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Abstract

Dark matter remains one of the greatest mysteries in modern astrophysics and cosmology. Although it does not emit,
absorb, or reflect light, its gravitational effects provide strong evidence of its existence, and observational data prove its
presence on galactic and cosmological scales. This paper analyzes major observational evidence for dark matter: galactic
rotation curves, cosmic microwave background anisotropies, and gravitational lensing phenomena. It also explains leading
theoretical models—Supersymmetry (SUSY), which predicts the neutralino as a dark matter candidate, Primordial Black
Holes (PBHs), and Weakly Interacting Massive Particles (WIMPs), and analytically provides their pros and cons. Publicly
available data from ESA’s Planck Mission, NASA’s Hubble Telescope, and the THINGS Survey are used to illustrate the
existence of dark matter. The study connects classical physics, cosmology, and modern particle theories to explain the
possible nature of dark matter. While none of the models provide complete experimental confirmation, the combined
evidence strongly supports the existence of an unseen, gravitationally dominant component that shapes the universe.

Keywords: Dark matter, galaxy rotation curves, gravitational lensing, cosmic microwave background, WIMPs, dark
matter detection

1. Introduction

Normal matter is defined as substances that have mass and occupy space. Dark matter is similar to normal
matter, as it also has mass and occupies space, but the key difference is that it does not “interact” the way that
normal matter does. It does not interact with light in any way (absorb, reflect, or transmit), or at least not in a
way that we can observe using current scientific technologies. Dark matter also does not interact with other
forces that normal matter interacts with, such as electromagnetic and nuclear forces. Experts believe that nearly
27% of the universe is made up of dark matter; hence, the study of dark matter is important because it plays a
key role in the formation of galaxies, galaxy clusters, and other cosmic objects. Observations of galaxy rotation
curves show that stars at the edges of galaxies orbit at speeds that are too high, and this cannot be explained by
the gravitational pull of normal matter, implying the presence of dark matter. Similarly, gravitational lensing
measurements, where light from distant galaxies is bent more than expected, provide further evidence for dark
matter, since it does not interact through electromagnetic or nuclear forces like normal matter does. Several
theories have been proposed to explain its nature, including Supersymmetry (SUSY), Primordial Black Holes
(PBHs), and Weakly Interacting Massive Particles (WIMPs). Each theory offers different explanations and
predictions, but none have yet been confirmed experimentally.
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The concept of dark matter has evolved over time, with contributions from many prominent physicists and
astronomers. In 1884, Lord Kelvin proposed the existence of invisible matter to justify unexplained stellar
motions. This idea was supported in 1932 when Jan Oort found that stars in the Milky Way had unexpectedly
large velocities, implying the existence of unseen mass in our galaxy. The following year, Fritz Zwicky
observed that galaxies in the Coma Cluster were traveling too quickly to be held together by visible matter. He
introduced the term “dunkle Materie,” meaning “dark matter.” During the 1970s, dark matter emerged as a key
component in cosmological simulations, becoming crucial for understanding the formation of structure in the
universe. Finally, in 2006, the Bullet Cluster observation provided strong evidence for the existence of dark
matter, showing a clear separation between visible and gravitational mass through gravitational lensing.

This paper explores the key observational evidence for dark matter and the leading theoretical possibilities that
aim to explain its mysterious nature. It combines results from galactic rotation curves, cosmic microwave
background anisotropies, and gravitational lensing observations to provide a comparative understanding of dark
matter models and their connection to modern astrophysical research. This paper does not claim extraordinary
discoveries or new perspectives in the field of astrophysics, specifically dark matter. This paper aims to
combine existing theoretical knowledge and well-observed experimental data which are accepted across the
globe, providing confirmation for the existence of dark matter. The paper explores the possible explanations of
dark matter that are widely discussed in the physics community. This paper emphasizes clarity and empirical
evidence, and explores theoretical models using basic physical and mathematical tools. Consequently, the paper
serves as an educational bridge between introductory physics and contemporary astrophysical research.

I1. Research Problem and Objectives
Research Problem:

Despite decades of astronomical observation, the physical nature of dark matter is still unknown. Its
gravitational influence has been confirmed many times through independent methods, including galactic
rotation curves, gravitational lensing, and cosmic microwave background measurements. However, no
experiment has directly detected a dark matter particle. This gap between the strong indirect evidence and the
lack of direct confirmation is one of the central open problems in modern astrophysics and cosmology.

Objectives:

To review the major observational evidence supporting the existence of dark matter.

To examine the physical principles underlying galactic rotation curves, gravitational lensing, and cosmic
microwave background anisotropies.

To compare the leading theoretical models proposed to explain the nature of dark matter.

To evaluate the strengths and limitations of these models in light of current observational evidence.
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III. Literature Review

According to Oort (1932) and Zwicky (1933), the observed galactic rotation curves cannot be explained by the
normal matter that is present in the galaxy, leading to theories like dark matter. Later, de Blok et al. (2008),
through The HI Nearby Galaxy Survey (THINGS), observed that the rotation curves of spiral galaxies remain
flat even beyond their visible regions, which provide the base for this paper’s argument. This directly supports
the explanation used in this research that unseen mass contributes to galactic motion. Similarly, gravitational
lensing studies of the cluster Abell 1689 (Limousin et al., 2007; Coe et al., 2010) found that its total mass
significantly exceeds the visible mass, confirming the presence of dark matter.

According to the Planck Collaboration (2020), temperature variations in the Cosmic Microwave Background
(CMB) confirm that dark matter existed before normal matter, helping to form galaxies, which supports this
paper’s discussion on early-universe structure formation. Carr and Kiihnel (2020) also suggested Primordial
Black Holes (PBHs) could form from early-universe density fluctuations, matching the explanation given in the
paper, making it one of the possible candidates for dark matter. Similarly, the XENON Collaboration (2023)
continues experiments to detect Weakly Interacting Massive Particles (WIMPs), the same particles discussed in
this paper.

This paper seeks to address the communication gap by presenting the scientific history and concepts of dark
matter in a simplified, accessible manner, while maintaining accuracy. By demystifying these ideas, this work
seeks to bridge the divide between the scientific community and broader audiences, encouraging a deeper
appreciation and clearer understanding of one of the most profound mysteries of the universe.

IV. Methods

The approach combines physics, cosmology and observational astrophysics to provide a framework for
assessing the physical makeup of dark matter.

4.1 Research Design

The research follows an approach that combines theoretical analysis with data interpretation. It combines
observational data from well-established astrophysical surveys, then connects the results to theoretical
frameworks of established physics, and helps to analyze different models that explain dark matter.

4.2 Data Sources

The study relies exclusively on peer-reviewed and publicly available data from major observatories and
missions:

e Galactic Rotation Curves: Data from The HI Nearby Galaxy Survey (THINGS) by de Blok et al.
(2008) were analyzed to demonstrate the mass discrepancy in spiral galaxies.

e Cosmic Microwave Background (CMB) Anisotropies: Temperature fluctuation data and power
spectra were obtained from the Planck 2018 results released by the European Space Agency (ESA).
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e Gravitational Lensing: Parameters from the galaxy cluster Abell 1689 were taken from Limousin et al.
(2007) to perform a sample mass calculation and illustrate the deviation between visible and total mass.

4.3 Analytical Process
The analytical process involves qualitative reasoning as well as simplified quantitative analysis:

e C(lassical mechanics and general relativity equations were applied to estimate gravitational lensing
effects and mass distributions.

e A comparative theoretical evaluation was conducted among three major dark matter models —
Supersymmetry (SUSY), Primordial Black Holes (PBHs), and Weakly Interacting Massive Particles
(WIMPs) — focusing on their key predictions and how they relate to empirical evidence.

e All analytical equations used in this paper are standard results from classical mechanics, general
relativity, and cosmology, and are not specific to any single source. Data used for numerical examples
are referenced accordingly.

4.4 Limitations

The analysis presented in this paper is based entirely on secondary data and theoretical models. The quantitative
examples, such as the gravitational lensing of Abell 1689, are simplified illustrations derived from published
sources. The methodology presented remains effective for demonstrating the underlying physical principles and
comparative reasoning among dark matter theories.

V. Results: Evidence of Dark Matter

5.1 Observed Galactic Rotation Curves and Mass Discrepancy

One of the most fundamental predictions in the context of modern astronomy from Newtonian mechanics is the
rotational velocity v(r). Rotational velocity describes the motion of an object around an object that has a
relatively bigger mass. Rotational velocity v(7) is the speed at which an object revolves around a more massive
central object in a circle, like satellites orbiting the Earth.

According to Newtonian mechanics, the orbital velocity at a distance () from the center is given by:

v(r) =/ (1)

where:
v(r) is the orbital velocity at radius r
G is the gravitational constant

M(r) is the total mass enclosed within radius r.
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r 1is the perpendicular distance between the mass and the rotating object.

From the above equation (1), we can see that when the radius (r) remains constant, the rotational velocity of the
object is directly proportional to the square root of the mass enclosed in the radius (r).

v(r)A/M(r) 2)
Also, when the mass enclosed within a specific radius (r) remains constant, then
1
v(r)« = 3)

For simplicity, consider a galaxy whose radius is r and the entire visible mass of the galaxy (gas, dust, stars,
black hole) is concentrated at the center of mass. So, when a rotating object that has relatively very little mass
compared to the galaxy (so that we can ignore the effect of gravitation) rotates around the center of mass, as the
distance between the center of mass and the rotating object increases, then according to equation (1), the
rotational velocity of the object should decrease.

As mentioned earlier, this offers a streamlined model rather than a full account of the physical characteristics. In
reality, the visible mass of a galaxy is distributed across its stellar disk, at the bulge area, and even at the central
black hole, rather than being concentrated at a single point.

But still, we can apply the formula of the rotational velocity v(r) because at a given radius, rotational velocity
v(r) depends on the total mass M(r) enclosed within that radius. In the case of a normal galaxy, most of the
mass of visible matter is concentrated in the inner region of the galaxy; after a certain radius, the amount of
visible mass enclosed really doesn’t change. As seen in equation (3), when mass remains constant, the rotational
velocity is expected to decrease with distance.

Contrary to this expectation, observations of many spiral galaxies show that the rotational velocity remains
nearly constant even far beyond the visible edge of the galaxy. This information comes from measuring neutral
hydrogen (HI) gas using its 21 cm emission line and also the Doppler shift. This contradiction with the
theoretical prediction implies that the total mass M(r) continues to increase with radius, indicating the presence
of a large amount of unseen mass.

We could study the rotational curves of galaxies beyond the visible area because of the observations of neutral
hydrogen (HI) gas, which emits radiation at a wavelength of 21 centimeters." The Doppler shift refers to the
change in wavelength or frequency of radiation from an object moving relative to the observer. In this context
of rotational curves of the galaxies, it allowed astronomers to determine how fast gas clouds are moving toward
or away from us, and with the help of these observations, we could construct the rotational curves of galaxies

" The 21 cm line is a specific radio signal emitted by neutral hydrogen atoms, used by
astronomers to measure gas motion in galaxies.
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with much more accuracy compared to the traditional way of constructing the galactic rotational curves by
using data from just the visible regions.

This discrepancy between theoretical predictions and observational data gives us a strong reason to support the
dark matter hypothesis, and this will be discussed further in later sections of this paper with real rotational curve
data.

Rotational curves are the curves that show how fast stars/gas clouds are orbiting the center of the galaxy,
depending on the distance between them and the center of the galaxy.

In rotational curves, the X-axis represents the distance from the galactic center, and the Y-axis shows the orbital
velocity of the rotating mass. According to equation (1), the curve should rise near the galactic center by the
factor expressed in equation (2) because more mass is concentrated near it and fall off when we move far from
the galactic center by the factor expressed in equation (3).
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Figure 1. Observed rotation curve of the spiral galaxy NGC 3198.> Red points represent measured rotational
velocities as a function of radius from the galactic center. The dashed curve (v disl) shows the contribution from

visible matter in the stellar disk. The dash-dotted curve (vhal 0) represents an additional fitted component
(additional mass) that is used to match the observed velocities. The solid blue curve (v £ t) represents the total

fitted velocity curve.

2 Image adapted from de Blok et al. (2008), The Astronomical Journal, 136(6), 2648—2719.
https.//doi.org/10.1088/0004-6256/136/6/2648.
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From Figure 1, we can see that the v disk is increasing from 0 kpc to around 5 kpc, and as the distance increases,

the rotational velocity decreases, which fits perfectly as mentioned in equation (3). And this is what should have
happened if the galaxy contained only visible matter, but the actual curve we get is the red points curve, which
is drastically different from the expected rotational curve. But when we add some extra mass (vhalo) to the red

points curve based on the discrepancy between the theoretical predictions and observational data, we get the
resultant rotational curve as the blue curve. We can see that the blue curve almost exactly fits the observed
rotational curve. The (vhalo) is not the directly observed curve but rather a predicted curve, which is obtained

from the discrepancy between theoretical predictions and observational data.

From this discrepancy, we can see that there is some unknown mass that we are not able to detect directly, like
other normal matter, but it does exist in large amounts to the point that it can affect the rotational curves of the
galaxy.

5.2 Cosmic Microwave Background Anisotropies

The universe began with a big explosion around 13.8 billion years ago, which, in today’s date, we call the Big
Bang. The Big Bang is the event that created time, matter, and possibly anything we can think of. In the initial

. . 15 30 . . .
state, the universe was extremely hot, ranging from 10 to 10 kelvin. A few minutes after the Big Bang, the

9 . . . : .
temperature dropped to around 10 kelvin (Big Bang nucleosynthesis era). When the universe first began, it was
a hot, dense, and opaque plasma of particles and radiation. Free electrons and protons constantly scattered
photons, obstructing photons from traveling freely.

The universe continuously expanded, and around 380,000 years after the Big Bang, it cooled enough for protons
and electrons to combine and form neutral hydrogen atoms. This process is called recombination. This drop in
charged particles allowed the photons to travel freely through space without being constantly scattered. The
photons that were freed when matter and radiation (photons) stopped interacting closely are what we now
observe as the cosmic microwave background radiation (CMBR).

During the initial phase of the universe, it expanded rapidly and because of this expansion, the quantum
fluctuations® were stretched to the macroscopic level (these were the quantum fluctuations of energies), and
when these fluctuations stretched to the macroscopic level, they created high-energy and low-energy regions
(regions where high quantum fluctuation occurred were the high-energy-density regions, and the ones with
lower fluctuations were the lower-energy-density regions). These quantum fluctuations created regions of
higher and lower energy density in the inflation field. When inflation ended, the inflation field decayed through
reheating, converting its energy into the hot plasma of radiation and particles that filled the early universe.

* Quantum fluctuation refers to the temporary change in the amount of energy in a point in space, as
allowed by the Heisenberg uncertainty principle.
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However, as the universe was in an early state, the normal matter so formed wasn’t stable (because of intense
temperature and radiation pressure), and it broke apart into ionized electrons and protons, ending up in the
plasma state. Dark matter, on the other hand, was not influenced by electromagnetic or nuclear forces hundreds
of thousands of years before recombination. Instead, it began to clump together, forming gravitational wells that
served as the seeds for the later formation of cosmic structures.*

These gravitational wells of dark matter got stronger over time, creating the clumps of dark matter. Finally,
380,000 years after the Big Bang, the universe cooled enough for protons and electrons to combine and form
neutral hydrogen atoms and for the photons to travel freely through space without being constantly scattered.
This normal matter, combined with the clumped dark matter, helped to form the initial galaxies. The photons
that traveled after getting freed show us the lower and higher energy densities in the universe as a function of
temperature. It’s important to mention that CMB maps typically use false color representations.

The photons that started traveling after getting free had to overcome strong and weak gravitational wells.
Photons, when they tried to escape strong gravitational wells, lost energy (their frequency decreased and got
redshifted). This phenomenon is also known as the Sachs-Wolfe effect. Because of the Sachs-Wolfe effect, the
photons we received from dense regions (dense regions had strong gravitational wells) corresponded to
relatively low temperatures, so such regions are the blue spots in the CMB map. These regions are highly dense
regions but have lower energy. On the other hand, photons that we received from less dense areas had relatively
more energy, corresponding to high temperatures. Such regions are colored red in the CMB map.

We now examine how the CMB provides evidence for dark matter: The Planck satellite mission, operated by
the European Space Agency from 2009 to 2013, provided the most detailed and accurate measurements of the
CMB temperature field to date. The final Planck 2018 data release is the result of the entire mission’s
observations, using advanced methods to separate the important cosmological signals from other space noise.
These maps reveal temperature fluctuations on the order of microkelvin (uK) superimposed on the uniform
2.725 K background temperature, as shown in Figure 2.

* Gravitational wells are the regions in space that have less gravitational potential, meaning they have
high gravity compared to their surroundings.
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Figure 2. Observed cosmic microwave background temperature anisotropies: These are the direct snapshots of
density variations when the universe was only 380,000 years old. The blue regions are the colder regions (up to
300 uK below average / -300 uK)—these were slightly denser areas in the early universe that became galaxy
clusters. The red regions are hotter regions (up to 300 uK above average / 300 uK)—these were less dense areas
that became cosmic voids. The green/yellow areas are at the average temperature (2.725 K). Image adapted
from ESA and the Planck Collaboration (2020).

CMBR captures tiny temperature fluctuations after around 380,000 years of the Big Bang, but it doesn’t tell us
how these fluctuations evolved over time. It’s just a snapshot of the early universe. In the early universe, sound
waves/acoustic oscillations were formed because of the continuous interaction of plasma and radiation. The
gravity tried to collapse the matter, but the radiation pressure tried to expand it. During this, the acoustic
oscillations were trapped inside the plasma of matter, but during the recombination, photons escaped from the
plasma region, and neutral hydrogen atoms were formed. Acoustic oscillations needed a dense medium to
propagate, which wasn’t there because of the formation of hydrogen. Also, there was a scale mismatch (acoustic
oscillation existed in plasma throughout the universe, but as hydrogen atoms formed, the universe was relatively
emptier), so the acoustic oscillation disappeared, but the large impact they had on the density variations
(because of their large scale) got captured in the CMBR. So we also say that sound waves got “frozen” in that
instance.

Now, consider the graph showing the pattern analysis of the frozen acoustic oscillations.
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Simulated CMB Power Spectrum: Evidence for Dark Matter
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Figure 3. Acoustic Oscillations in the Early Universe. Simulated CMB power spectrum showing evidence for
dark matter. The blue line shows predictions with dark matter, and the red dashed line shows predictions
without dark matter. The peaks represent sound waves that were ‘‘frozen’ in the early universe when it became
transparent to light.

In Figure 3, the X-axis represents the angular sizes (1) of temperature patterns (as the CMBR is taken, taking the
Milky Way as the center, the angular sizes just show how big or small the hot and cold regions are from our
perspective).

The Y-axis represents power. The relation between the power spectrum and temperature fluctuation is

approximately given by Equation (4).

Power=(Temperature fluctuation( AT )2 4)

It measures how much temperature difference exists at each spot size. If there are big temperature differences
(very hot spots next to very cold spots), and if there are small temperature differences (everything about the
same temperature).

The graph in Figure 3 shows how the power of acoustic oscillations varies across different scales of the

universe. As the value of [ increases, we observe progressively smaller angular scales. When [ = 200, the
: . : 2 .

power reaches its maximum value of approximately 1000 pK , corresponding to the largest temperature

fluctuation:

=200 = AT = 31.6uK
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This indicates that on larger scales, acoustic oscillations were prominent. We can infer from the graph that at
these large scales, the presence of normal (baryonic) matter was sufficient to generate these oscillations due to
the interplay between gravitational contraction and radiation pressure.

Acoustic oscillations can occur without dark matter because they result from the compression and expansion of
matter caused by gravity and radiation pressure. On large scales, the quantity of ordinary matter alone was
sufficient to generate these oscillations.

But as we increase the value of [ (decrease the scale we are looking at), we see that we need dark matter for the
existence of such acoustic oscillation (3rd peak), where the temperature differences were less relative to the 1st
peak. We can clearly see that we need dark matter to create such an acoustic oscillation. It means that at a
smaller scale in the universe, the gravitational well created by the dark matter helped to form the acoustic
oscillation curve (from the red curve, we can see how the acoustic oscillation would look if only normal matter
were present, but in reality, the acoustic oscillation looks like the blue curve). We can see that if dark matter
weren’t present, the power would be less, and acoustic oscillations would eventually fade out faster, but it
doesn’t happen.

So, the formation of small-scale bodies like galaxies was hard without the presence of dark matter. Heavenly
bodies like galaxies were formed because the gravitational wells created by dark matter initiated their
formation.

Thus, the acoustic oscillation pattern in the CMB power spectrum gives strong empirical evidence for the
existence of dark matter and also shows its vital role in the formation of small-scale structures like galaxies
through its early gravitational influence before the state of decoupling.

5.3 Gravitational Lensing

Gravitational lensing is a direct consequence of Einstein’s general theory of relativity. The curved spacetime
fabric plays a vital role in gravitational lensing. Massive bodies like galaxies and galaxy clusters bend the fabric
of spacetime. The bent spacetime fabric is what the light follows, and because of that, it seems like those
massive objects act like a cosmic magnifying glass. The degree of this bending depends on both the mass of the
lensing object and how close the light passes to it. For weak gravitational fields, the deflection angle can be
calculated using a relatively simple formula:

The deflection angle a for light passing near a massive object is given by:

o = XM )

czb

where:

e ( is the gravitational constant
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e M is the mass of the lensing object (massive object)
e cis the speed of light
e b is the impact parameter (closest approach distance)

The deflection angle is the angle by which the light bends as it passes near the massive object due to gravity. It’s
the angle between the original path of light (if the massive object weren’t present) and the actual curved path
that light follows in the presence of the massive object.

Impact parameter is the perpendicular distance between the original path of light and the center of mass of the
massive object. The value of the impact parameter depends on the direction of the source of light. For a specific
direction of source light and a specific lensing object, the impact parameter is constant.

At the cosmic level, multiple rays are coming from a source, each from a different direction. So each ray has a
different impact parameter and so a different angle of deflection (this creates a distorted image of the source
rather than a sharp image). One of the solutions to this problem is to critically analyze a large volume of
distorted images and combine them to form a relatively sharper image. This technique is widely used in
modern-day observational astronomy.

The following quantitative analysis tests the dark matter hypothesis using observational data from the galaxy
cluster Abell 1689. This system provides a unique opportunity to test the dark matter hypothesis quantitatively
by comparing observed deflection angles with theoretical predictions based on visible matter alone.

Abell 1689 is a massive galaxy cluster located 2.2 billion light-years from Earth. It contains roughly 1,000
galaxies and trillions of stars. The cluster’s immense gravitational field acts as a powerful cosmic lens.

The Chandra X-ray Observatory, the Hubble Space Telescope, and ground-based telescopes such as the Very
Large Telescope (VLT) have all been used to collect data from the galaxy cluster Abell 1689. Chandra’s X-ray
observations reveal hot gas at temperatures around 100 million degrees filling the space between galaxies,
emitting strongly in X-rays. Meanwhile, Hubble’s optical imaging captures individual galaxies and the striking
gravitational lensing arcs produced by Abell 1689’s immense mass, bending light from more distant background
galaxies.

5.3.1 Data Sources and Observational Credits

e Hubble Space Telescope (NASA/ESA): Supplied deep optical imaging data of Abell 1689, enabling
strong lensing arc measurements and photometric mass estimates.

. 13 . .
o Stellar mass estimate: Mste o ™ 1.5 x10 M o (order-of-magnitude estimate; galaxy stellar

mass typically accounts for only ~I1-2% of total cluster mass, Chappuis et al., 2025,
CHEX-MATE)
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e Ground-Based Telescopes (Keck, Subaru, VLT): Provided strong and weak lensing data used to
reconstruct the total mass profile of the cluster.

o Observed deflection angle: o ~ 47.0 arcseconds = 2.28 x 10 radians (Einstein

radius, Coe et al., 2010)

observed

o Effective impact parameter: b = 150 kpc = 4.63 X 10*'m

o Expected deflection from  visible matter: 26 arcseconds  (calculated  from

14
visible™ 1.0x10 M o using equation (5), the same formula and impact parameter used above)

o Discrepancy factor: = 1.79

e Multi-Wavelength Composite Analysis:

. 14 . . . o .
o Total visible mass: Mm,S .~ 1.0 x10 M o (illustrative estimate;, X-ray-emitting gas is the

ibl
dominant baryonic component, ~10x the stellar mass, and Chandra-based mass estimates for
Abell 1689 are systematically 30-50% lower than lensing-based estimates within r = 200 h'’

kpc, Peng et al., 2009)

While the gravitational lensing analysis presented here provides strong evidence for dark matter in Abell 1689,
it is important to acknowledge several uncertainties and assumptions that are inherent in this method. The
deflection angle and impact parameter used are averages and simplifications; in reality, the cluster’s mass
distribution is much more complex, which requires detailed lensing maps and modeling of multiple light rays
for precise mass reconstruction. Measurement uncertainties in the deflection angle and mass estimates can also
affect the exact dark matter fraction. The simplified point-mass lensing relation used here assumes an idealized
geometry and does not fully capture the complex mass distribution and strong-lensing effects present in
different regions of the cluster. Despite these limitations, the mentioned formula and data can still offer an
illustrative demonstration of how gravitational lensing provides compelling evidence for the presence of dark
matter.

Having obtained all the required data for our calculations, we now proceed to the quantitative analysis and
examine how gravitational lensing provides evidence for dark matter.

5.3.2 Quantitative Analysis Using Gravitational Lensing

The formula for the angle of deflection is given by equation (5), which is:

_4GM

czb
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Rearranging equation (5) for the mass of the lensing object:

M = ac’h 6
T 46 ( )

Substituting the observed values:

e = 2.28 X 10_4 radians

observed
e cffective impact parameter (b) = 4.63 X 10" m

e ¢=3.00x10"m/s

o G=6674%x10 "mkg s’

_(2.28x10H-(3.00x10%)% (4.63x10°))  _ (2.28x10 )-(9.00x10'*)-(4.63x10°) _  950x10>" 356 x 1044kg _
observed 4-6.674x10 2.6696x10 " 2.6696x10 "° '

5.3.3 Conclusion and Inference from Observed Data
From the gravitational lensing equation and the substitution of observed parameters, we obtained:

Mass of lensing object (from lensing calculation):

14
~ 1.79 x 10 MO

observed

But from multi-wavelength observations of Abell 1689, the total visible mass (stars + hot gas) is:

14
=1.0 x 10 MO

visible
Thus, only visible mass cannot support the observed gravitational lensing, so,

Mass of dark matter = M -M

observed visible (

14 14
1.79 x 10 — 1.0 x 10 )M@

14
=0.79 x 10 MO

This large discrepancy provides strong observational evidence for the existence of dark matter in the galaxy
cluster Abell 1689. Therefore, Abell 1689 contains approximately 44% dark matter by mass in the lensing
region analyzed here, consistent with gravitational lensing studies showing that visible matter alone cannot
account for the observed mass distribution in galaxy clusters. This is not only true for Abell 1689, but in most
galaxy clusters, the visible matter alone cannot account for the observed gravitational lensing, further
reinforcing the necessity of a dominant dark matter component.
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VI. Limitations of Standard Model Physics

The observational evidence presented in Section V clearly shows that normal matter can’t account for
phenomena like unexpected rotational curves of galaxies, strong gravitational lensing effects, etc. According to
the Standard Model of particle physics, there are four fundamental interactions in nature:

1) Gravitational force
2) Strong nuclear

3) Electromagnetic
4) Weak nuclear

All these forces have their respective force-carrying particles. Strong nuclear forces are carried by gluons, weak
nuclear forces are carried by W and Z bosons, and electromagnetic forces are carried by photons, whereas
gravity is supposed to be carried by a purely hypothetical particle named a graviton.

According to general relativity, gravity is not a force but rather just an effect we feel and observe due to the
curved geometry of spacetime. So, according to this approach, gravitons may not exist, but scientists are still
trying to find gravitons, as they remain an unresolved component of efforts toward a unified theory and general
relativity.

The main reason that dark matter can’t fit into our Standard Model of physics is its weird behavior. It’s the
behavior of not interacting with three out of the four fundamental forces that makes its study even harder. Its
interaction with gravity shows how important it is for the formation of galaxies and other celestial objects, but it
really doesn’t give us enough data to find what its fundamental properties are. The force of gravity itself is
something that we probably know the least about in terms of the quantum scale, so maybe this is one of the
reasons we know very little about dark matter, too.

VII. Theoretical Possibilities of Dark Matter

Based on the current understanding of physics, physicists have proposed a broad range of theoretical models
and possible candidates of dark matter that aim to explain the behavior of dark matter. The possible candidates
of dark matter try to explain the weird behavior of dark matter, while on the other hand, the theoretical model
could potentially explain what dark matter is. A few of the most significant theoretical frameworks and dark
matter candidates are discussed below in the paper.

7.1 Supersymmetry (SUSY)

In our current understanding of physics, particles are broadly divided into two types based on their intrinsic
angular momentum properties. One category is of fermions, which have half-integer spin. Examples include:

.1
e Electrons: spin —-
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o1
® Quarks: spin —-

The other category consists of bosons, which have integer spin and can occupy the same quantum state.
Examples include:

e W/Z bosons: spin 1
e Gluons: spin 1

But in the Standard Model of physics, we are not able to find any fundamental relation between the fermions
and bosons. But the supersymmetry model proposes that there is a superpartner associated with every Standard
Model particle, and hence all the particles of bosons and fermions are linked by these superpartners. It also
proposes that superpartners of fermions are bosons and vice versa. Here are some examples of superpartners
associated with fermions and baryons.

e Electron — Selectron

® Quarks — Squarks

e Photon — Photino

e W/Z bosons » Winos/Zinos
® Gluon — Gluino

e Higgs — Higgsino

In supersymmetry, all particles are organized into supermultiplets; they are like families where each family
contains both a fermion and a boson that are different spin states of the same fundamental entity. It’s the two
sides of the same coin. These supermultiplets also interact with each other through the same forces we know
(electromagnetic, weak, and strong), but now every interaction happens in four ways instead of one. For
example, when an electron interacts with a photon, according to the Standard Model of particle physics, the two
fundamental particles are interacting with each other, but according to supersymmetry, the electron and photon
are part of their own supermultiplets, and when two particles of different supermultiplets interact, not only the
particles themselves but also their supermultiplets interact with each other. The electron supermultiplets
(electron + selectron) interact with supermultiplets of photons (photon + photino), all in mathematically related
ways. So the superpartners are part of a unified web where every particle and its superpartner particle are
involved in all the fundamental interactions.

The supersymmetry model predicts the superpartners to be of the same mass as their partners, meaning that the
selectron must have the same mass as a normal electron, but the reality is very different. The mass of selectrons
is predicted to be relatively very high; this is one of the reasons we don’t see naturally occurring selectrons
because they are very heavy and unstable, so physicists are trying to create selectrons in particle accelerators.
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The different masses of the electron and selectron show that the symmetry is broken. We still don’t have a fixed
answer as to why this symmetry got broken. When the symmetry is broken, the supersymmetry model allows
the individual particles of scalars (which have spin zero) to exist independently, like selectrons, but doesn’t
allow fermions to exist independently; they must mix with others to form mass eigenstates.’

The broken symmetry creates the mass shifts and allows the mixing of the superpartners. For example, the
superpartner of a photon is a photino. If the symmetry were not broken, it also should have been massless, but
because of the broken symmetry, it’s not massless, even though photons are massless. The masslessness of the
photon is actually due to the gauge symmetry, but in the case of the photino, the broken supersymmetry disturbs
the gauge symmetry, so the photino is not massless. It has a mass of around (~ 100-1000 GeV). The broken
symmetry even allows the formation of mass eigenstates, and one of the mass eigenstates formed because of the
broken symmetry is neutralinos. This is formed by the mixing of

Photino: mass of (~ 100-1000 GeV)
Zino: mass of (~ 100-1000 GeV)
Higgsino: mass of (~ 100-1000 GeV)

and the neutralino is relatively a very light particle (it’s the lightest supersymmetric particle, but heavy
compared to the particles of the Standard Model) and almost a perfect candidate for dark matter because it has
all the properties that we need, like

e Heavy: provides the mass we observe
e Stable: exists since the Big Bang
e Electrically neutral: doesn’t interact with light (invisible)

e Weakly interacting: only feels gravity and weak force

7.1.1 Detection Attempts for Supersymmetric Dark Matter

Several efforts all over the world have been made to detect supersymmetric particles, specifically the neutralino,
which is one of the most promising dark matter candidates predicted by supersymmetry. Direct detection
experiments, such as XENONnT, LUX, PandaX, and SuperCDMS, have tried to observe the rare interactions
between neutralinos and atomic nuclei in extremely sensitive underground detectors, but despite decades of
efforts, it hasn’t been detected yet.

® Mass eigenstates are the result of a mathematical process that finds the true physical particles
with definite masses. When theoretical particles have similar masses, the process combines them
to form new particles.
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Another major approach is indirect detection, which aims to identify the secondary particles produced when two
dark matter particles annihilate or decay. Instruments like the Fermi Gamma-ray Space Telescope, AMS-02, and
IceCube Neutrino Observatory search for excess gamma rays, positrons, or neutrinos that could indicate
neutralino annihilation. Also, collider experiments such as the Large Hadron Collider (LHC) have made several
attempts to create supersymmetric particles directly by colliding protons at very high energies and searching for

signatures of missing transverse energy that suggest the missing high-mass hypothetical particles.

7.1.2 Pros and Cons of Supersymmetry

Pros

Cons

1. It provides a natural candidate and one of
the major WIMPs for dark matter in the
form of the lightest supersymmetric particle
(neutralino).

1. No experimental evidence for
any supersymmetric particle has
been found to date.

2. It offers a unified framework for physics
beyond the Standard Model.

2. It requires the existence of
many undiscovered and unverified
hypothetical particles.

3. It provides new insights into the early
universe, which can help to refine our
understanding related to the early universe
and potentially affect cosmic inflation and
other events.

3. The predicted superpartners are
much  heavier than initially
expected, making them extremely
difficult to detect.

4. It allows the inclusion of gravity, which
can potentially explain dark matter and
gravitational effects on the atomic and
subatomic scale.

4.  Supersymmetry  breaking
mechanisms are not fully
understood or experimentally
verified.

5. It predicts new physics that can be tested
through collider experiments, dark matter
searches, and cosmological observations.

5. The amount of energy required
to conduct experiments to detect
superpartners is extremely high
and beyond current experimental
capabilities.

Table 1. Pros and cons of Supersymmetry (SUSY) as a dark matter candidate.

The main advantages and limitations of the supersymmetry approach are summarized in Table 1.
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Although supersymmetry is a convincing theory to explain physics beyond the Standard Model, the lack of
experimental evidence and its complexity are major challenges, which is why it’s currently not included in the
Standard Model of physics.

Although the neutralino remains one of the strongest dark matter candidates predicted by supersymmetric
theories and is also a well-motivated WIMP candidate, it faces several challenges. Additionally, neutralinos are
predicted to interact through the weak force, yet no experimental evidence has confirmed the interaction of dark
matter through the weak force. Neutralinos are a direct prediction of Supersymmetry, but supersymmetry itself
has not been understood or verified to the extent that we can conclude neutralinos are dark matter particles.

7.2 Primordial Black Holes

Black holes are regions in space where the curvature of spacetime leads to an infinitely dense point called a
singularity (a point singularity exists for just non-rotating black holes; for rotating holes, a ring singularity is
predicted to exist). The singularity point has not been experimentally verified, but it is widely accepted within
the scientific community.

Primordial black holes are a bit different from stellar black holes. Primordial black holes are predicted to form
within the first second of cosmic time. Primordial black holes could have formed from extreme density
fluctuations during the inflationary epoch or immediately after the Big Bang.

The primordial black holes were formed not due to the collapse of mass but due to the collapse of energy
density. After the Big Bang, the quantum fluctuations of energy density were at their peak. Some regions may
have been dense enough to collapse under their own gravity, forming primordial black holes. Primordial black
holes have a range of masses based on where and when they were formed. The regions that exceeded the critical
density threshold® for collapse and also had relatively high energy density when collapsed and formed
primordial black holes had much more mass than the primordial black holes formed from regions that also
exceeded the threshold but had lower energy densities.

The mass of a primordial black hole (PBH) formed at cosmic time t is approximately given by:

1/3
M, (©)=y(Gc't) (7)

where:

M PBH(t) = mass of the primordial black hole formed at time ¢,

e vy = numerical factor (typically y ~ 0.2) that depends on the details of the collapse and equation of
state,

6 Critical density threshold for collapse refers to the minimum density required for a system to
undergo gravitational collapse.
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e (7 = gravitational constant,
e (= speed of light,
e t = cosmic time when the PBH forms.

During the initial phase of the Big Bang, inflation occurred, which allowed quantum fluctuations to scale up to
the macro level. The rate of spatial expansion during inflation greatly exceeded the rate at which the cosmic
horizon expanded, effectively causing regions to become causally disconnected (no physical interaction (forces,
information) could be exchanged between those regions). Primordial black holes started to form after the end of
inflation. Some of the over-dense regions were outside of the cosmic horizon due to inflation, but later, when
the inflation ended, those over-dense regions that were in the critical density threshold entered the cosmic
horizon and formed the primordial black holes. This is one of the reasons why the mass of the primordial black
hole is dependent on cosmic time t.

Black holes evaporate by a process called Hawking radiation. The estimated evaporation time ( T pvap )ofa

black hole due to Hawking radiation is given by:

5120mG°M°

S (8)

evap hC
where:

T Evaporation time of the black hole due to Hawking radiation.

G: Gravitational constant.

e M: Mass of the black hole.

h: Reduced Planck constant (h/21r).

c: Speed of light in vacuum.
e T approximately 3. 1416.

From equation (8), we can see that the evaporation time of a black hole T pvap is directly proportional to the mass

of the black hole. An important point to note is that the mass of a black hole continuously changes, as does the
evaporation time. However, this paper primarily focuses on dark matter, so we will not delve into this aspect in
depth.

Using equation (8), we can calculate the minimum mass a primordial black hole must have to exist to date.
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7.2.1 Minimum Mass Required for a Primordial Black Hole to Exist to Date

To determine the minimum mass of a primordial black hole (PBH) that can survive to the present cosmic age,
we equate the evaporation time to the current age of the Universe, t o

From equation (8),

_ 5120nG°M°
evap he'

Equating the evaporation time to the age of the Universe, we have:

=t (9)

evap 0
Combining equations (8) and (9), we solve for the minimum mass Mml_n as:

1

t hc4 3
Mmin = ( . ) (10)

51201G°

Using the numerical values:

G=6674x10 'mkg s ,h=1055x10" mkgs ,c=30x10ms , t =435x10" s

we compute:

~Hy? 7.16x10 " in

_ 1/3 o\ 1/3
[ (435x10"7)(1.055%10 " (3.0x10%* [ 3.72x10 _ 33,1/3 _ 11 -
Mml,n = ( S120m(6.674x10-") = |——— = (5.19 x 10 ) ~ 1.7 x 10  kg. Mm, ~ 1.7

Thus, PBHs with masses above Mmin can only survive to the present. One of the main reasons PBHs are

considered strong dark-matter candidates is that, like dark matter itself, they interact only through gravity.

7.2.2 Detection Attempts of Primordial Black Holes (PBHs)

Primordial black holes are detected with the help of gravitational effects rather than particle interactions,
because PBHs do not emit or reflect light. One of the main methods is gravitational microlensing. This method
is used because when a PBH passes in front of a distant star, it temporarily amplifies its brightness. Surveys
such as MACHO, OGLE, and EROS have been used to search for such events.

Another approach is gravitational-wave detections by observatories like LIGO and VIRGO. This method is used
because when PBHs merge, the resulting gravitational-wave signal can reveal their presence and mass range.
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7.2.3 Pros and Cons of PBHs

Pros

Cons

1. It requires no new particles or forces. It
is fundamentally based on General
Relativity, fitting naturally = within
existing physics.

1. No direct or confirmed observational
evidence for PBHs has been obtained to
date.

2. They could have formed naturally in
the early universe from density
fluctuations during the inflationary
epoch.

2. Many predicted mass ranges have
been discredited based on the
observations of the CMB and
microlensing surveys.

3. PBHs interact only through gravity,
which is one of the major properties of
dark matter itself.

3. It is difficult to distinguish PBHs
from other compact astrophysical

objects, such as neutron stars or stellar
black holes.

4. PBHs could contribute to large-scale
structure formation and may explain
some gravitational wave events detected
by LIGO and VIRGO.

4. The precise formation mechanism
of PBHs requires a fine-tuned early
universe; the existence of such a
condition is itself a debate.

5. PBHs provide a possible explanation for
dark matter without requiring extensions
of the Standard Model.

5. If PBHs make up dark matter, their
distribution must match multiple
cosmological observations, which is

still unverified.

Primordial black holes are one of the prominent theories to explain the existence of dark matter. The approach
of primordial black holes is widely appreciated because they are the theoretical result of the general theory of
relativity and hence don’t require any sort of new particles to be assumed, unlike in supersymmetry. Some

Table 2. Pros and cons of Primordial Black Holes (PBHs) as a dark matter candidate.

additional reasons are:

e Early

Universe origin

e No Conflict with Baryonic Constraints

o Structure Formation Contribution

Although the properties of dark matter and PBHs align, PBHs are yet to be discovered, so the actual properties
are yet to be studied, and also, no confirmed PBH detection has been made to date, but still, their gravitational
influence gives a promising pathway for studying dark matter candidates that require no new physics beyond

general relativity.
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7.3 Weakly Interacting Massive Particles (WIMPs)

WIMPs are probably the most accepted theory for explaining dark matter. Its mass is predicted to be typically
between a few GeV and several TeV. As its name suggests, the particles of WIMPs interact with normal matter
only by the weak force and gravity, but not electromagnetically, which justifies why they cannot interact with
light. Its properties are very similar to the properties of dark matter, and hence it is one of the prominent
theories that explain the existence of dark matter.

WIMPs themselves are an independent theory; it is strongly supported by SUSY. The neutralino, which is a
hypothetical particle predicted by supersymmetry, is a perfect fit for a WIMP. While supersymmetry provides a
natural candidate for WIMPs through the neutralino, WIMPs are not dependent on SUSY. Other theories, such
as extra-dimensional models (predicting Kaluza—Klein dark matter) and Little Higgs theories, also propose
particles with similar weak interactions and masses that could serve as WIMPs. This illustrates the broad nature
of WIMPs and the wide range of possible particles that could serve as WIMPs.

One of the most appealing aspects of WIMPs is known as the “WIMP miracle.” It is just a hypothesis based on
the current understanding of WIMPs and other related theories, but it is a widely accepted one. According to
this, when the early universe was very hot and dense, and the particles formed, they collided billions of times
per second. In such a situation, high-energy collisions between standard particles could produce pairs of WIMPs
and anti-WIMPs. These pairs again collided with each other to give the ordinary particles, so the WIMPs were
in thermal equilibrium with other particles, i.e., the rate at which WIMPs and other particles were formed was
equal to the rate at which they were annihilated.

As the universe expanded, the particles got spread out, and the overall energy of the universe decreased, so
WIMPs couldn’t be formed. As the WIMPs spread out, they couldn’t even annihilate, so the thermal
equilibrium broke down. This made the number of WIMPs in the universe fixed, and when we measured the
strength of annihilation of WIMPs, which should have been there so that the current dark matter density in the
universe can be justified, it ended up being the strength of the weak nuclear force, and this coincidence is what
we call the WIMP miracle.

7.3.1 Detection Attempts of WIMPs

Scientists have attempted to detect WIMPs directly by observing their collisions with atomic nuclei in highly
sensitive underground detectors. These detectors are usually located deep under the Earth’s surface because in
such conditions, the cosmic disturbances won’t disturb the experiment. When a WIMP collides with a nucleus,
it is expected to produce a small recoil of energy, which can be measured using materials such as liquid xenon,
argon, or germanium. Experiments such as XENONIT, LUX, and PandaX are designed to detect such rare
interactions.

In addition to direct searches, scientists are also looking for indirect ones by searching for the secondary
particles produced when two WIMPs collide and annihilate each other. Telescopes and observatories should be
able to pick up on these kinds of annihilations, which should give off high-energy gamma rays, positrons,
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neutrinos, or antiprotons. For example, the Fermi Gamma-ray Space Telescope looks for extra gamma rays in
areas with a lot of dark matter, like the center of the galaxy. At the same time, experiments like AMS-02 on the
International Space Station look for cosmic rays that could come from WIMP interactions. Neutrino detectors
like IceCube also look for possible signals from WIMP annihilations in celestial bodies like the Sun.

Although no conclusive detection has yet been made, these experiments have placed strict limits on the possible
interaction strength and mass of WIMPs, significantly narrowing the range of parameters where they might
exist. This situation highlights both the strengths and the limitations of the WIMP hypothesis, which are listed
below.

7.3.2 Pros and Cons of WIMPs

candidate which is consistent with
cosmological observations.

1. It naturally provides a dark matter 1. Despite decades of experimental and

observational attempts, no conclusive
evidence has been found yet.

2. Explains the observed density of
dark matter through the WIMP
miracle.

2. Increasingly constrained parameter space
due to null results from direct and indirect
searches.

3. Interacts via the weak nuclear
force, which aligns with the expected
strength for dark matter interactions.

3. Requires physics beyond the Standard
Model, such as supersymmetry, to justify
the mass they are predicted to have.

4. Theoretical frameworks like SUSY
naturally predict WIMP candidates
(e.g., neutralino).

4. Other theories, like PBHs and axions,
can explain dark matter without the
existence of WIMPs.

5. Well-studied and  tested
conceptually, providing a clear
experimental roadmap for detection.

5. Some fine-tuning may be needed to
reconcile WIMP properties with all
cosmological and astrophysical constraints.

Table 3. Pros and cons of Weakly Interacting Massive Particles (WIMPs) as a dark matter candidate.

Thus, WIMPs remain one of the leading candidates for dark matter due to their theoretical appeal, the WIMP
miracle, and the support from frameworks like supersymmetry. While they have clear advantages, decades of
experiments have provided no empirical evidence for their existence. This absence of detection is one of the
major drawbacks of the WIMPs hypothesis.
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VIII. Discussion

The results in this paper support the existence of dark matter through three separate types of evidence. Galactic
rotation curves show that visible matter alone cannot explain how fast stars move in spiral galaxies.
Gravitational lensing shows gravitational effects that are much larger than what luminous matter can account
for. The cosmic microwave background anisotropies also show that dark matter was necessary for large-scale
structures to form in the early universe.

These three methods look at very different physical phenomena and operate at very different scales, but they all
point to the same conclusion: a large amount of non-luminous matter exists in the universe. Because these
methods are independent of each other, it becomes harder to argue that the discrepancies seen are just
measurement errors or isolated effects unique to one method. This agreement across methods is one of the
strongest arguments for dark matter.

Among the theoretical models discussed, WIMPs are one of the most studied candidates because their predicted
abundance matches cosmological observations closely, a coincidence often called the WIMP miracle.
Supersymmetry gives a theoretical basis for this kind of particle to exist, mainly through the neutralino.
Primordial black holes take a different approach and explain dark matter using only gravity, without needing
any new particles. None of these models have been confirmed through direct detection so far.

This study also has limitations that should be mentioned. It is based entirely on existing published data and
models rather than new experiments or data collected specifically for this paper. Some of the calculations used
are simplified versions meant to demonstrate the underlying physics, not the full versions used in professional
simulations. Because of this, the conclusions of this paper should be treated as a synthesis of existing evidence
and theory, not as new experimental proof.

Even with these limitations, the level of agreement between observation and theory is notable. Future
improvements in telescopes, particle detectors, and gravitational wave astronomy may eventually reveal what
dark matter actually is. Whatever the outcome, it will have a large impact on how we understand the structure
and history of the universe.

IX. Conclusion

The study of dark matter remains one of the most important and challenging areas of modern astrophysics.
From the analysis of galactic rotation curves, cosmic microwave background anisotropies, and gravitational
lensing, it can be concluded that visible matter alone cannot account for the observed mass distribution of the
universe.

Among the main theoretical models discussed in the paper, Supersymmetry (SUSY) provides a theoretical
framework that predicts potential dark matter candidates, particularly the neutralino. However, its highly
speculative nature and the lack of experimental evidence for supersymmetric particles remain major challenges.
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Primordial Black Holes (PBHs) offer a model based on general relativity without requiring new particles, but no
PBHs have been detected so far, and this makes PBHs just a hypothesis. Weakly Interacting Massive Particles
(WIMPs) stand as the most widely supported candidates due to their natural alignment with observed dark
matter density and cosmological models, though direct detection has not been achieved.

Hence, dark matter’s existence is confirmed by empirical evidence, but studying it is still a challenge for
modern astrophysics. Scientists are working to verify the theoretical models proposed so far, but none of the
theoretical models has provided concrete empirical evidence. Understanding dark matter could be the next step
for exploring the depths of theoretical and observational astrophysics.
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