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ABSTRACT

The influence of dark matter and dark energy on cosmic expansion and galactic dynamics
represents a central area of investigation in modern cosmology. This study examines how these
two dominant yet elusive components shape the large-scale structure and evolutionary behavior
of the universe. Dark matter, though not directly observable, plays a critical role in gravitational
clustering and the formation of galaxies, as evidenced by galaxy rotation curves, gravitational
lensing, and large-scale structure simulations. In contrast, dark energy is responsible for the
accelerated expansion of the universe, a phenomenon confirmed through observations of distant
Type la supernovae and cosmic microwave background measurements. The research integrates
theoretical models, particularly the ACDM framework, with observational data to analyze the
interplay between gravitational attraction and cosmic repulsion. It also explores alternative
theoretical approaches, including dynamical dark energy models and modified gravity theories,
to address existing limitations and observational tensions such as discrepancies in the Hubble
constant. The findings highlight that while current models successfully explain many
cosmological observations, the fundamental nature of dark matter and dark energy remains
unresolved. This study underscores the need for advanced observational techniques and
interdisciplinary approaches to achieve a more comprehensive understanding of cosmic
evolution and galactic dynamics.
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1. INTRODUCTION

The investigation of cosmic expansion and galactic dynamics has become a central focus in
modern cosmology, particularly with the recognition that visible matter alone cannot account for
the observed behavior of the universe. Observational breakthroughs in the 20th century,
especially the work of Edwin Hubble, established that the universe is expanding, with galaxies
receding from one another in a manner proportional to their distance. This discovery laid the
empirical foundation for contemporary cosmological models. However, subsequent observations
revealed discrepancies between theoretical predictions and actual galactic motion, indicating the
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presence of additional, unseen components. These findings led to the development of the
Lambda-CDM model, which posits that dark matter and dark energy dominate the universe’s
total energy density. Within this framework, dark matter contributes to gravitational attraction
and structure formation, while dark energy drives the accelerated expansion of the universe,
fundamentally altering our understanding of cosmic evolution.

Dark matter plays a crucial role in shaping galactic dynamics and large-scale structures.
Empirical evidence from galaxy rotation curves, notably studied by Vera Rubin, demonstrates
that stars in galaxies orbit at velocities that cannot be explained solely by the gravitational
influence of visible matter. This suggests the existence of a massive, non-luminous component
that extends beyond the observable boundaries of galaxies. Additionally, gravitational lensing
and observations of galaxy clusters further confirm the presence of dark matter as a dominant
gravitational force. Its role extends to the early universe, where it facilitated the formation of
cosmic structures by acting as a gravitational scaffold for baryonic matter. Without dark matter,
the formation of galaxies and the observed distribution of matter in the universe would remain
unexplained within current physical theories.

In contrast, dark energy introduces a repulsive effect that counteracts gravitational attraction on
cosmological scales. The discovery of the universe’s accelerated expansion by researchers such
as Saul Perlmutter and Adam Riess provided compelling evidence for this mysterious
component. Dark energy is often modeled as a cosmological constant within the framework of
General Relativity, originally introduced by Albert Einstein, though alternative theories such as
dynamic scalar fields and modified gravity continue to be explored. The interplay between dark
matter and dark energy is critical in determining both the rate of cosmic expansion and the
evolution of galactic systems. This research aims to investigate how these two dominant
components influence cosmic expansion and galactic dynamics, addressing existing theoretical
challenges and contributing to a more comprehensive understanding of the universe.

2. THEORETICAL FOUNDATIONS OF COSMOLOGY

The theoretical foundations of cosmology are primarily based on the principles of relativistic
physics and large-scale symmetry assumptions that describe the structure and evolution of the
universe. At the core of modern cosmological theory lies General Relativity, developed by
Albert Einstein, which explains gravity as the curvature of spacetime caused by mass and energy.
This framework replaces the classical Newtonian understanding of gravity and allows for a
dynamic universe whose geometry evolves over time. To simplify the complex nature of the
universe, cosmologists adopt the cosmological principle, which assumes that the universe is
homogeneous and isotropic on large scales. These assumptions enable the formulation of
mathematical models, particularly the Friedmann-Lemaitre equations, which describe the
expansion behavior of the universe.
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A key outcome of these theoretical foundations is the development of the Lambda-CDM model,
which integrates dark matter and dark energy into a unified framework. In this model, dark
matter accounts for gravitational clustering and structure formation, while dark energy is
responsible for the accelerated expansion of the universe. The interplay of these components
determines the overall dynamics and fate of the cosmos. Supported by observational evidence
such as the cosmic microwave background radiation and galaxy distribution, these theoretical
principles provide a consistent and predictive framework for understanding cosmic evolution,
despite ongoing challenges related to the unknown nature of dark matter and dark energy.

3. RESEARCH METHODOLOGY

This study adopts a theoretical and analytical research methodology grounded in the established
framework of modern cosmology to investigate the influence of dark matter and dark energy on
cosmic expansion and galactic dynamics. The research is primarily based on secondary data
analysis, utilizing existing scholarly literature, observational datasets, and cosmological models
to synthesize current knowledge and identify key relationships between cosmological
parameters. The conceptual foundation of the study is derived from the principles of large-scale
homogeneity and isotropy, which allow the universe to be modelled using relativistic physics and
mathematical formulations such as the Friedmann—Lemaitre—Robertson—-Walker (FLRW) metric.
This approach enables a systematic examination of cosmic evolution by linking theoretical
constructs with observable phenomena .

The methodology further incorporates the application of standard cosmological models,
particularly the ACDM (Lambda Cold Dark Matter) framework, to analyse the roles of dark
matter and dark energy. Within this model, dark matter is treated as a non-relativistic component
responsible for gravitational clustering, while dark energy is represented through the
cosmological constant driving accelerated expansion. Analytical techniques are used to interpret
key equations governing cosmic dynamics, including the Friedmann equations, which relate the
expansion rate of the universe to its energy content. In addition, the study employs a comparative
approach by evaluating different theoretical models, such as quintessence and modified gravity
theories, to assess their explanatory power.

To complement theoretical analysis, the research also considers insights from numerical
simulations and observational cosmology, including galaxy rotation curves, gravitational lensing,
and cosmic microwave background data. These empirical inputs are used to validate theoretical
predictions and ensure consistency between models and observations. Overall, this integrated
methodological approach—combining theoretical modelling, comparative analysis, and
observational validation—provides a comprehensive framework for examining the complex
interplay between dark matter, dark energy, and the evolution of the universe.
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4. COSMIC MICROWAVE BACKGROUND ANALYSIS

The cosmic microwave background (CMB) constitutes one of the most fundamental
observational pillars of modern cosmology, providing a direct probe of the early Universe and
serving as a critical reference for testing theoretical models. As relic radiation originating from
the epoch of recombination, the CMB encodes information about the initial conditions,
composition, and geometry of the Universe. Its analysis is therefore central to understanding the
roles of dark matter and dark energy in cosmic evolution.

From a theoretical perspective, the CMB represents the transition of the Universe from an
opaque plasma state to a transparent medium. Prior to recombination, photons were tightly
coupled to baryonic matter through Thomson scattering, forming a photon—baryon fluid. Density
perturbations within this fluid gave rise to acoustic oscillations, driven by the interplay between
gravitational attraction and radiation pressure. These oscillations are imprinted as temperature
anisotropies in the CMB, providing a snapshot of the Universe at a redshift of approximately
1100.

The statistical properties of these anisotropies form the basis of CMB analysis. Rather than
focusing on individual fluctuations, the CMB is studied through its angular power spectrum,
which describes the variance of temperature fluctuations as a function of angular scale. This
spectrum contains a series of acoustic peaks, each corresponding to oscillation modes of the
photon—baryon fluid at the time of recombination. The position, amplitude, and spacing of these
peaks are determined by fundamental cosmological parameters, making the power spectrum a
powerful diagnostic tool.

The first acoustic peak is particularly significant, as it provides information about the geometry
of the Universe. Its angular position is sensitive to the curvature of space, with a peak location
consistent with a flat geometry indicating that the total energy density is close to the critical
value. This result strongly supports the standard cosmological model, in which dark energy
contributes significantly to achieving this balance.

Subsequent peaks carry information about the relative contributions of baryonic matter and dark
matter. The height of the odd-numbered peaks is enhanced by baryonic effects, while the even-
numbered peaks are influenced by radiation pressure. The overall pattern of peak amplitudes
allows for precise determination of the baryon-to-dark matter ratio. Dark matter, in particular,
plays a crucial role in shaping the gravitational potential wells within which acoustic oscillations
occur, thereby influencing the structure of the power spectrum.

Another important aspect of CMB analysis is the study of polarisation. The CMB exhibits a faint
polarisation signal arising from Thomson scattering in the presence of quadrupole temperature
anisotropies. This polarisation can be decomposed into distinct modes, which provide additional
constraints on cosmological parameters and offer insights into processes such as reionisation and

Volume 15 Issue 03 July - September 2025 531



International Journal of Engineering,
Science and Humanities

An international peer reviewed, refereed, open-access journal

Impact Factor 8.3 www.ijesh.com ISSN: 2250-3552

inflation. The detection of polarisation patterns enhances the robustness of cosmological
inferences by providing independent lines of evidence.

The theoretical interpretation of the CMB also involves the concept of primordial fluctuations.
These fluctuations are believed to originate from quantum perturbations during an inflationary
phase in the early Universe. Inflation predicts that these perturbations should be nearly scale-
invariant and Gaussian, properties that are consistent with observational data. The statistical
nature of these fluctuations is reflected in the power spectrum and provides strong support for
inflationary cosmology.

Dark matter plays a central role in the evolution of perturbations observed in the CMB. Since
dark matter does not interact with radiation, it begins to collapse under gravity earlier than
baryonic matter. This early collapse leads to the formation of gravitational potential wells that
influence the behaviour of the photon-baryon fluid. As a result, the presence of dark matter is
essential for explaining the observed amplitude and distribution of CMB anisotropies.

5. RESULTS AND DISCUSSION

Table 1: Cosmological Parameters and Composition of the Universe

Component Symbol Approximate Contribution Role in Cosmology
(%)

Baryonic Qb ~5% Visible matter (stars, planets, gas)

Matter

Dark Matter Qdm ~27% Structure formation, gravitational
effects

Dark Energy QA ~68% Accelerated expansion of the
universe

Radiation Qr <1% Dominant in early universe

Table 1 presents the relative contributions of different components that constitute the total
energy density of the universe within the standard ACDM cosmological framework. The table
clearly demonstrates that ordinary baryonic matter, which includes stars, planets, and interstellar
gas, accounts for only about 5% of the universe. In contrast, dark matter constitutes
approximately 27%, playing a dominant role in gravitational clustering and the formation of
cosmic structures such as galaxies and galaxy clusters. Dark energy, comprising nearly 68% of
the universe, is identified as the primary driver of the accelerated expansion of the cosmos.
Radiation, although negligible in the present epoch, was a significant component in the early
universe and influenced its initial thermal and expansion dynamics.

The distribution highlighted in this table underscores a fundamental challenge in cosmology: the
majority of the universe is composed of components that are not directly observable. This
imbalance emphasizes the reliance of modern cosmology on indirect evidence and theoretical
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modelling. Furthermore, the dominance of dark energy suggests that the long-term evolution of
the universe is governed more by repulsive forces than gravitational attraction. The table
provides a concise quantitative summary of the universe’s composition, reinforcing the
importance of dark matter and dark energy in shaping cosmic evolution and dynamics.

Table 2: Observational Evidence Supporting Dark Matter and Dark Energy

Observation Method Evidence for Dark Matter Evidence for Dark Energy
Galaxy Rotation Curves  Flat rotation curves indicate unseen Not applicable
mass
Gravitational Lensing Light bending exceeds visible mass Indirect support via large-scale
contribution structure
Cosmic Microwave Density fluctuations support dark Supports accelerated
Background matter models expansion
Type Ia Supernovae Limited role Direct evidence of accelerating

expansion
Table 2 summarizes key observational methods that provide empirical support for the existence
of dark matter and dark energy. Galaxy rotation curves offer one of the earliest and most
compelling pieces of evidence for dark matter, as the observed flat velocity profiles of stars at
large radii cannot be explained by visible matter alone. Gravitational lensing further strengthens
this evidence by showing that light from distant objects is bent more strongly than expected,
indicating the presence of additional unseen mass. The cosmic microwave background (CMB)
provides a snapshot of the early universe, where fluctuations in temperature and density align
with predictions that include dark matter as a major component.
For dark energy, Type la supernovae observations serve as the most direct evidence, revealing
that the expansion of the universe is accelerating. Additionally, large-scale structure and CMB
measurements indirectly support the presence of dark energy by indicating a flat universe with
insufficient matter density to halt expansion. This table highlights the complementary nature of
different observational techniques, each contributing unique insights into the dark sector.
Together, these observations form a robust empirical foundation for modern cosmology, despite
the fact that both dark matter and dark energy remain undetected through direct experimental
means.
Table 3: Comparative Analysis of Cosmological Models

Model Dark Dark Energy Key Features Limitations
Matter Included
Included
ACDM Model  Yes Yes (Cosmological Standard model, Nature of
Constant) fits most components
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observations unknown
Quintessence Yes Yes (Dynamic Field) Time-varying Complex, lacks
Model dark energy strong observational
confirmation
Modified Optional Replaced/Modified  Alters gravity Difficult to
Gravity Models laws instead of reconcile with all
dark energy observations

Table 3 provides a comparative overview of major cosmological models used to explain the roles
of dark matter and dark energy in the universe. The ACDM model, which includes both cold
dark matter and a cosmological constant (A), is currently the most widely accepted framework
due to its strong agreement with observational data such as the cosmic microwave background,
galaxy distribution, and supernova measurements. However, it is not without limitations,
particularly regarding the unknown nature of its key components.

The quintessence model introduces a dynamic scalar field as an alternative to the cosmological
constant, allowing dark energy to vary over time. This model addresses certain theoretical issues,
such as the fine-tuning problem, but lacks robust observational confirmation. Modified gravity
models, on the other hand, attempt to explain cosmic acceleration by altering the laws of gravity
rather than introducing dark energy. While these models offer innovative perspectives, they often
struggle to simultaneously explain all observed phenomena, particularly at both galactic and
cosmological scales.

This table highlights the diversity of theoretical approaches in cosmology and underscores the
ongoing effort to refine existing models or develop new ones. It also reflects the broader
scientific challenge of reconciling theory with observation in the absence of direct evidence for
dark matter and dark energy.

6. CONCLUSION

The investigation into the influence of dark matter and dark energy on cosmic expansion and
galactic dynamics highlights their fundamental and complementary roles in shaping the universe.
Dark matter serves as the gravitational backbone of cosmic structure, enabling the formation and
stability of galaxies, clusters, and the large-scale cosmic web through its dominant gravitational
effects. In contrast, dark energy governs the large-scale dynamics of the universe by driving its
accelerated expansion, counteracting gravitational attraction and influencing the ultimate fate of
the cosmos. Within the framework of the Lambda-CDM model, these two components together
provide a coherent explanation for a wide range of observational phenomena, including galaxy
rotation curves, gravitational lensing, and cosmic microwave background anisotropies. However,
despite the empirical success of this model, the true physical nature of both dark matter and dark
energy remains unknown, presenting a significant challenge to contemporary physics. Persistent
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issues such as the lack of direct detection of dark matter particles and observational tensions like
discrepancies in the Hubble constant suggest that current models may be incomplete or require
refinement. Therefore, this study emphasizes the necessity of continued interdisciplinary
research integrating theoretical physics, observational astronomy, and advanced computational
methods to achieve a deeper and more unified understanding of cosmic evolution and galactic
dynamics.
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