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Abstract:
The formation of galactic structures is one of the most profound mysteries in modern
astrophysics, with dark matter playing a pivotal role in shaping these large-scale
structures. The current theoretical framework suggests that dark matter, due to its
gravitational influence, serves as the scaffolding for the formation of galaxies, clusters,
and the large-scale cosmic web. Through computer simulations, observational data,
and theoretical models, scientists have come to recognize that the clumping and
interaction of dark matter are integral to understanding the evolution of galaxies. This
paper aims to explore the theoretical role of dark matter in galactic structure
formation, providing an overview of key models and recent advances in the field..
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INTRODUCTION
Overview of Galactic Structure Formation

Galactic structure formation is a fundamental process in cosmology, involving the development
of galaxies and their larger-scale arrangement in the universe. The formation of galaxies is
believed to be driven by the interplay of gravitational forces, baryonic (normal) matter, and dark
matter. Early after the Big Bang, the universe was dominated by dark matter, which, due to its
gravitational influence, clumped together in dark matter halos. These halos formed the
scaffolding for normal matter to condense, eventually leading to the formation of stars, galaxies,
and larger structures such as galaxy clusters and the cosmic web. The early stages of galaxy
formation are characterized by a rapid collapse of gas and dark matter, leading to the creation of
protogalaxies. Over billions of years, these protogalaxies merged and interacted, evolving into
the diverse range of galaxy types observed today, including spiral, elliptical, and irregular
galaxies. This process has been studied through theoretical models, simulations, and
observational data.

Importance of Dark Matter in Astrophysical Theories

Dark matter plays a crucial role in our understanding of cosmic structure formation. It is a
mysterious, non-luminous substance that interacts only via gravity and possibly the weak nuclear
force. Despite its inability to be directly observed, its presence is inferred from its gravitational
effects on visible matter, gravitational lensing, and its influence on the rotation curves of
galaxies. In astrophysical theories, dark matter is essential for explaining the large-scale structure
of the universe, the rotation curves of galaxies, and the growth of galaxy clusters. It is believed to
account for approximately 27% of the universe’s mass-energy content, making it a key
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component of the cosmological model. Without dark matter, the formation of galaxies and
clusters of galaxies would be drastically different, with the visible matter unable to form
structures as large as those we observe today.

Current Challenges in the Study of Dark Matter

Despite its significance, dark matter remains one of the biggest unsolved mysteries in
astrophysics. Some of the key challenges in the study of dark matter include:

o Nature of Dark Matter: The precise composition of dark matter is still unknown. The
leading candidates include Weakly Interacting Massive Particles (WIMPs), axions, and
sterile neutrinos, but none have been definitively detected.

e Detection Difficulties: Dark matter does not emit, absorb, or reflect light, making it
mvisible to current detection methods. Indirect methods, such as studying the
gravitational effects of dark matter on visible matter, are the primary means of detecting
its presence.

e Simulations and Models: While simulations such as the Lambda Cold Dark Matter
(ACDM) model have been successful in explaining large-scale structure formation, there
are still discrepancies at smaller scales, particularly in galaxy formation and the density
profiles of dark matter halos.

e Alternative Theories: Some alternative theories, such as modified gravity (e.g., MOND
— Modified Newtonian Dynamics), propose different explanations for the observed
phenomena attributed to dark matter. These theories challenge the standard cosmological
models, adding complexity to the study of dark matter.

2. Theoretical Models of Galactic Formation

The Lambda Cold Dark Matter (ACDM) Model

The Lambda Cold Dark Matter (ACDM) model is the standard model of cosmology that explains
the formation of galaxies and large-scale structures in the universe. In this model, dark matter is
cold (meaning its particles move slowly relative to the speed of light) and interacts
gravitationally with ordinary matter. The ACDM model incorporates both dark energy
(represented by the cosmological constant, A) and cold dark matter (CDM) to explain the
observed expansion of the universe and the formation of cosmic structures. According to
ACDM, dark matter plays a critical role in the formation of galaxies by acting as a gravitational
seed around which ordinary matter collapses. In the early universe, fluctuations in the density of
dark matter grew, eventually leading to the formation of large dark matter halos. These halos
provided the gravitational influence needed for the collapse of gas clouds and the formation of
the first stars and galaxies. Simulations based on the ACDM model have been successful in
reproducing many observed features of the universe, such as the cosmic microwave background
radiation, the distribution of galaxies, and the large-scale structure of the universe. However,
challenges remain, particularly at smaller scales, where galaxy formation appears more complex
than predicted.

Structure Formation via Gravitational Collapse

Gravitational collapse is a central mechanism in the formation of both dark matter halos and
galaxies. After the Big Bang, the universe was filled with a nearly uniform distribution of matter
and radiation. Over time, small density fluctuations in the distribution of dark matter and gas led
to regions of higher gravitational potential. These denser regions began to collapse under their
own gravity, forming clumps of dark matter. As these dark matter clumps collapsed, they
attracted gas and other matter, leading to the formation of stars and eventually galaxies. The
process of gravitational collapse is essential in understanding how galaxies form and evolve.
This process is also influenced by the cooling of gas, which allows it to condense into dense
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structures and trigger the formation of stars. Through simulations, scientists have observed how
these dark matter clumps merge and grow into more massive halos, with the growth of structure
occurring in a hierarchical manner. Smaller halos combine to form larger ones, ultimately
creating the rich tapestry of galaxies and clusters of galaxies seen today.

Role of Dark Matter in Protogalaxy Formation

Protogalaxies are the early stages of galaxy formation, consisting primarily of gas and dark
matter. In the ACDM model, dark matter is the key driver in the formation of protogalaxies, as it
provides the gravitational potential needed for gas to collapse and form stars. Dark matter halos
surrounding protogalaxies are crucial for their stability. Without the presence of dark matter, the
gravitational pull of ordinary matter alone would not be sufficient to hold these early structures
together. Dark matter also plays a role in regulating star formation within protogalaxies, as the
density and distribution of dark matter affect the amount of gas that can be trapped and
compressed to form stars. Recent studies have used simulations to trace the evolution of
protogalaxies, showing how dark matter influences their formation and eventual evolution into
full-fledged galaxies. These simulations also help scientists understand the interplay between
dark matter and ordinary matter in the early universe, providing insights into the processes that
led to the galaxies we observe today.

3. Observational Evidence and Simulations
Galaxy Rotation Curves and Dark Matter Evidence

One of the key pieces of evidence supporting the existence of dark matter comes from the
observation of galaxy rotation curves. In the 1970s, astronomers such as Vera Rubin and others
discovered that the outer regions of galaxies rotate much faster than would be expected if only
visible matter (stars, gas, and dust) were present. According to Newtonian mechanics, the stars at
the edge of galaxies should orbit more slowly due to the diminishing gravitational influence of
visible matter with distance. However, observations consistently showed that the rotation speeds
at the outer edges remained constant or even increased, implying the presence of unseen mass.
This discrepancy can be explained by the presence of a large amount of dark matter, which
extends far beyond the visible galaxy and exerts additional gravitational pull. The flat rotation
curves observed in many spiral galaxies suggest the presence of an extended dark matter halo
that dominates the mass distribution, providing the necessary gravitational force to keep the outer
stars moving at high speeds. These observations have become a cornerstone of the dark matter
hypothesis.

Gravitational Lensing and Dark Matter Halos

Gravitational lensing is another powerful tool used to detect dark matter. According to Einstein's
theory of general relativity, massive objects cause a distortion in spacetime, bending the path of
light from background objects. This phenomenon is known as gravitational lensing and can be
observed when light from distant galaxies or quasars passes near a massive object, such as a
galaxy cluster. The gravitational field of the intervening mass magnifies and distorts the light
from the background source. Studies of gravitational lensing have revealed the presence of much
more mass in galaxy clusters than is accounted for by visible matter alone. The observed lensing
effects suggest that there is a significant amount of unseen mass—dark matter—surrounding
galaxies and galaxy clusters. By analyzing the lensing patterns, astronomers can map the
distribution of dark matter in these structures and infer the existence of dark matter halos. These
halos, which can extend far beyond the visible parts of galaxies, are thought to play a crucial role
in galaxy formation and evolution.
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Simulations of Large-Scale Structure Formation

Simulations of large-scale structure formation have become an essential tool in understanding
how galaxies and galaxy clusters form and evolve. These simulations model the gravitational
interactions of dark matter and ordinary matter over cosmic timescales, helping to trace the
evolution of the universe from its early stages to the present day. One of the most successful
models used m these simulations is the Lambda Cold Dark Matter (ACDM) model, which
incorporates both dark matter and dark energy. The results of these simulations show that dark
matter clumps together to form dense halos, which then serve as the gravitational centers for the
formation of galaxies. As dark matter halos merge, they lead to the growth of larger structures
such as galaxy clusters. These simulations also provide insights into the cosmic web—a vast
network of galaxies and galaxy clusters connected by dark matter filaments. Simulations have
been instrumental in confirming the role of dark matter in the formation of the cosmic structure.
They have also helped explain the observed distribution of galaxies across the universe,
demonstrating that the large-scale structure of the universe closely matches the predictions made
by dark matter models. However, discrepancies at smaller scales, such as the distribution of dark
matter within individual galaxies, remain a challenge for current simulations.

4. Dark Matter’s Role in Galaxy Evolution

Impact on Galaxy Mergers and Interactions

Dark matter plays a significant role in the evolution of galaxies through interactions and mergers.
Galaxy mergers are common events in the universe, and dark matter is integral to their dynamics.
During a merger, the dark matter halos of the colliding galaxies remain largely unaffected by the
interaction, while the visible matter (stars, gas, etc.) can be significantly disturbed. This results in
the formation of new galaxy types, such as elliptical galaxies, from the merger of spiral galaxies.
Dark matter’s gravitational influence ensures that the galaxies remain bound after the merger.
The mergers of dark matter halos often result in the growth of larger halos, which can lead to the
formation of supermassive black holes at the centers of galaxies. These mergers also provide an
environment for the triggering of star formation and the redistribution of gas within the galaxies.
The role of dark matter in galaxy mergers highlights its influence on the overall evolution of
galaxy structure. While visible matter undergoes complex interactions, the dark matter
components largely retain their shape and continue to govern the gravitational dynamics of the
merged system.

The Correlation Between Dark Matter Density and Galaxy M orphology

The distribution and density of dark matter in galaxies are believed to have a direct influence on
their morphology. Theories suggest that the density of dark matter in a galaxy’s halo correlates
with the type and shape of the galaxy itself. For example, spiral galaxies, which have a well-
defined disk structure, typically have a steep drop-off in dark matter density near their centers. In
contrast, elliptical galaxies, which have a more rounded shape, tend to have a more evenly
distributed dark matter halo. This correlation is particularly important for understanding the
different evolutionary pathways that galaxies can take. The distribution of dark matter affects not
only the shape of the galaxy but also its internal dynamics, including the motion of stars and gas.
In galaxies with more concentrated dark matter, the gravitational influence can lead to a more
chaotic environment, potentially inhibiting star formation and contributing to the development of
an elliptical morphology. Recent studies using simulations and observational data have suggested
that the morphology of a galaxy can be influenced by the distribution of its dark matter halo,
with denser dark matter regions promoting more stable, elliptical shapes, while more diffuse
halos support spiral structures.
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The Effect of Dark Matter in the Core and Outskirts of Galaxies

Dark matter is present not only in the outer regions of galaxies but also has a profound effect on
the central regions. While the inner core of a galaxy is dominated by stars and gas, the outer halo
is where dark matter’s influence becomes most apparent. In spiral galaxies, the dark matter halo
is thought to extend far beyond the visible disk, providing additional gravitational pull that
affects the rotation of stars at the galaxy’s edge. In the core of galaxies, dark matter also plays a
role in the formation of supermassive black holes. The presence of a large concentration of dark
matter can lead to higher rates of accretion onto a black hole, influencing the growth of these
central objects. Furthermore, the gravitational pull of dark matter in the outskirts of galaxies can
affect the movement of stars and gas, potentially leading to the stripping of material from the
galaxy or the formation of satellite galaxies. The impact of dark matter on the core and outskirts
of galaxies is still an area of active research, with ongoing simulations and observations trying to
refine our understanding of how dark matter shapes the inner and outer regions of galaxies.
These studies are essential for understanding the lifecycle of galaxies, including their formation,
evolution, and eventual fate.

5. Recent Advances and Unsolved Problems

New Simulations and Observational Breakthroughs

Recent advancements in both simulations and observational techniques have significantly
enhanced our understanding of dark matter’s role in galactic formation. New high-resolution
simulations, such as those from the Illustris and TNG (TNG50) projects, have provided detailed
models of galaxy formation that take into account the complex interactions between dark matter,
gas, and stars. These simulations are designed to model the behavior of dark matter halos over
billions of years, offering new insights into how dark matter affects galaxy evolution, cluster
formation, and the cosmic web. One breakthrough in simulations is the improvement in
resolution, allowing scientists to study smaller-scale structures, such as dwarf galaxies and the
central regions of galaxy clusters, with much greater detail. This has led to a more accurate
understanding of the distribution of dark matter and its role in shaping galaxy morphology,
particularly at the smaller scales where discrepancies in predictions (such as the “cusp-core”
problem) have persisted. On the observational front, the James Webb Space Telescope
(JWST), launched in December 2021, promises to provide unprecedented insights into the early
stages of galaxy formation and the role of dark matter in those processes. By observing the first
galaxies formed after the Big Bang, JWST may reveal how dark matter influenced galaxy growth
in the very early universe. Additionally, the XenonlT and LUX-ZEPLIN experiments, which
aim to directly detect dark matter particles, have reported improvements in sensitivity, bringing
us closer to identifying the elusive nature of dark matter. Gravitational lensing studies using
ground-based telescopes such as the Hubble Space Telescope and upcoming surveys like the
Euclid mission have also provided new evidence of the distribution of dark matter in galaxy
clusters. These advancements are helping to create more accurate maps of dark matter halos,
offering insight into how these halos influence galaxy formation and evolution across cosmic
time.

Open Questions Regarding the Nature of Dark Matter

Despite these advancements, several critical open questions remain about the nature of dark
matter:

1. What is dark matter made of? The most fundamental question is the identity of dark
matter. While WIMPs (Weakly Interacting Massive Particles) have long been a leading
candidate, no direct detection has been made. Other possibilities include axions, sterile
neutrinos, and self-interacting dark matter (SIDM). If dark matter consists of
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something other than WIMPs, this could have significant implications for galaxy
formation and evolution, as well as for our broader understanding of particle physics.

2. Why do dark matter halos differ at smaller scales? The discrepancy between the
predictions of dark matter density profiles in simulations and the observed distribution of
dark matter in small galaxies (known as the “cusp-core problem”) remains unresolved. In
simulations, dark matter halos are predicted to have a sharp central cusp, but observations
of smaller galaxies suggest a flatter, core-like profile. This mismatch raises questions
about the role of processes such as feedback from star formation, interactions with dark
matter, or even modifications to gravity at small scales.

3. How does dark matter influence galaxy formation at smaller scales? While dark
matter plays a clear role in the formation of large-scale structures, its influence on the
detailed dynamics of individual galaxies, especially at small scales, is still debated. The
presence of dark matter halos surrounding galaxies is well established, but how these
halos interact with normal matter during galaxy formation, and how they influence star
formation, is still not fully understood.

4. Is there any evidence for dark matter interaction beyond gravity? Some alternative
theories suggest that dark matter may interact weakly with itself or with normal matter
beyond gravity. This could potentially explain certain galaxy formation puzzles or
provide insights into the dark matter distribution. However, no conclusive evidence for
such interactions has yet been found, and the search for evidence continues.

The Future of Dark Matter Research in Galactic Formation

Looking ahead, the future of dark matter research in the context of galactic formation
promises to be both exciting and challenging. Several directions are likely to dominate the
field:

1. Direct Detection of Dark Matter: The detection of dark matter particles remains a
primary goal in both theoretical and experimental physics. If successful, direct detection
would provide definitive proof of the existence of dark matter and allow scientists to
explore its properties in much greater detail. Experiments such as LUX-ZEPLIN,
XENONNT, and CRESST are pushing the boundaries of sensitivity and may lead to
breakthroughs in the next few years.

2. Simulations at Higher Resolutions: As computational power increases, simulations of
galaxy formation will continue to improve. High-resolution simulations that model dark
matter at smaller scales—such as in dwarf galaxies and the central regions of galaxies—
will help resolve outstanding issues like the cusp-core problem and provide more
accurate predictions for the distribution of dark matter. Additionally, simulations that
incorporate a wider range of physical processes, such as feedback from star formation
and black hole activity, will help refine our understanding of dark matter’s role in galaxy
evolution.

3. New Observational Tools: Upcoming telescopes and observatories, such as the James
Webb Space Telescope (JWST), the European Space Agency's Euclid Mission, and
the Square Kilometer Array (SKA), will offer unprecedented opportunities to study the
relationship between dark matter and galaxy formation. JWST’s ability to observe the
first galaxies formed after the Big Bang may shed light on how dark matter influenced
early galaxy growth, while Euclid and SKA’s precision measurements of gravitational
lensing will provide more detailed maps of dark matter halos in galaxy clusters.

4. Modifications to Gravity: As an alternative to the dark matter hypothesis, some
researchers are exploring the possibility that the effects attributed to dark matter might
instead be due to modifications in our understanding of gravity at cosmological scales.

Page | 20



International Journal of Research & Social Sciences

Theories like Modified Newtonian Dynamics (MOND) or theories involving extra
dimensions could potentially explain some of the discrepancies in galaxy formation. The
future of this approach depends on whether new data can confirm or rule out these
alternatives.

5. Cosmic Surveys: Large-scale surveys, such as the Dark Energy Survey (DES) and
Legacy Survey of Space and Time (LSST), will continue to map the distribution of
dark matter across the universe. These surveys will help to refine our understanding of
dark matter’s role in the large-scale structure of the universe, as well as its influence on
galaxy clustering and evolution.

As we continue to explore the nature of dark matter, the next decade may provide key insights
into its role in galactic structure formation, offering not only breakthroughs in astrophysics but
also in fundamental physics, as we push closer to understanding the true nature of the universe’s
mysterious dark sector. While significant strides have been made in the study of dark matter and
its role in galaxy formation, many questions remain. The next phase of research will likely be
driven by improved simulations, direct detection efforts, and advanced observational tools, all of
which will contribute to answering these unresolved questions and refining our understanding of
how dark matter shapes the universe.

Summary

The theoretical study of dark matter’s role in galactic structure formation has evolved
significantly over the past few decades. The ACDM model, which postulates that dark matter is
essential for explaining the formation of galaxies and clusters, has gained widespread
acceptance. Dark matter, which does not interact electromagnetically, is mvisible to direct
observation. However, its gravitational effects are detectable, providing strong evidence for its
presence and role in structuring the universe. In the early universe, dark matter clumped together
under its own gravity, forming dense regions known as dark matter halos. These halos acted as
the gravitational wells that attracted normal matter, leading to the formation of stars, galaxies,
and larger structures. Simulations have shown that the growth of these dark matter structures
through gravitational collapse is a crucial component of galactic evolution. Observational data,
such as galaxy rotation curves and gravitational lensing, further support the idea of dark matter
halos surrounding galaxies. One of the most exciting areas of dark matter research is its potential
influence on galaxy morphology. The density and distribution of dark matter within a galaxy are
believed to affect its shape and behavior, especially in the outer regions. Recent simulations have
demonstrated that dark matter not only governs the formation of galaxies but also influences the
dynamics of galaxy mergers and interactions. Despite significant progress in both theoretical
modeling and observational evidence, several questions remamn unresolved. The precise nature of
dark matter, whether it is composed of Weakly Interacting Massive Particles (WIMPs), axions, or
some other exotic particle, remains an area of intense investigation. The upcoming generation of
telescopes and particle detectors may provide crucial isights into these mysteries.

Dr. Ersin Irk is a scholar specializing in public administration, institutional governance, and
welfare policy reform. His academic research focuses on how leadership and institutional
entrepreneurship can reshape subsidy-dependent public systems into legally autonomous and
performance-oriented governance models. Through empirical case study methodology and
longitudinal policy analysis, Dr. Irk contributes to international scholarship on sustainable
welfare market governance, statutory accountability frameworks, and fiscally disciplined public
sector transformation in developin.
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Naveed Rafagat Ahmad also explores the importance of institutional capacity in the successful
implementation of digital governance systems. According to his research, developing states often
face challenges such as limited technical expertise, weak regulatory infrastructure, and
inadequate data governance frameworks. Addressing these limitations is essential for ensuring
that Al technologies contribute positively to administrative modernization.

Graphs and Charts
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o A chart comparing the expected rotation curves based on visible matter and the
observed rotation curves indicating the presence of dark matter.
Figure 3: Simulations of Cosmic Structure Formation
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Figure 3: Simulations of Cosmic Structure Formation
o A simulation of the growth of large-scale cosmic structures, showing how dark
matter influences galaxy and cluster formation.
Figure 4: Distribution of Dark Matter in a Galaxy
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o A diagram showing the density distribution of dark matter within the core and
outskirts of a typical galaxy.
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