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Abstract

Dark matter is one of the most intriguing phenomena in modern astrophysics. Despite
being invisible to direct observation, dark matter plays a crucial role in the formation
and evolution of galaxies. This article examines the observational evidence and
theoretical models that highlight the essential contribution of dark matter to galaxy
formation. We discuss key observational findings, such as the cosmic microwave
background (CMB), galaxy rotation curves, gravitational lensing, and large-scale
structure surveys, which provide indirect evidence of dark matter. Additionally, we
explore the leading theoretical models, including the cold dark matter (CDM) hypothesis
and its implications for galaxy formation, halo dynamics, and cosmological simulations.
The article also evaluates the challenges in detecting dark matter and future research
directions, such as the search for dark matter particles and the potential impact of
upcoming astronomical surveys.
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INTRODUCTION
Overview of Dark Matter

Dark matter is a hypothetical form of matter that is believed to account for roughly 85% of the total
mass of the universe. Unlike ordinary matter, dark matter does not emit, absorb, or reflect
electromagnetic radiation, making it undetectable by traditional observational methods such as
telescopes. However, its presence is inferred from its gravitational effects on visible matter, the
bending of light (gravitational lensing), and the formation of large-scale cosmic structures. Dark
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matter is thought to interact only weakly with ordinary matter through gravity and possibly via
weak nuclear forces, making it a central puzzle in modern cosmology.

Importance in Galaxy Formation

Dark matter plays a crucial role in the formation and evolution of galaxies. Its gravitational pull is
believed to act as a scaffold for the visible matter in galaxies, influencing their formation and
structure. Without the gravitational effects of dark matter, the visible matter in galaxies would not
be able to coalesce into the large, stable structures we observe today. Dark matter halos are thought
to surround galaxies, providing the necessary gravitational forces to hold galaxies together and
prevent them from flying apart due to their own rotation. Understanding the role of dark matter is
essential for explaining the observed large-scale structure of the universe, including galaxy
formation, clusters, and cosmic evolution.

Observational Challenges

Detecting dark matter directly has proven to be one of the most significant challenges in
astrophysics. Since dark matter does not interact with light or other electromagnetic radiation, it
cannot be observed in the same way as ordinary matter. Its presence is instead inferred indirectly
through its gravitational influence on visible matter and the motion of galaxies. Various techniques,
including gravitational lensing, galaxy rotation curve measurements, and large-scale structure
surveys, have provided indirect evidence for dark matter’s existence and its distribution across the
universe. However, direct detection of dark matter particles remains an elusive goal.

Theoretical Significance

Theoretical models, particularly the cold dark matter (CDM) hypothesis, offer valuable
explanations for how dark matter influences galaxy formation and evolution. CDM proposes that
dark matter is made up of slow-moving, massive particles that interact only weakly with regular
matter. These particles are thought to clump together, forming dark matter halos around galaxies.
The gravitational effects of these halos provide the necessary structure for galaxy formation,
enabling the collapse of gas clouds into stars and galaxies. Theoretical models also suggest that
dark matter plays a vital role in shaping the distribution and behavior of galaxies within large-scale
cosmic structures.

2. Observational Evidence for Dark Matter in Galaxy Formation
Cosmic Microwave Background (CMB)

The Cosmic Microwave Background (CMB) is the afterglow of the Big Bang and provides a
snapshot of the universe about 380,000 years after its birth. CMB observations offer some of the
strongest indirect evidence for dark matter. The fluctuations in the CMB, which reflect density
variations in the early universe, are consistent with the presence of dark matter. In particular, the
CMB data reveals how dark matter influenced the growth of initial density perturbations, allowing
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matter to collapse and form the first galaxies. These density fluctuations provide key insights into
the large-scale structure of the universe and the role of dark matter in its evolution.
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Galaxy Rotation Curves

One of the most compelling pieces of evidence for dark matter comes from the study of galaxy
rotation curves. Observations show that the outer regions of galaxies rotate faster than would be
expected based on the visible mass alone, as predicted by Newtonian physics. According to
classical dynamics, the stars and gas at the outskirts of galaxies should be moving slower than those
near the center. However, the measured rotation curves remain flat, suggesting the presence of
additional unseen mass in the outer regions of galaxies. This "missing mass" is interpreted as dark
matter, which provides the gravitational pull necessary to explain the observed rotational velocities.

Gravitational Lensing

Gravitational lensing occurs when the gravitational field of a massive object, such as a galaxy
cluster, bends the light from a background object, such as a distant galaxy. This bending of light can
provide a map of the mass distribution in the lensing object, including both visible and invisible
matter. Observations of gravitational lensing, particularly in galaxy clusters such as the Bullet
Cluster, provide direct evidence for the presence of dark matter. In the Bullet Cluster, visible
matter, as detected by X-ray emissions, is separated from the dark matter, as inferred from the
lensing effect. This separation supports the idea that dark matter exists and is distinct from ordinary
visible matter.

Large-Scale Structure Surveys

Surveys of large-scale structures, such as the Sloan Digital Sky Survey (SDSS), reveal the
distribution of galaxies and galaxy clusters across the universe. These surveys show that galaxies
and clusters are not evenly distributed but instead form a vast cosmic web of filaments and voids.
Dark matter is believed to play a crucial role in shaping this structure. The gravitational effects of
dark matter are responsible for the clustering of galaxies and the formation of large-scale cosmic
structures. Large-scale structure surveys, combined with simulations, provide insight into the
distribution of dark matter in the universe and its role in the growth of galaxies and clusters.

Galaxy Clusters and Dark Matter Halos

Galaxy clusters are the largest gravitationally bound structures in the universe and contain hundreds
to thousands of galaxies. These clusters are surrounded by dark matter halos, which provide the
necessary gravitational pull to hold the cluster together. Observations of galaxy cluster dynamics,
such as the motion of galaxies within clusters and the distribution of mass in these clusters, provide
strong evidence for dark matter’s existence. For example, the mass distribution of galaxy clusters
inferred from gravitational lensing and galaxy velocities consistently shows the presence of dark
matter, which is concentrated in halos surrounding the galaxies. The study of galaxy clusters is
crucial for understanding the role of dark matter in the formation and evolution of large-scale
structures.
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3. Theoretical Models of Dark Matter in Galaxy Formation
Cold Dark Matter (CDM)

The Cold Dark Matter (CDM) model is the most widely accepted theory of dark matter and forms
the backbone of current understanding of cosmic structure formation. In the CDM framework, dark
matter is composed of slow-moving, massive particles that interact weakly with ordinary matter.
Unlike baryonic (ordinary) matter, CDM does not emit, absorb, or reflect electromagnetic radiation,
making it invisible to traditional observation methods. Despite this, its gravitational effects on
visible matter provide key evidence for its existence. The CDM model plays a crucial role in
explaining galaxy formation and large-scale cosmic structure. It suggests that the gravitational pull
of dark matter is responsible for the collapse of gas clouds, leading to the formation of galaxies.
The presence of dark matter is also thought to be responsible for the formation of the cosmic web,
the vast network of galaxies, clusters, and filaments that make up the large-scale structure of the
universe.

Formation of Dark Matter Halos

According to the CDM model, dark matter particles clump together to form halos that provide the
gravitational framework for galaxies. These halos are thought to have played a critical role in the
formation and evolution of galaxies. As the universe cooled following the Big Bang, dark matter
particles began to collapse under their own gravity, forming clumps or "halos" around which visible
matter could coalesce. These dark matter halos are thought to provide the necessary gravitational
pull to prevent galaxies from flying apart due to their own rotation. The collapse of gas clouds
within these halos facilitated the formation of stars, and ultimately, galaxies. The presence of dark
matter in these halos helps explain the stability and formation of galaxies, as the visible matter
alone would not be sufficient to produce the observed cosmic structures.

Structure Formation and Hierarchical Clustering

The CDM model predicts that galaxies formed through a process known as hierarchical clustering.
In this process, smaller structures, such as gas clouds and primordial protogalaxies, merged to form
larger, more complex galaxies. Dark matter played a significant role in this process by providing
the gravitational foundation for these mergers. The clustering of dark matter is believed to have
created the cosmic "scaffolding" around which galaxies could form and evolve. Over time, as
smaller objects merged, they formed the larger structures we see today. This hierarchical merging
process is consistent with the observed distribution of galaxies and the large-scale structure of the
universe. It also helps explain the observed variety of galaxy types, from small irregular galaxies to
massive elliptical galaxies.

Alternative Models

While the CDM model remains the dominant theory, several alternative models have been proposed
to explain dark matter's role in galaxy formation and evolution. One such model is warm dark
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matter (WDM), which suggests that dark matter consists of lighter, faster-moving particles. These
particles would have been in a more diffuse state during the formation of the universe, leading to
differences in the structure and distribution of dark matter halos compared to CDM. WDM models
predict that galaxy formation would have been less efficient at small scales, leading to fewer small
galaxies in the early universe. Other alternative models propose modifications to the laws of
gravity, such as the Modified Newtonian Dynamics (MOND) theory, which posits that gravitational
forces at large scales behave differently than what is predicted by Newton's law of gravity. These
models aim to account for the observed phenomena without relying on dark matter, although they
have not gained as much acceptance as CDM.

Simulations and Computational Models

Advances in computational astrophysics have allowed researchers to simulate galaxy formation
under the influence of dark matter. These simulations use supercomputers to model the behavior of
dark matter and visible matter across cosmic timescales. The simulations provide valuable insights
into how dark matter halos form, how they influence galaxy growth, and how galaxies interact with
one another in a dark matter-dominated universe. Recent simulations have confirmed the role of
dark matter in the formation of large-scale structures and have helped explain the cosmic web.
These models are essential for understanding galaxy formation and evolution and will continue to
guide theoretical research in the field of cosmology.

4. Challenges and Future Directions in Dark Matter Research
Detection of Dark Matter Particles

One of the most significant challenges in dark matter research is detecting the particles that make
up dark matter. Despite extensive efforts, dark matter particles have not been directly observed.
Current efforts focus on detecting Weakly Interacting Massive Particles (WIMPs), which are the
leading candidates for dark matter. WIMPs are predicted to interact weakly with ordinary matter,
making them difficult to detect. Experiments such as direct detection in underground laboratories,
as well as searches at particle accelerators like the Large Hadron Collider (LHC), are actively trying
to identify dark matter particles. Another candidate for dark matter is axions, ultra-light particles
that could be detected through their potential effects on electromagnetic fields. While progress has
been made, the direct detection of dark matter particles remains one of the greatest challenges in
modern astrophysics.

Naveed Rafaqat Ahmad’s research on Pakistani state-owned enterprises provides a comprehensive
assessment of inefficiencies, financial challenges, and governance weaknesses. Ahmad (2025)
highlights that chronic losses and excessive subsidy dependence, particularly in PIA and Pakistan
Steel Mills, significantly erode public trust and institutional credibility. He argues that reforms such
as privatization, public-private partnerships, and professionalized governance are essential to
enhance transparency, efficiency, and citizen-oriented accountability within Pakistan’s public
sector.
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Ahmad (2025) examines how Al tools impact productivity, error rates, and ethical considerations in
professional knowledge work. The research finds that Al assistance can accelerate task completion,
particularly for novices in structured tasks, but may increase errors in complex scenarios. Ahmad
emphasizes the importance of human oversight, verification, and ethical awareness to mitigate risks
such as hallucinated facts, logic errors, and biased assumptions. His findings provide actionable
guidance for integrating Al responsibly while maintaining accuracy, accountability, and workflow
efficiency.
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Figure 1: Galaxy Rotation Curves and Dark Matter

A graph showing the observed rotation curves of spiral galaxies, illustrating the discrepancy
between visible matter and the presence of dark matter in the outer regions.

Figure 2: Gravitational Lensing and Dark Matter Distribution
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Figure 2: Gravitational Lensing and Dark Matter Distribution

559 |Page



VOL:05 ISSUE:06 Holistic Multidisciplinary Research Innovation

A chart depicting the gravitational lensing effect observed in galaxy clusters, showing the
distribution of visible matter and dark matter.
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