Qubits can become linked, such that the state of one instantly influences the state of
another.

e Quantum Gates: Similar to logic gates in classical computing, but operating on qubits using unitary
transformations.

These principles enable quantum algorithms like Shor’s algorithm (for factoring large numbers) and

Grover’s algorithm (for database search), which outperform their classical counterparts.
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3. Theoretical Foundation

Quantum computing is built upon the postulates of quantum mechanics. The most relevant concepts

include:

o Hilbert Space: The state of a quantum system is represented by a vector in this space.

e Measurement Postulate: Observing a quantum state collapses it to a definite value.

e Unitary Evolution: Quantum states evolve according to the Schrdodinger equation, maintaining
reversibility.

This theoretical base allows physicists to model and simulate complex systems beyond the capacity of

classical computers.

4. Impact on Modern Physics

Quantum computing is not just a computational tool—it is a new lens through which physics is studied.
4.1 Quantum Simulation

Quantum systems are notoriously difficult to simulate using classical methods due to exponential growth
in complexity. Quantum computers, however, can simulate quantum phenomena natively, making them
ideal for modeling molecules, chemical reactions, and condensed matter systems.

4.2 Quantum Field Theory

In high-energy physics, quantum field theory (QFT) describes particle interactions. Quantum computers
could one day simulate QFT models, shedding light on previously inaccessible aspects of the Standard
Model.

4.3 Cryptography

Quantum computing threatens current cryptographic methods (e.g., RSA) but also introduces quantum
cryptography, such as Quantum Key Distribution (QKD), offering unprecedented security based on
the laws of physics.

5. Current Challenges

Despite its promise, quantum computing faces several challenges:

e Decoherence: Loss of quantum information due to environmental interaction.

e Error Correction: Quantum errors are subtle and harder to fix than classical ones.

e Scalability: Building systems with millions of stable qubits is a technological hurdle.

Efforts in topological quantum computing and quantum error correction codes aim to overcome these
challenges.

6. Real-World Applications

Drug Discovery: Simulating molecular interactions with high precision.

Optimization Problems: Faster solutions in logistics, finance, and Al.

e Climate Modeling: Improved simulations of complex weather systems.

These applications show quantum computing’s potential beyond academia, affecting industries and society
at large.

7. Future Prospects
The roadmap for quantum computing includes the development of:
o Fault-tolerant quantum processors
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Quantum networks
Quantum cloud services

Major companies like IBM, Google, and startups like Rigetti and IonQ are advancing quantum hardware

and algorithms, indicating the field’s growing maturity.

8. Conclusion

Quantum computing stands at the intersection of physics and information science, poised to revolutionize
how we solve complex problems. This paper provides a simplified yet meaningful overview for physicists
and interdisciplinary researchers, emphasizing foundational understanding and practical relevance without

deep mathematical exposition.

References

1.

bl

®© N bk

10.
11.
12.
13.
14.
15.

16.
17.

18.

19.

20.

Nielsen, M. A., & Chuang, 1. L. (2010). “Quantum Computation and Quantum Information”.
Cambridge University Press.

Preskill, J. (2018). “Quantum Computing in the NISQ era and beyond. Quantum”, 2, 79.

Arute, F., et al. (2019). “Quantum supremacy using a programmable superconducting processor.
Nature”, 574(7779), 505-510.

Shor, P. W. (1994). “Algorithms for quantum computation”: Discrete logarithms and factoring. IEEE.
Grover, L. K. (1996). “A fast quantum mechanical algorithm” for database search. ACM.

Montanaro, A. (2016). “Quantum algorithms”: An overview. npj Quantum Information, 2, 15023.
Lloyd, S. (1996). “Universal quantum simulators”. Science, 273(5278), 1073—1078.

Bennett, C. H., & Brassard, G. (1984). “Quantum cryptography”: Public key distribution and coin
tossing. IEEE.

Devitt, S. J., et al. (2013).” Quantum error correction for beginners”. Reports on Progress in Physics.
Google AI Quantum and Collaborators. (2020). “Hartree-Fock on a superconducting qubit quantum
computer”. Science.

IBM Quantum Experience. https://quantum-computing.ibm.com

Rigetti Computing. https://www.rigetti.com

IonQ. https://www.ionq.com

Bharti, K., et al. (2022). “Noisy intermediate-scale quantum algorithms”. Reviews of Modern Physics.
Chakrabarti, A., & Mitra, A. (2020). “Applications of quantum computing in physics”. Indian Journal
of Physics.

Biamonte, J., et al. (2017). “Quantum machine learning”. Nature.

Dowling, J. P., & Milburn, G. J. (2003). Quantum technology: “The second quantum revolution”.
Philosophical Transactions of the Royal Society.

Laflamme, R., et al. (2002). “Introduction to NMR quantum information processing”. Contemporary
Physics.

Kjaergaard, M., et al. (2020). “Superconducting qubits”: Current state of play. Annual Review of
Condensed Matter Physics.

Zoller, P., et al. (2005). “Quantum information processing and communication”. European Physical
Journal D.

IJFMR250453460 Volume 7, Issue 4, July-August 2025 3



https://www.ijfmr.com/

