
Introduction To Quantum Field Theory With
Applications To Quantum Gravity

Quantum field theory (QFT) is a fundamental framework in modern physics that
describes the behavior of elementary particles as fields in space-time. It
combines quantum mechanics with special relativity and has been remarkably
successful in describing the electromagnetic, weak, and strong nuclear forces.

QFT introduces the concept of quantized fields, where each field can be viewed
as a collection of particles. These particles are created and annihilated in various
interactions, resulting in the observed phenomena in the universe. QFT has
primarily been applied to the description of elementary particles and their
interactions in the realm of particle physics.
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Why Quantum Field Theory is Important

Quantum field theory provides a comprehensive framework for understanding the
quantum nature of matter and its interactions. It allows us to describe and
calculate physical quantities such as particle scattering amplitudes, interactions,
and decay rates with remarkable precision.

One of the triumphs of QFT is its ability to explain the electromagnetic force
through the theory of quantum electrodynamics (QED). QED accurately describes
the interaction between charged particles and electromagnetic fields, enabling
calculations that match experimental observations to incredible precision. This
success gives us confidence in the framework of QFT and motivates further
exploration.

Applications to Quantum Gravity

While QFT has been highly successful in describing the electromagnetic, weak,
and strong nuclear forces, it has not yet been extended to incorporate gravity.
The theory of quantum gravity aims to reconcile the principles of quantum
mechanics with the theory of general relativity, which describes the force of
gravity at large scales.
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Gravity, being the weakest of the fundamental forces, poses unique challenges
when it comes to its quantization. The nature of space-time itself becomes
quantum in this framework, leading to intriguing and profound questions about the
fundamental structure of the universe.

Several approaches to quantum gravity have been proposed, with varying
degrees of success. String theory, loop quantum gravity, and causal dynamical
triangulations are among the prominent candidates. However, a complete and
satisfactory theory of quantum gravity remains elusive.

The application of QFT techniques to quantum gravity aims to provide insights
into the fundamental nature of space, time, and gravity itself. These efforts
involve dealing with novel mathematical structures, such as non-commutative
geometry and renormalization in curved space-time.

The Significance of Quantum Field Theory

Quantum field theory plays a crucial role in our current understanding of particle
physics, cosmology, and the early universe. It helps explain the behavior of
matter and energy at the smallest scales while also shedding light on the
formation of galaxies and the evolution of the cosmos.

The Standard Model of particle physics, which incorporates the principles of QFT,
has been tremendously successful in predicting and explaining a wide range of
phenomena. From the discovery of the Higgs boson to the behavior of quarks
and leptons, QFT has provided a theoretical framework to understand the
fundamental building blocks of matter.

Additionally, QFT has also found applications beyond particle physics. It has been
employed in condensed matter physics, where it helps study the behavior of
materials at low temperatures and in extreme conditions. QFT techniques have



led to breakthroughs in understanding phase transitions, superconductivity, and
many other phenomena.

Quantum field theory is a powerful mathematical framework that provides a deep
understanding of nature at the fundamental level. Its applications in particle
physics have revolutionized our understanding of the universe, while its potential
connection to quantum gravity holds promises for unraveling the mysteries of
space and time. Continual development and exploration of QFT will likely pave
the way for a more complete theory that unifies all the fundamental forces and
provides a deeper understanding of the quantum nature of our universe.
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Applications of quantum field theoretical methods to gravitational physics, both in
the semiclassical and the full quantum frameworks, require a careful formulation
of the fundamental basis of quantum theory, with special attention to such
important issues as renormalization, quantum theory of gauge theories, and
especially effective action formalism. The first part of this graduate textbook
provides both a conceptual and technical to the theory of
quantum fields. The presentation is consistent, starting from elements of group
theory, classical fields, and moving on to the effective action formalism in general
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gauge theories. Compared to other existing books, the general formalism of
renormalization in described in more detail, and special attention
paid to gauge theories. This part can serve as a textbook for a one-semester
introductory course in quantum field theory.

In the second part, we discuss basic aspects of quantum field theory in curved
space, and perturbative quantum gravity. More than half of Part II is written with a
full exposition of details, and includes elaborated examples of simplest
calculations. All chapters include exercises ranging from very simple ones to
those requiring small original investigations. The selection of material of the
second part is done using the “must-know” principle. This means we included
detailed
expositions of relatively simple techniques and calculations, expecting that the
interested reader will be able to learn more advanced issues independently after
working through the basic material, and completing the exercises.
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