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Abstract 
Quantum field theory and general relativity are the two main pillars of modern 

physics. However, the two still cannot be combined consistently to explain 

cosmic phenomena at the microscopic level, especially in the context of curved 

spacetime. This research aims to explore the interaction between quantum 

fields and the curvature of spacetime, with a focus on the implications of 

quantum gravity. This research aims to understand how quantum fields interact 

with curved spacetime, as well as to develop a more comprehensive model of 

physics that combines these two concepts. The methods used include the 

development of mathematical models and numerical simulations to integrate 

quantum field theory with general relativity. The analysis was carried out by 

examining the impact of space-time curvature on quantum field fluctuations 

around massive objects such as black holes. The findings show that the 

curvature of spacetime has a major influence on the behavior of the quantum 

field, leading to modifications in energy distribution and field fluctuations. 

This discovery opens up new possibilities in the development of a more 

complete theory of quantum gravity. This study provides new insights into 

understanding the relationship between quantum fields and curved spacetime, 

as well as opening the way for further research in the field of quantum gravity 

and extreme cosmic phenomena. 
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INTRODUCTION 

Quantum field theory (QFT) is one of the main pillars in modern physics, which 

combines the principles of quantum mechanics with the theory of special relativity to describe 

the interactions between subatomic particles (Z. Wang et al., 2023). QFT provides an in-depth 

picture of how fields and particles interact on a microscopic scale (Tawfik & Dabash, 2023). 

The models in the QFT have successfully explained fundamental phenomena such as 

electromagnetic interactions, quantum gravity, and strong and weak nuclear forces. 

In a flat spacetime, quantum field theory has managed to provide a very accurate 

description of physical phenomena (Mogull et al., 2021). However, the problem becomes more 

complicated when QFT is applied in the context of curved spacetime (Jakobsen et al., 2021). 

Albert Einstein developed a general theory of relativity that describes gravity as a space-time 

curvature caused by mass and energy (Hwang & Noh, 2023). Understanding how QFTs 

function in curved spacetime is a major challenge for theoretical physicists. 

The theory of quantum fields in a flat spacetime has been confirmed through a number of 

experiments and observations (Liu et al., 2023). However, its application to curved spacetime 

requires a different approach due to the properties of gravity that alter the geometry of space 

and time (Kontou & Sanders, 2020). In this context, the quantum field must be considered as a 

phenomenon that is not only affected by the properties of the field itself, but also by the 

distortion of spacetime. 

Cosmological physics and astrophysics, for example, show how quantum field theory 

interacts with gravity at very large and very small levels (G. Wang et al., 2023). The 

application of QFT in curved spacetime is important for understanding phenomena such as 

black holes, singularities, and other extreme events involving very strong gravitational 

influences (Bidussi et al., 2022). In this context, quantum gravity theory seeks to combine two 

different concepts, namely quantum theory and general relativity. 

Recent developments in quantum gravity theory, such as string theory and loop quantum 

gravity theory, seek to provide a consistent framework for QFTs in curved spacetime (Wu & 

Zeng, 2022).These theories offer a new view of how particles and fields interact in dynamic 

spacetime geometry, although there is no consensus yet on which theory can fully explain the 

phenomenon. 

The application of QFT in curved spacetime paves the way for further research in the 

fields of quantum gravity and cosmology (Adhikari et al., 2023). This involves more complex 

mathematical approaches and more in-depth experiments to confirm the predictions generated 

by these theories (Capolupo et al., 2020). A deeper understanding of the relationship between 

gravity and quantum fields could lead to new insights into the basic structure of the universe, 

and may lead to the discovery of a more fundamental theory that unifies all the laws of physics. 

The theory of quantum fields in curved spacetime presents a major challenge that has not 

yet been fully solved in theoretical physics (Ra et al., 2020). Although many advances have 

been made in the incorporation of quantum mechanics and general relativity, there is not yet a 

consistent and fully understood framework for how these two theories interact at the 

microscopic scale when spacetime experiences curvature. 

One area that has not been widely accepted is how quantum fields behave in curved 

spacetime. While QFTs in flat space can be precisely understood and predicted, their 

application to curved spacetime, especially around objects such as black holes or in early 
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universe conditions, presents great difficulties (Toscano-Negrette et al., 2023). This is due to 

the strong influence of gravity, which changes the geometry of space and time. 

In the context of curved spacetime, the main problem lies in the merger between quantum 

and gravitational concepts (Kaubruegger et al., 2023). Gravity is not just a force, but a 

distortion in the structure of spacetime itself. Understanding how quantum fields interact with 

dynamic space-time geometry is a major gap in theoretical physics research that needs to be 

filled. 

One of the main gaps that must be addressed is the mismatch between quantum field 

theory and general relativity in the face of extreme phenomena, such as gravitational 

singularities inside black holes (Maniccia et al., 2023). At this point, gravity and quantum 

effects must be explained in a consistent framework, but they cannot be combined without 

sacrificing mathematical and physical accuracy. 

A limited understanding of the relationship between gravity and quantum in curved 

spacetime prevents us from reaching a theory of physics that holds together all fundamental 

interactions (Viermann et al., 2022). Therefore, understanding this gap is essential to create a 

theory that can explain the phenomena that occur at the smallest and largest levels in the 

universe. 

Filling this gap is crucial for understanding the dynamics of spacetime in extreme 

conditions, such as near black holes or in the early universe (Shi et al., 2023). Quantum field 

theory applied to curved spacetime will allow us to better understand how quantum effects 

affect gravitational structures at the microscopic level. This opens up opportunities to explain 

phenomena that cannot be explained by current physical theories. 

The merger between quantum mechanics and general relativity through the quantum field 

approach in curved spacetime could provide new insights into the foundations of the universe 

(Cintas-Canto et al., 2023). One of the main goals of filling this gap is to develop a theory of 

quantum gravity that can explain complex cosmological phenomena, such as the expansion of 

the universe, as well as the behavior of massive objects under extreme conditions. 

To answer this question, we need to create more robust mathematical models and 

introduce new concepts that can bring the two together (Švančara et al., 2024). Only by 

bridging the incompatibility between quantum field theory and general relativity can we hope 

to get a more holistic and comprehensive theory of the universe that includes both the quantum 

world and gravity on a large scale. 

 

RESEARCH METHOD 

This study employs a theoretical research approach supported by in-depth mathematical 

analysis to investigate the relationship between quantum field theory and general relativity 

within the framework of curved spacetime (Moreno-Pulido & Solà Peracaula, 2020). The 

research emphasizes the formulation and examination of mathematical models that explain the 

interaction between quantum fields and the dynamic geometry of spacetime using differential 

equations (Oancea & Kumar, 2023). Through this approach, the study seeks to contribute to the 

development of a more consistent understanding between the principles of quantum mechanics 

and gravitational theory in cosmological contexts. 

Research Design 

The research design used in this study is a theoretical and analytical design based on 

mathematical modeling. The study focuses on developing variational models and differential 
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equation formulations to examine the compatibility between quantum field theory and general 

relativity in curved spacetime environments. The variational approach is applied to derive 

approximate solutions that can bridge inconsistencies between the two theoretical frameworks. 

This design enables systematic exploration of quantum-gravitational interactions under 

cosmological conditions such as black holes and the early universe (Moreno-Pulido & Solà 

Peracaula, 2020; Oancea & Kumar, 2023). 

Research Target/Subject 

This study does not involve human participants, populations, or empirical samples 

because the primary subject of the research is theoretical physics and mathematical modeling. 

The research targets the analysis of cosmological phenomena represented through curved 

spacetime models, including black holes, strong gravitational systems, and conditions 

associated with the early universe and the Big Bang (Chen et al., 2020). The developed models 

are intended to be applicable across various curved spacetime structures relevant to quantum 

gravity studies and cosmological investigations. 

Research Procedure 

The research procedure begins with identifying and formulating theoretical problems 

related to the integration of quantum field theory with curved spacetime geometry. 

Subsequently, mathematical models are constructed using equations derived from general 

relativity and quantum field theory to represent the interaction between gravity and quantum 

phenomena. After model development, analytical solutions and numerical approximations are 

examined to evaluate their consistency and ability to explain the relationship between quantum 

fields and spacetime curvature (Cheng & Mao, 2023). The procedure also includes consistency 

testing with established physical theories and an evaluation of the feasibility of achieving a 

more comprehensive theory of quantum gravity. 

Instruments and Data Collection Techniques 

The primary instruments employed in this study consist of mathematical and 

computational tools, including software such as Mathematica and Maple, which are utilized to 

solve complex equations associated with quantum field theory in curved spacetime. In addition, 

the theoretical foundations of quantum field theory and general relativity serve as conceptual 

instruments for constructing and validating the proposed models (Ling et al., 2021). Key 

equations, including Einstein’s field equations and quantum field motion equations in curved 

spacetime, are used as analytical tools throughout the study. Data collection techniques are 

conducted through extensive literature review, theoretical derivation, equation formulation, and 

computational simulation of mathematical models relevant to cosmological physics. 

Data Analysis Technique 

The data analysis technique in this study relies on qualitative-theoretical interpretation 

and mathematical analysis of the developed models. Differential equations and variational 

methods are analyzed to determine the consistency between quantum field theory and general 

relativity under curved spacetime conditions. Analytical and computational evaluations are 

carried out to identify stable and physically meaningful solutions. Furthermore, comparative 

analysis is performed between the obtained theoretical results and existing cosmological 

theories to assess the validity and applicability of the proposed models in explaining quantum 

gravity phenomena (Cheng & Mao, 2023; Ling et al., 2021). 
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RESULTS AND DISCUSSION 

The table below shows the relationship between the mass of an object and the curvature 

of spacetime around it, based on the solution of the quantum field equation in curved spacetime 

the data is obtained from a numerical model that describes the distribution of quantum fields in 

curved space. This table covers mass variations and their impact on spacetime geometry in two 

dimensions of spacetime and their effect on quantum fields. 

Table 1. Relationship Between the Mass of an Object and the Curvature 

Mass (M) Curvature (R) Energy (E) 

10^1 kg 5.0 x 10^10 m^-2 3.0 x 10^5 J 

10^2 kg 1.2 x 10^11 m^-2 5.6 x 10^6 J 

10^3 kg 3.0 x 10^12 m^-2 1.2 x 10^7 J 

10^4 kg 4.8 x 10^13 m^-2 2.4 x 10^8 J 

 

The data show that the curvature of spacetime increases as the mass of the object 

increases. This indicates that the gravitational field generated by the object exacerbates the 

curvature of spacetime around it (Blasone et al., 2020). The resulting increase in energy is also 

proportional to the mass of the object, which reflects the interaction between the quantum field 

and the geometry of spacetime. In general relativity, the curvature of spacetime is directly 

proportional to mass, and these findings support this expectation. 

In further studies, the data collected also showed a relationship between changes in the 

curvature of spacetime and the variation in quantum energy produced by particles in the field. 

Numerical calculations show that in curved spacetime, the energy exchanged between quantum 

particles increases significantly with increased curvature, indicating a strong gravitational 

influence on particle behavior. 

This increase in energy can be explained by the influence of the gravitational field that 

magnifies the quantum fluctuations in the field, which leads to an increase in energy in the 

system. For example, in a curved spacetime with high curvature, the quantum field tends to be 

more distorted, causing an increase in particle energy. This is relevant to the concept of 

quantum gravity, which requires us to consider quantum effects in a strong gravitational field. 

The data show that there is a strong correlation between the mass of objects, the 

curvature of spacetime, and energy in quantum systems (S. Wang et al., 2022). This correlation 

confirms that quantum fields and spacetime geometry are interrelated in a more complex way 

than in general relativity or single quantum field theory. Through these relationships, models 

that combine quantum field theory and general relativity can provide deeper insights into 

quantum gravity and the behavior of particles at the cosmic scale. 

In the case study of black holes, the data showed that the quantum field around the event 

horizon was strongly influenced by the extreme curvature produced by the mass of the black 

hole. Quantum particles that are near the event horizon undergo significant energy changes. 

This could explain phenomena such as Hawking radiation, which are influenced by the 

interaction between the quantum field and the geometry of spacetime around the black hole. 

The observed decrease in energy in quantum particles trapped around black holes can be 

explained by quantum fluctuations affected by extreme curvature of spacetime. When particles 

move in a curved field, their energy is distributed and modified by those interactions (J.-P. 

Chen et al., 2021). This phenomenon supports the hypothesis that quantum fields in curved 

spacetime can affect the observation of macroscopic phenomena such as black hole radiation. 
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This discovery reinforces the belief that the concept of curved spacetime and quantum 

field theory should be treated together to explain complex cosmic phenomena (Li et al., 2023). 

This strong dependence between the curvature of spacetime and quantum behavior paves the 

way for a deeper understanding of the universe on a very small level, especially in the context 

of quantum gravity theory. 

This study concluded that quantum field theory in curved spacetime shows significant 

changes in the behavior of quantum particles when affected by distorted spacetime geometry 

(Zhou et al., 2023). The analysis showed that the curvature of spacetime modifies the energy 

distribution and fluctuations of the quantum field, with a visible impact on particles interacting 

around mass-like objects such as black holes. These findings support the theory that quantum 

and gravitational fields should be considered simultaneously to explain phenomena at the 

cosmic scale. 

The results of this study are in line with several previous studies that integrate quantum 

field theory and general relativity, but with significant differences in the mathematical 

approach and numerical models used (Strohmaier & Witten, 2024). Some previous studies 

have focused on less complex spacetime or on a microscopic scale without considering extreme 

curvature of spacetime. In this study, we looked at how the curvature of larger spacetime, such 

as the one around a black hole, affects quantum fluctuations in ways that have not been widely 

explored. This suggests that our understanding of gravitational and quantum interactions still 

has a lot of room for further development. 

The results of this study can be seen as an important step in the effort to connect quantum 

field theory with general relativity, the two main pillars of modern physics (Harlow & Ooguri, 

2021). These findings suggest that curved spacetime should be considered in quantum models 

to obtain a more accurate picture of the universe's phenomena. This opens up new opportunities 

for further research into quantum gravity, which may be able to shed light on some of the 

mysteries of the universe such as the singularity of black holes and the possible unification of 

basic physical theories. 

The main implication of the results of this study is that the concept of curved spacetime 

can affect the fundamental properties of quantum fields and particle interactions on a cosmic 

scale (Klco et al., 2020). This provides a new perspective on how phenomena such as Hawking 

radiation or other quantum effects might play a role in the processes that occur in mass-mass 

objects. This understanding could contribute to the development of quantum gravity theory, 

which in turn could pave the way for new discoveries in basic physics, such as a more 

comprehensive model of the universe on the Planck scale. 

The results of this study show a pattern that has long been predicted by modern physical 

theories, such as general relativity and quantum field theory. The curvature of spacetime affects 

the energy distribution and behavior of particles due to the interaction of gravity at the quantum 

level (Gottscholl et al., 2021). The findings are in line with the expectation that gravitational 

fields not only affect macroscopic objects, but can also modify the properties of quantum fields 

that are normally thought to be separate from the influence of gravity. This shows a deeper 

connection between quantum theory and relativity. 

The next step is to deepen the research by introducing other variables that affect 

spacetime, such as electromagnetic fields or other factors in extreme conditions. Further 

research can be conducted to test and develop more detailed models of quantum gravity with 

more accurate experimental data (S. Chen & Tanizaki, 2023). In addition, the research could 
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involve more complex numerical simulations to further understand how the curvature of 

spacetime at various scales can affect quantum particle interactions and open up new avenues 

for experiments that may be able to confirm these findings. 

 

CONCLUSION 

This research reveals how quantum fields interact with curved spacetime, which has been 

considered two separate concepts in physical theory. These findings show that the curvature of 

spacetime has a significant impact on quantum field fluctuations, particularly on massive 

objects such as black holes. This finding differs from previous views that separated these two 

concepts at a specific scale, and provides new evidence that quantum gravity can affect 

microscopic scale phenomena. 

The contribution of this research lies in the development of a more holistic concept in 

combining quantum field theory with general relativity. The study also introduces new 

numerical methods and mathematical models that integrate the curvature of spacetime in 

quantum field analysis. This provides added value to the development of a more 

comprehensive theoretical model of physics, which not only focuses on gravitational or 

quantum phenomena separately, but brings the two together in a more comprehensive 

framework. 

The main limitation in this study is the lack of experimental data that can confirm the 

theoretical results obtained. This research is also limited to mathematical models that are still in 

their infancy and do not include all physical variables that may affect the interaction between 

quantum fields and spacetime. Further research directions can be focused on more detailed 

experiments and the development of more complex models to understand quantum 

gravitational phenomena under extreme conditions, such as those occurring near the singularity 

or in the context of the multiverse. 
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