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1 Solar System

The solar system consists of the Sun and the celestial objects gravitationally
bound to it, including the eight planets, their moons, dwarf planets like Pluto,
and smaller bodies such as asteroids and comets. The planets are divided into
terrestrial planets (Mercury, Venus, Earth, Mars) and giant planets (Jupiter,
Saturn, Uranus, Neptune).

Explore Further : Look up “formation of the solar system,” “asteroid belt,”
and “Kuiper Belt.”

2 Kepler’s Laws of Planetary Motion

Kepler’s Laws describe the motion of planets around the Sun:

• First Law (Law of Ellipses): Each planet’s orbit is an ellipse with the
Sun at one focus.

• Second Law (Law of Equal Areas): A line segment joining a planet
and the Sun sweeps out equal areas during equal intervals of time. This
implies that planets move faster when closer to the Sun.

• Third Law (Law of Harmonies): The square of the orbital period T
of a planet is directly proportional to the cube of the semi-major axis a of
its orbit:

T 2 ∝ a3 (1)

or, in terms of gravitational constant G and mass of the Sun M⊙:

T 2 =
4π2

GM⊙
a3 (2)

Explore Further : Search for “Kepler’s constant,” “orbital eccentricity,” and
“Keplerian orbit.”

1



3 History of Exoplanet Detection

The search for exoplanets (planets orbiting stars outside our solar system)
began in the 1990s. Early techniques focused on indirect methods, and the
discovery of the exoplanet 51 Pegasi b in 1995 marked a significant milestone.
Since then, thousands of exoplanets have been detected using various methods,
primarily through radial velocity and transit methods.

Explore Further : Look up “51 Pegasi b discovery,” “transit photometry,”
and “habitable zone.”

4 Giant Planets

Giant planets (or gas giants) are massive planets primarily composed of hy-
drogen and helium. In our solar system, Jupiter and Saturn are gas giants, while
Uranus and Neptune are classified as ice giants due to their higher concentration
of water, ammonia, and methane.

Explore Further : Search for “gas giants vs. ice giants,” “Jovian planets,”
and “planetary atmospheres.”

5 Direct Detection of Exoplanets

Direct detection of exoplanets is challenging due to the brightness of stars
compared to their planets. However, techniques such as adaptive optics and
coronagraphy allow telescopes to directly image some exoplanets, particularly
those far from their host stars and with favorable contrast ratios.

Explore Further : Look up “coronagraphy in astronomy,” “adaptive optics,”
and “infrared imaging.”

6 Radial Velocity and Doppler Effect

The radial velocity method detects exoplanets by observing the “wobble”
in a star’s position caused by gravitational interactions with orbiting planets.
This technique relies on the Doppler effect, where shifts in the star’s spectral
lines reveal motion toward or away from Earth.

The Doppler shift equation for velocity v is:

v =
∆λ

λ0
c (3)

where:

• ∆λ is the change in wavelength,

• λ0 is the original wavelength, and

• c is the speed of light.
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Explore Further : Look up “stellar radial velocity,” “blue shift and red shift,”
and “spectroscopy in astronomy.”

7 Astrometry

Astrometry is the precise measurement of star positions and movements. In
exoplanet detection, it can reveal the presence of a planet by detecting tiny shifts
in a star’s position due to gravitational interactions. The angular momentum
L of a system, crucial for understanding orbital dynamics, is given by:

L = m · r · v (4)

where:

• m is the mass of the object,

• r is the radius or distance from the axis, and

• v is the tangential velocity.

Explore Further : Look up “Gaia mission,” “proper motion,” and “parallax
in astronomy.”

8 Hubble law

Hubble’s Law describes the observation that galaxies appear to be receding from
us, with a velocity that is proportional to their distance from Earth. Mathe-
matically, this is expressed as:

v = H0 · d

where:

• v is the recessional velocity of the galaxy,

• d is the distance to the galaxy from Earth,

• H0 is the Hubble constant, which represents the rate of expansion of the
universe.

This relationship implies that the universe is expanding uniformly, and the
value of H0 helps determine the age and scale of the universe.

Explore Further : Look up Hubble Parameter as a Function of Redshift.

3



9 Friedmann Equation

The Friedmann Equation is a fundamental relation in cosmology derived from
Einstein’s field equations of general relativity. It governs the dynamics of the
universe’s expansion, relating the Hubble parameter (H(t)) to the energy con-
tent and geometry of the universe. It is expressed as:

H2(t) =
8πG

3
ρ− k

a2
+

Λ

3
,

where:

• H(t): the Hubble parameter, which describes the rate of expansion at
time t,

• ρ: the total energy density of the universe, including matter, radiation,
and dark energy,

• k: the curvature parameter (k = 0 for flat, k > 0 for closed, k < 0 for
open universes),

• a: the scale factor, which measures the relative size of the universe over
time,

• Λ: the cosmological constant, representing dark energy.

This equation explains how different energy components influence the ex-
pansion and curvature of the universe.

Explore Further : Study how the Friedmann Equation predicts the universe’s
future based on Λ and ρ.

10 Dark Matter

Dark matter is a mysterious form of matter that does not interact with elec-
tromagnetic radiation, making it invisible. Its existence is inferred through its
gravitational effects, such as:

• Explaining the flat rotation curves of galaxies, where stars at the outer
edges move faster than expected,

• Contributing to the formation of large-scale structures in the universe,

• Affecting the gravitational lensing of light around galaxy clusters.

Dark matter constitutes about 27% of the universe’s energy density. Its exact
nature remains unknown, but it is hypothesized to consist of weakly interacting
massive particles (WIMPs) or other exotic particles.

Explore Further : Research experiments like LUX-ZEPLIN or the Alpha
Magnetic Spectrometer, which aim to detect dark matter.
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11 Dark Energy

Dark energy is a mysterious force responsible for the accelerated expansion of
the universe. It makes up about 68% of the universe’s energy density and is
often associated with the cosmological constant (Λ) in the Friedmann Equation.
Key observations supporting dark energy include:

• The accelerated expansion of the universe, as observed in supernova data,

• The cosmic microwave background radiation patterns, which suggest a flat
universe dominated by dark energy,

• Large-scale structure surveys, which reveal its influence on cosmic evolu-
tion.

Dark energy is thought to be intrinsic to space itself, though its exact nature
is still a profound mystery in modern physics.

Explore Further : Learn about alternative explanations for dark energy, such
as quintessence or modifications to general relativity.

12 Particle Horizon

The particle horizon defines the maximum distance from which light has had
time to travel to an observer since the beginning of the universe. It represents
the boundary of the observable universe. The particle horizon distance is given
by:

dparticle = c

∫ t0

0

dt

a(t)
,

where:

• c: the speed of light,

• t0: the age of the universe,

• a(t): the scale factor as a function of time.

This integral accounts for the fact that the universe has been expanding over
time, stretching the distances between objects. The particle horizon is essential
for understanding the size of the observable universe.

Explore Further : Investigate the relationship between the particle horizon
and the cosmic microwave background (CMB).

13 Cosmological Distance

Cosmological distances differ from everyday distances due to the expansion of
the universe. There are several ways to measure distances in cosmology, includ-
ing:
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• Comoving Distance: Accounts for the universe’s expansion and repre-
sents the distance between two points at the same cosmic time.

• Proper Distance: The physical distance between two points at a given
time, which changes as the universe expands.

• Luminosity Distance: Used in observations of distant objects, it relates
the apparent brightness of an object to its distance.

• Angular Diameter Distance: Relates the observed angular size of an
object to its physical size.

These distances are related by the scale factor a(t) and redshift z, which
measures how much the wavelength of light has stretched due to the universe’s
expansion.

Explore Further : Study how cosmological distances are used to estimate the
Hubble constant from Type Ia supernovae observations.

14 Age of the Universe

The age of the universe is determined from the inverse of the Hubble constant
and the integration of the Friedmann Equation. In a flat, Λ-dominated universe,
the age is approximately:

t0 =
1

H0

∫ 1

0

da

a
√
Ωma−3 +ΩΛ

,

where:

• H0: the Hubble constant,

• a: the scale factor,

• Ωm: the matter density parameter,

• ΩΛ: the dark energy density parameter.

Current estimates place the universe’s age at approximately 13.8 billion
years, based on measurements from the cosmic microwave background radia-
tion and galaxy surveys.

Explore Further : Investigate how the age of the universe is constrained by
observations of globular clusters and the oldest known stars.

15 Interstellar Medium (ISM) and Intergalactic
Medium (IGM)

The Interstellar Medium (ISM) and Intergalactic Medium (IGM) refer to the
matter found between stars and galaxies, respectively.
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• ISM: The ISM consists of gas (mostly hydrogen and helium), dust, and
cosmic rays within galaxies. It plays a critical role in star formation and
the recycling of elements through supernova explosions and stellar winds.

• IGM: The IGM is the matter between galaxies and contains mostly ion-
ized hydrogen. It holds much of the universe’s baryonic matter and influ-
ences the propagation of light, leading to phenomena like the Lyman-alpha
forest in quasar spectra.

These components are vital for understanding galaxy evolution, large-scale
structure formation, and the thermal history of the universe.

Explore Further : Study how reionization influenced the IGM during the
early universe.

16 Concordance Model

The Concordance Model of cosmology, also known as the ΛCDM model, is
the standard framework describing the universe’s evolution. It is based on the
following key components:

• Dark Energy (Λ): Accounts for 68% of the universe’s energy density,
driving the accelerated expansion of the universe.

• Cold Dark Matter (CDM): Accounts for 27% of the universe, provid-
ing the gravitational framework for the formation of galaxies and large-
scale structures.

• Ordinary Matter: Makes up 5% of the universe and includes stars,
planets, and intergalactic gas.

This model is supported by evidence such as the cosmic microwave back-
ground (CMB), galaxy surveys, and Type Ia supernova observations.

Explore Further : Investigate the role of the cosmic baryon acoustic oscilla-
tions in confirming the ΛCDM model.

17 Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN) refers to the formation of light elements
during the first few minutes of the universe’s existence when the temperature
was sufficiently high for nuclear fusion. The key processes involved:

• Hydrogen nuclei (1H) fused to form helium (4He) and trace amounts of
deuterium (2H), tritium (3H), and lithium (7Li).

• The relative abundances of these light elements depend on the baryon-to-
photon ratio and the universe’s expansion rate.
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Observations of the primordial abundances of these elements provide criti-
cal tests of the Big Bang model and constraints on the baryon density of the
universe.

Explore Further : Learn how observations of deuterium in distant gas clouds
test the predictions of BBN.

18 Dark Matter in Clusters

Dark matter, an invisible component of the universe, reveals its presence pri-
marily through gravitational effects. One key piece of evidence comes from
galaxy clusters, where the observed motion of galaxies and the hot gas within
the cluster suggests a gravitational pull much stronger than can be accounted
for by visible matter alone. Additionally, gravitational lensing, where light from
background galaxies is bent by the cluster’s gravitational field, provides further
evidence of dark matter’s existence. The study of such lensing patterns allows
astronomers to map the dark matter distribution, highlighting its dominance in
cluster dynamics.

19 Gravitational Lensing

Gravitational lensing occurs when massive objects, such as galaxy clusters, warp
spacetime sufficiently to bend the path of light from distant sources. This
phenomenon is predicted by general relativity and provides a powerful tool for
studying both visible and dark matter. Strong lensing results in phenomena like
Einstein rings and multiple images of background objects, while weak lensing
causes subtle distortions in the shapes of galaxies. These distortions can be
statistically analyzed to infer the mass distribution, including dark matter, in
the lensing object.

20 Inflation and the Horizon Problem

The theory of cosmic inflation postulates a rapid exponential expansion of the
universe shortly after the Big Bang. This expansion addresses the horizon prob-
lem, which arises from the observation that regions of the cosmic microwave
background (CMB) separated by vast distances exhibit nearly identical tem-
peratures, despite being causally disconnected in a non-inflationary universe.
Inflation ensures that these regions were once in causal contact before the rapid
expansion stretched them beyond the observable horizon.

21 Scale Invariance in Cosmology

Scale invariance refers to the property that the primordial density fluctuations
in the early universe exhibit similar behavior across different scales. Inflation
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naturally predicts this feature, as quantum fluctuations during inflation are
stretched to macroscopic scales, leading to a nearly scale-invariant spectrum of
perturbations. Observations of the CMB and large-scale structure confirm this
prediction, providing strong evidence for inflationary models.

22 The Flatness Problem

The flatness problem pertains to the remarkable observation that the universe
appears to be spatially flat, as indicated by measurements of the CMB. In the
framework of general relativity, any deviation from flatness would grow over
time, requiring extreme fine-tuning in the early universe to result in the flatness
observed today. Inflation resolves this issue by exponentially expanding the
universe, driving the curvature parameter k toward zero, thereby ensuring a
flat geometry regardless of initial conditions.

23 Causal Structure and Diffeomorphism Co-
variance

The mathematical underpinning of many of these cosmological insights is rooted
in the invariance of physical laws under coordinate transformations, known as
diffeomorphism covariance. This principle ensures that the form of the laws re-
mains consistent regardless of the chosen coordinate system, reflecting the deep
symmetry of general relativity. This invariance underpins our understanding of
cosmological evolution, from the inflationary epoch to the large-scale structure
of the universe.
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