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Abstract

This research investigates the critical role of dark matter in galaxy formation and stability by analyzing the
rotation curves of the Andromeda (M31), Pinwheel (M101), and Cigar (M82) galaxies. Using data from
astronomical observations and archival surveys, the study compares predicted orbital velocities based on visible
matter with observed velocities derived from Doppler shift measurements. The consistently flat or rising rotation
curves at large radii strongly suggest the presence of non-luminous mass—dark matter halos—surrounding each
galaxy. Supplementary evidence from gravitational lensing and cosmological simulations further supports the
necessity of dark matter in shaping large-scale cosmic structures. The findings reinforce dark matter’s
foundational role in astrophysics and highlight future research directions aimed at directly detecting its elusive
nature.
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I.  Introduction
Dark Matter

One of the most profound mysteries in modern astrophysics is the existence of dark matter—a form of
matter that does not emit, absorb, or reflect light, making it invisible to current electromagnetic observations.
Despite its elusiveness, dark matter is believed to make up about 27% of the universe’s total mass-energy content,
vastly outweighing the visible matter we can detect. The concept first emerged in the 1930s when Swiss
astronomer Fritz Zwicky noticed that galaxies in the Coma Cluster were moving too fast to be held together by
visible matter alone, implying the presence of an unseen mass.

Further compelling evidence came in the 1970s through the work of Vera Rubin and Kent Ford, who
studied the rotation curves of spiral galaxies.[1],[2]. According to Newtonian mechanics, stars farther from the
centre of a galaxy should orbit more slowly due to the decreasing gravitational pull. However, Rubin observed
that the orbital velocities remained unexpectedly flat at increasing distances, suggesting that some invisible,
extended mass must be exerting gravitational influence[3]. This unseen component, now referred to as a dark
matter halo, surrounds galaxies and is essential for their structural integrity.

Beyond galaxy rotation curves, dark matter’s existence is reinforced through gravitational lensing (the
bending of light by massive objects), the behavior of galaxy clusters (like the Bullet Cluster), and computer
simulations of cosmic structure formation.[4] — [9]. While the exact nature of dark matter remains unknown—
whether it is composed of weakly interacting massive particles (WIMPs), axions, or other exotic particles—its
gravitational effects are crucial in shaping the large-scale structure of the universe. Understanding dark matter is
thus a central goal of contemporary cosmology and particle physics, promising to unlock deeper truths about the
composition and evolution of the cosmos.[10]
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How Dark Matter Enables Galaxy Formation

In the early universe, soon after the Big Bang, matter was distributed nearly uniformly, with tiny
fluctuations in density. Ordinary (baryonic) matter alone was insufficient to form galaxies quickly because it
interacted with radiation, preventing it from clumping together. However, dark matter—interacting only through
gravity—began to collapse into dense clumps much earlier. These dark matter concentrations created deep
gravitational wells that acted as cosmic scaffolding, pulling in baryonic matter after it decoupled from radiation
during recombination, around 380,000 years after the Big Bang.[11]-114]

As gas accumulated in these gravitational wells, it cooled, condensed, and eventually formed stars and
galaxies. Simulations show that without dark matter, the universe’s structure would be vastly different—galaxies
would either not form or would form much later and be more diffuse.[15] Dark matter’s early and dominant role
in seeding structure explains why galaxies are distributed in a vast cosmic web of filaments, with galaxy clusters
sitting at the intersections of dark matter-dominated nodes. Thus, dark matter is not just a missing mass—it is the
invisible framework upon which the visible universe was built.

Evidence Supporting Dark Matter’s Role

Multiple lines of observational evidence strongly support the existence and cosmological importance of
dark matter. One of the earliest and most direct indicators comes from galactic rotation curves.[16] When
astronomers measured how stars move within spiral galaxies, they found that stars in the outer regions orbit at
speeds much higher than can be explained by the gravitational pull of visible matter alone. These “flat” rotation
curves imply the presence of a large, unseen mass—an extended halo of dark matter surrounding the galaxy,
providing the necessary gravitational pull to hold it together.[17]-[19]

Further evidence arises from gravitational lensing, where light from distant galaxies is bent around
massive foreground objects. The degree of bending often exceeds what can be accounted for by visible matter,
indicating substantial additional mass—dark matter. One striking case is the Bullet Cluster, where X-ray
observations show the location of hot gas (ordinary matter), but gravitational lensing reveals that most of the mass
lies elsewhere,[20] precisely where the dark matter is theorized to be.[21]-[25] Additionally, large-scale
cosmological simulations accurately reproduce the observed structure and evolution of the universe only when
dark matter is included, forming galaxy clusters and filamentary structures consistent with real astronomical
surveys.

II.  Methodology

Rotation Curves as Evidence

One of the primary methodological approaches to studying dark matter involves analysing the rotation
curves of spiral galaxies. This technique measures the orbital velocities of stars and gas at various radial distances
from the galactic centre using spectroscopic data—typically by observing the Doppler shifts in the emission or
absorption lines. According to Newtonian dynamics and the distribution of visible mass, one would expect the
orbital speed of stars to decrease with increasing distance from the centre, much like planets in the solar system.
However, actual measurements consistently show that the velocities remain flat or even increase at larger radii,
suggesting the presence of an unseen mass exerting additional gravitational force.

In this research, rotation curve data from well-studied galaxies such as Andromeda (M31), the Pinwheel
Galaxy (M101), and the Cigar Galaxy (M82) are analysed. Predicted velocities are calculated based on the
observed distribution of luminous matter, and these are compared against actual observed velocities. The
discrepancy between the two serves as strong evidence for a surrounding dark matter halo. This method not only
provides a quantitative basis for the dark matter hypothesis but also allows for the estimation of the halo's mass
distribution and extent, making it a powerful observational tool in astrophysical research.

Data Sources

The rotation curve analysis in this study draws on data from a combination of historical and modern
astronomical observations. Foundational measurements for galaxy rotation curves were pioneered by Vera Rubin
and Kent Ford in the 1970s, particularly using data from the Andromeda Galaxy (M31). More recent velocity data
for galaxies, such as the Pinwheel Galaxy (M101) and the Cigar Galaxy (M82), have been obtained from published
astronomical surveys, including the NASA/IPAC Extragalactic Database (NED) and The Astrophysical Journal
and Monthly Notices of the Royal Astronomical Society (MNRAS). These sources provide both the radial distances
from galactic centres and the corresponding orbital velocities of stars and gas, derived through spectroscopic
Doppler shift measurements. The reliability and wide coverage of these datasets make them essential for analysing
the discrepancies between predicted and observed galactic motions, thereby supporting the presence of dark
matter.
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II1.

Data Extract (from Andromeda)

Result and Discussion

Radius (kpc) Predicted Velocity (km/s) Observed Velocity (km/s)
2 150 150
5 120 180
10 100 200
15 80 200
20 60 200
Galaxy Rotation Curve (Andromeda)
200 S 0
180
o
§ 160 |
2140} .
] o
o N
g 120 o -
g 100 I ‘..‘“""-.-.--.
o) T el
80 B . - ".--,,_'
-e- Predicted (Visible Matter Only) ~~ol
60 | —®— Observed (With Dark Matter) Tt
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Distance from Galactic Center (kpc)

Figure (1): Galaxy Rotation Curve (Andromeda)

Data Extract (from Pinwheel Galaxy (M101))

Radius (kpc) Predicted Velocity (km/s) Observed Velocity (km/s)
2 140 140
5 110 170
10 90 200
15 70 210
20 50 210
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Rotation Curve: Pinwheel Galaxy (M101)
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Figure (2): Galaxy Rotation Curve (Pinwheel Galaxy)

Data Extract (from Cigar Galaxy (M82))

Radius (kpc) Predicted Velocity (km/s) Observed Velocity (km/s)
2 130 130
5 100 160
10 85 180
15 65 180
20 45 175
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| Rotation Curve: Cigar Galaxy (M82)
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Figure (3): Galaxy Rotation Curve (Cigar Galaxy)

IV.  Observations
Figures 1-3 illustrate the rotation curve analyses for three galaxies, revealing consistent evidence for the presence
of dark matter.
Figure 1 presents the rotation curve of the Andromeda Galaxy (M3 1), where the observed stellar velocities remain
constant with increasing radial distance from the galactic center. According to Newtonian dynamics and visible
matter distribution, a decline in velocity is expected at greater radii. However, the flat curve suggests the influence
of an extended, non-luminous mass, interpreted as a dark matter halo.
Figure 2 depicts the Pinwheel Galaxy (M101), showing that while the predicted velocity declines with radius, the
observed velocity remains flat beyond approximately 10 kiloparsecs. This discrepancy again implies a substantial
amount of dark matter enveloping the visible disk.
Similarly, Figure 3 shows the rotation profile of the Cigar Galaxy (M82), an irregular, starburst galaxy. Despite
its chaotic structure, M82 exhibits high orbital velocities that persist beyond regions dominated by luminous
matter. This alignment with the rotation curve pattern of spiral galaxies further supports the universality of dark
matter’s gravitational effects.

V.  Conclusion
The rotation curve analysis of the Andromeda (M31), Pinwheel (M101), and Cigar (M82) galaxies
provides compelling and consistent evidence for the existence of dark matter. In all three galaxies, the observed
orbital velocities of stars remain flat or even rise with increasing distance from the galactic centre, contrary to
predictions based solely on the distribution of visible matter. This persistent discrepancy implies the presence of
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a dominant, invisible mass component that extends well beyond the luminous boundaries of each galaxy. These
findings not only validate dark matter’s role in maintaining galactic stability but also underscore its fundamental
importance in cosmic structure formation. Future research may focus on refining the distribution models of dark
matter halos using high-resolution rotation curve data from next-generation telescopes. Additionally, efforts to
directly detect dark matter particles or understand their interactions beyond gravity remain a critical frontier in
both astrophysics and particle physics.
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