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neutral hydrogen. This shows a rotation curve that flattens out beyond about
10-15 kpc from the center.

2. Stellar Velocity Measurements: The motion of stars in the Milky Way’s
disk has also been measured. These measurements also indicate that beyond
15 kpc, the velocities remain constant.

The rotation curve of the Milky Way has been used to model its mass
distribution, revealing that the galaxy contains a significant amount of dark matter,
which is not directly observable through electromagnetic radiation but inferred
through gravitational effects.

7. Gravitational Effects on Galactic Rotation

Galactic rotation curves are not only influenced by visible and dark matter but
also by other factors such as:

1. Interactions with Other Galaxies: Galaxies can experience tidal forces
when they interact with nearby galaxies, which may perturb the motion of
stars and gas within the galaxy. These interactions can cause distortions in
the galaxy's rotation curve, especially in the case of galaxy mergers.

2. Galaxy Shape: The shape of the galaxy (spiral, elliptical, irregular)
influences its rotation curve. Spiral galaxies typically have a disk-like structure
with relatively flat rotation curves, while elliptical galaxies, which lack a
distinct disk, may have more complex rotation profiles.

3. Central Supermassive Black Hole: Many galaxies, including the Milky
Way, contain a supermassive black hole at their center. The presence of
this black hole contributes to the overall mass in the central region, affecting
the rotation curve. The influence of the supermassive black hole is significant
within a few parsecs from the galactic center but becomes negligible at larger
distances.

3.5 Stellar Populations

Stellar populations refer to distinct groups of stars that share similar
characteristics, such as age, metallicity (chemical composition), and evolutionary
state. These groups are used to classify stars and understand the processes of star
formation, evolution, and the overall structure of galaxies. Stellar populations play a
critical role in our understanding of galaxy formation, stellar evolution, and
cosmology. In essence, by studying stellar populations, astronomers can probe the
history of a galaxy, its star formation processes, and the physical conditions that
governed its evolution.
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There are two main categories of stellar populations:

1. Population I Stars: Younger stars, generally found in the disk of the galaxy,
and rich in metals.

2. Population II Stars: Older stars, typically found in the halo or globular
clusters, and poorer in metals.

3. Population III Stars (hypothetical): The first generation of stars that
formed in the universe, composed almost entirely of hydrogen and helium.

Additionally, there are more detailed sub-categories, such as metallicity,
age, and kinematic properties, which provide further insights into stellar
populations and the formation history of galaxies.

1. Classification of Stellar Populations

Population I Stars (Pop I)

o Characteristics:

o

Age: These stars are generally young to middle-aged, ranging from a
few million to a few billion years old.

Location: Found primarily in the disk of the galaxy, especially in
spiral arms, where new star formation is ongoing.

Metallicity: These stars are relatively metal-rich, with a high
proportion of elements heavier than hydrogen and helium (often
denoted by a higher [Fe/H], where "Fe" is iron). The metallicity of
Population I stars is typically around 0.2 to 1 solar metallicity,
meaning they contain a similar or higher proportion of metals
compared to the Sun.

Examples: The Sun, as well as stars in the Milky Way's disk and spiral
arms.

Kinematics: Population I stars follow near-circular orbits around
the galactic center, which is characteristic of stars in the galactic disk.

» Significance:

o

Population I stars provide crucial information about the recent
history of star formation in galaxies. Their high metallicity suggests
that the galaxy has experienced multiple generations of star formation
and supernova explosions, enriching the interstellar medium with
heavier elements.

Population II Stars (Pop II)

o Characteristics:
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Age: Population II stars are older, with ages often exceeding 10 billion
years. These stars are often in advanced stages of stellar evolution.
Location: Found mainly in the halo, globular clusters, and the
bulge of galaxies. The stars in the halo are more dispersed and do not
follow the plane of the galaxy, unlike Population I stars.

Metallicity: These stars are metal-poor compared to Population I
stars, typically with metallicities ranging from 0.0001 to 0.2 solar
metallicity. The lower metallicity suggests that these stars formed
early in the history of the universe when the interstellar medium was
not yet enriched by many generations of supernovae.

Examples: The stars in the Galactic halo, and stars in the globular
clusters, such as Omega Centauri or M13.

Kinematics: Population II stars have more eccentric orbits, with
some stars having highly elliptical trajectories around the galactic
center. This suggests that they are less gravitationally bound to the
disk and are more likely to be found in the outskirts of the galaxy or in
the galactic halo.

« Significance:

@)

The study of Population II stars helps astronomers understand the
early stages of galaxy formation and the first generations of
stars. The low metallicity indicates these stars were formed before or
during the early stages of galactic evolution when the interstellar
medium had a low content of heavy elements. Studying these stars
gives insights into the chemical evolution of the universe.

Population II stars also give clues about the formation of globular
clusters, which are thought to be among the oldest stellar systems in
the universe.

Population III Stars (Pop III)

OAS351_SS

o Characteristics:

o

Age: These stars are hypothesized to have formed during the very
early universe, likely within the first few hundred million years after
the Big Bang.

Location: As these stars are thought to have been the first generation
to form, they would have been located in the early structures of the
universe, possibly in the first protogalaxies.

Metallicity: Population III stars would be composed almost entirely of
hydrogen and helium, with virtually no metals. They would have a
metallicity close to zero ([Fe/H] = -3 or lower).
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o

Examples: No Population IIT stars have been directly observed, but
their existence is inferred from simulations and observations of the
cosmic microwave background radiation (CMB) and early galaxy
formation.

Kinematics: Population III stars likely had kinematics that were not
significantly different from those of Population II stars, though their
distribution in space would have been different as they formed in
primordial environments.

Significance:

o

Population III stars are important because they are believed to have
played a central role in the reionization of the universe and in
enriching the interstellar medium with heavier elements (metals)
through supernova explosions. These stars could have been
massive and short-lived, potentially leading to the formation of black
holes and the early evolution of galaxies.

Studying these stars is crucial to understanding the first generations
of stars and the early stages of cosmic evolution.

2. Properties and Characteristics of Stellar Populations

Age

The age of stellar populations is one of the most important characteristics
that distinguish them. The age of a stellar population affects its overall luminosity,
color, and chemical composition. For example:

Young stellar populations (Population I) are brighter and bluer, as their stars
are still on the main sequence and emit predominantly in the blue and
ultraviolet parts of the spectrum.

Older populations (Population II) are redder, as their stars are typically in
later stages of evolution, such as red giants or white dwarfs.

Metallicity ([Fe/H])
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The metallicity of a stellar population is a measure of the abundance of
elements heavier than hydrogen and helium. Metallicity plays a crucial role in:

The evolution of stars: More metal-rich stars have greater opacity in their
interiors, which can affect their temperature, size, and lifespan.

Galaxy evolution: The metal content of a stellar population is an indicator
of the chemical enrichment of the galaxy, which is the result of earlier
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generations of stars and supernovae dispersing heavier elements into the
interstellar medium.

The metallicity of a stellar population is typically quantified as the ratio of the
iron content of the population compared to that of the Sun, denoted [Fe/H].

o [Fe/H] > 0: Metal-rich stars (Population I)
o [Fe/H] = 0: Solar-metallicity stars
o [Fe/H] < 0: Metal-poor stars (Population II and III)

Kinematics and Orbital Motion

The kinematic properties of stars, including their orbital velocity,
eccentricity, and angular momentum, are closely tied to their location and
evolution. The kinematics of stellar populations can provide insights into the
structure and dynamics of galaxies:

« Population I stars have more circular orbits and tend to be confined to the
galactic disk.

« Population II stars have more eccentric orbits and are found in the galactic
halo or bulge.

Kinematic studies of stellar populations are crucial for understanding the
formation history of galaxies and their internal structure, such as the bulge, disk,
and halo.

3. Applications and Importance of Studying Stellar Populations
Star Formation History

By examining the stellar populations in a galaxy, astronomers can reconstruct
its star formation history. The mix of Population I, II, and possibly III stars
reveals information about:

« The rate of star formation at different epochs.

« The influence of gas accretion, mergers, and other processes on star
formation.

« The timescales over which star formation occurred and how it evolved over
cosmic time.
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Chemical Evolution of Galaxies

Stellar populations are a key tool in understanding the chemical evolution
of galaxies. As stars age and undergo nuclear fusion, they produce heavier
elements, which are then distributed throughout the galaxy through supernova
explosions and stellar winds. The metallicity of different stellar populations reflects
the amount of chemical enrichment that has occurred in a galaxy since its
formation.

Galaxy Evolution

Stellar populations provide insights into the evolutionary history of
galaxies. By comparing the stellar populations in different regions of a galaxy (e.g.,
the disk, bulge, and halo), astronomers can infer the formation history of the
galaxy. For example, if a galaxy has a large population of Population II stars, it may
indicate that the galaxy formed in an earlier epoch and has undergone a more
gradual evolutionary process, while a younger population may suggest more recent
star formation activity.

Cosmology

The study of stellar populations also has important implications for
cosmology. By understanding how stars of different populations form and evolve,
astronomers can better model the formation and evolution of galaxies and the
universe as a whole.

3.6 Galactic Magnetic Field and Cosmic Rays

The galactic magnetic field and cosmic rays are two interconnected
phenomena that play crucial roles in the behavior of the interstellar medium (ISM),
the dynamics of galaxies, and even the larger-scale structure of the universe. Both
fields are highly complex, governed by various physical processes, and have
significant implications for understanding galaxy formation, star formation, and
cosmic evolution. To understand them fully, it is necessary to delve into their origins,
properties, interactions, and effects in the context of astrophysical environments.

1. Galactic Magnetic Field

The galactic magnetic field refers to the magnetic field present within a
galaxy, particularly within the Milky Way, and other galaxies. This magnetic field is
not only present in the gas that fills the interstellar medium (ISM) but also in the
stars, star clusters, and even in supernova remnants. The study of these magnetic
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