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Olber Paradox
If our universe is infinitely old and infinite in size then why isn't the night sky uniformly bright?

The night sky must be 
as bright as the 

surface of the sun.



Resolution of Olber Paradox

The universe has a finite age.
The lights from star after a finite distance has not has time
to reach us. This distance is called horizon distance.



Cosmological Principle
On large scale the universe is homogeneous and isotropic. In another words viewing on large scale the property of the
universe is same for all observer. There is no preferred place or direction in the universe. The Universe is homogeneous and
isotropic on scales > 100 Mpc. 1 pc ≈ 3.261563777 ly

First clearly asserted by Isaac Newton in his
Philosophiæ Naturalis Principia Mathematica
(1687).
A corollary to the cosmological principle is that the
laws of physics are universal. 
It implies that all parts of space are causally
connected at some time in the past (although they
may no longer be connected today). Thus, the
whole Universe appeared at a single moment of
time, a Creation.



Cosmological Principle



The Four Fundamental Forces of Nature 
1.Gravity – The weakest but most far-reaching force; governs planetary motion

and the structures in the universe.

2.Electromagnetic Force – Responsible for light, electricity, and magnetism; holds

atoms and molecules together.

3.Strong Nuclear Force – Binds protons and neutrons in the atomic nucleus;

strongest of all forces.

4.Weak Nuclear Force – Governs radioactive decay and nuclear fusion in stars.



Why Gravity is Key to Understanding the
Cosmos?

•  It shapes galaxies, stars, and planets.
•  Explains black holes, dark matter, and cosmic expansion.
•  Supports Einstein’s General Relativity and space-time curvature.



Newton Vs Einstein
Newton’s law of gravity: Every object in this universe has a property which we called gravitational mass.
There is a force acting on each object due to the presence of other objects which is proportional to the
gravitational mass of the objects and inversely proportional to the square of the distance.

Newton’s Second Law: Every object in this universe has an property which we may called inertial mass that
relates the force acting on the object and the acceleration of the object.



Newton Vs Einstein
If there is an object on which gravitational force is acting we can write:

From modern experiments that the inertial and
gravitational masses are the same to within one

part in billion .



Equivalence Principle & General Relativity



General Relativity



 Geometry
 “Gravitation is the study of geometry”

Geometry is built on assumptions: Near the beginning of the first book of the
Elements, Euclid gives five postulates.

1.To draw a straight line from any point to any point.
2.To produce (extend) a finite straight line continuously in a straight line.
3.To describe a circle with any centre and distance (radius).
4.That all right angles are equal to one another.
5. If a straight line falling on two straight lines make the interior angles on the same side

less than two right angles, the two straight lines, if produced indefinitely, meet on that
side on which the angles are less than two right angles.



 From these axioms Euclid deduced hundreds of theorems which tell us a lot about
Euclidean geometry. For example,



If a straight line falling on two straight lines make the interior angles on the same
side less than two right angles, the two straight lines, if produced indefinitely,

meet on that side on which the angles are less than two right angles.

People tried hard to prove that this
follows from the other axioms of
Euclid and that this is not truly an
independent axiom. 
The study of this question, on the
other hand, led to the birth of
other, non-Euclidean geometries
which satisfy all the axioms of
Euclid except the one on parallel
lines.



Positively Curved Flat Negatively Curved



Curvature of the Universe
Flat Negatively

Curved
Positively
Curved



FRW Metric

Friedmann-Robertson–Walker metric

“What form can the metric of space-time assume if the universe is spatially homogeneous and isotropic at all
time, and if distances are allowed to expand (or contract) as a function of time?”



Einstein-Hilbert Action



Friedmann Equations
FLRW Metric:

Christoffel Symbols:

Ricci Tensor:

Ricci Scalar:

Einstein Tensor:



Friedmann Equation



Friedmann Equations
Hubble Parameter Density Parameter

Scale Factor

Pressure

Cosmological
Constant

Curvature Constant

EOS



Evolution the Universe with Curvature



Hubble’s Law



The Universe Is Expanding
If we look at the universe from the earth almost everything is receding from us. Is it violating the
Cosmological Principle?

NO

Image Link:    https://www.nap.edu/jhp/oneuniverse/images/motion_2.jpg 

What is the centre of this
expansion?

Can the velocity of galaxies
be more than the light?

https://www.nap.edu/jhp/oneuniverse/images/motion_2.jpg


Hubble Time
All galaxies are flying away from each other. Which means once upon a time they were close
together. Consider two galaxies separated by a distance,

This is called Hubble time. So in past around Hubble time ago all Galaxies were clumped together giving
rise to a very hot and dense universe in a very small volume. This is the BIG BANG model of the
Universe.

Hubble time naturally provides a scale for the distance. 

Hubble Radius



Equation of State
In cosmology we generally consider the pressure is related to the density. 

Any non-relativistic component which exerts zero pressure,

Matter

Any relativistic component will have radiation pressure.

Radiation



Derivation of the Friedmann Equations from Newtonian
Gravity







The Continuity Equation



The Continuity Equation



Fundamental Cosmological Parameters





A Mixture



Evolution with Curvature



Cosmological Distances

Co-moving Distance.
Luminosity Distance
Angular Diameter Distance



FRW Metric



Co-moving Distance



Luminosity Distance
Luminocity distance is used for type Ia Supernova observation



Luminosity Distance



Luminosity Distance



Angular Diameter Distance
This distance often used for observation of CMB anisotropy.



Angular Diameter Distance



Accelerating Universe



Standard Model of Cosmology (                 )



Components of The Universe

Non-relativistic
components

Relativistic
component

Dark Component



Dark Matter



Dark Matter



Dark Matter

Dark matter detection from velocity rotation curve



DM detection from gravitational lensing



DM detection from gravitational lensing



DM detection from gravitational lensing





Accelerating Universe

Evidences for acceleration
The age of the universe
Supernovae observations
Cosmic Microwave background
Baryon acoustic oscillation

The accelerated expansion was discovered during 1998, by two independent projects, the Supernova
Cosmology Project and the High-Z Supernova Search Team, which both used distant type Ia supernovae to

measure the acceleration

https://en.wikipedia.org/wiki/Supernova_Cosmology_Project
https://en.wikipedia.org/wiki/Supernova_Cosmology_Project
https://en.wikipedia.org/wiki/High-Z_Supernova_Search_Team
https://en.wikipedia.org/wiki/Type_Ia_supernovae


The age of the Universe 
If the DE is not considered the age of the universe will be less than the oldest star. 



The age of the Universe 



Type IA Supernova

In 1998 Riess et al. [High-redshift Supernova Search Team (HSST)]  and Perlmutter et al. [Supernova Cosmology
Project (SCP)]  independently reported the late-time cosmic acceleration

Type Ia supernovae are thermonuclear explosions of white dwarf stars in binary systems, triggered when the white dwarf accretes
enough mass to exceed the Chandrasekhar limit. These events produce a consistent peak luminosity, making them reliable
"standard candles" for measuring cosmic distances. Their discovery led to the groundbreaking realization that the universe's

expansion is accelerating, providing key evidence for the existence of dark energy.



Supernovae observations



Supernovae observations

Pantheon+ and Pantheon+ SH0ES
Pantheon+  includes 2285 unique SNe Ia, with detailed metadata
(coordinates, redshifts in various frames, host info) and is designed
for traceability and reproducibility in cosmological analyses 7.
Pantheon+ SH0ES is a subset used for Hubble constant (H₀)
measurements, cross-calibrated with Cepheid distances.

DES 5-Year (DESy5)

The DES 5-year SN sample includes 1635 photometrically
classified SNe Ia (0.10 < z < 1.13) and 194 low-z SNe Ia (0.025 < z
< 0.10) for cosmology. It uses machine learning for classification
and host galaxy spectroscopy for redshifts. This dataset provides
the largest high-z SN Ia sample and the tightest cosmological
constraints to date.

Most Updated SNIa Compilations 



 CMB and Cosmological Parameters

Taken from Frieman,Turner &
Huterer(2008).



Baryon acoustic oscillations (BAO)
BAO provides a standard ruler for the universe.
These are the fluctuations in the visible matter density distribution originated due to oscillation
of the acoustic wave in the primordial plasma.
The very early universe consists of baryon, electron and photon plasma also the dark matter.
Due to the fluctuation in the density field of the primordial plasma overdensity and under
density regions form. The over density regions attracted more matter towards it.
This process gave rise to an enormous outward pressure due to the photon and matter
interaction. Gravity and this outward force started an oscillation of the plasma analogous to
the sound wave.
In the meantime the universe was expanding and the particles were losing energy. When the
universe was around 379,000 years old recombination happens and the universe becomes
transparent to the photon and leaving behind shells of baryonic matter.





















The SDSS map of the Universe. Each
dot is a galaxy; the color bar shows the

local density. 
Image Source:

https://www.darkenergysurvey.org/supp
orting-science/large-scale-structure/

Measurements of the BAO
signature have been carried out
by Eisenstein et al. (2005) for

luminous red galaxies of the Sloan
Digital Sky Survey

(SDSS).



Large Scale Structure

Image Source: https://www.darkenergysurvey.org/supporting-science/large-scale-structure/

Studying LSS  tells us the strength of gravity in the universe as we can measure galaxies at
different distances correspond to different times in the universe’s history.
Over time, gravity is attracting more and more matter together, clustering the universe further
and further.
 Most theoretical models of dark energy predict the slow down this process of gravity creating
large structures. 
Studying the growth of large scale structure across time gives us information about gravity, dark
energy, and how each may be changing as the Universe evolves with time.



Cosmological Constant

First introduced by Einstein in 1917 to achieve a static universe by
counterbalancing the attraction of the gravity. He abandoned the
idea in 1931 after Hubble’s discovery of the accelerated
expansion of the universe. 

The accelerated expansion was discovered during 1998, by two
independent projects, the Supernova Cosmology Project and the
High-Z Supernova Search Team, which both used distant type Ia
supernovae to measure the acceleration. After this discovery
cosmological constant becomes an active research topic. 



Cosmological Constant
Before the discovery of the expanding universe by Edwin Hubble in 1929, it was widely believed that the universe was static

and eternal



Cosmological Constant



The name "concordance" reflects the remarkable agreement between
the model and multiple independent lines of observational evidence.
Different astrophysical measurements, such as those from the CMB,
large-scale structure, and Type Ia supernovae, all yield consistent
results when interpreted through the framework of the ΛCDM model.
This consistency makes the model the standard for cosmological
research and for comparing results from different studies. 

CDM as the concordance model



Planck Collaboration: Planck 2018 results. VI. 

CMB data Planck 2028



Planck Collaboration: Planck 2018 results. VI. 



Though     CDM model is the best model of the universe
we till now have, it suffers from challenges coming from both

theory and observations. 



Cosmological Constant Problem



Cosmic Coincidence Problem



Hubble Tension

CMB Planck data together with BAO, BBN, and DES have constraint the Hubble parameter to be H0 ∼ (67.0 − 68.5)km/s/Mpc. On the other hand, cosmic distance ladder and time
delay measurement like those reported by SH0ES and H0LiCOW collaborations have reported H0 = (74.03 ± 1.42)km/s/Mpc and H0 = (73.3 +1.7 −1.8 )km/s/Mpc respectively by
observing the local Universe.

arXiv: 2008.11284



2509.25288





Tension

‹#›arXiv:2008.11285

Apart from the Hubble
tension, another tension
between the Planck data

with the weak lensing and
the redshift surveys has

been reported.



The CosmoVerse White Paper: Addressing observational
tensions in cosmology with systematics and fundamental
physics 2504.01669

Current Status



Alternative Approaches

Accelerated Expansion of the Universe

Dynamical Dark
Energy Models

Modified Gravity 
Models



Dynamical Dark Energy



Strategy to Construct Dynamical Dark Energy Model

Parametrization of different cosmological parameters, like equation of state,
Hubble Parameter, different density parameters etc.
 Consideration of different scalar fields to be as the candidate of the dark
energy. Like quintessence, phantom, K-essence etc.
Considering model independent cosmographic approaches by constructing
kinematic parameters.



The Chevallier–Polarski–Linder (CPL) parametrization
A Taylor Series Expansion of the EOS of the dark energy around z=0.



The Dark Energy Survey
Cosmology Results With ∼1500 New High-redshift Type Ia Supernovae Using The Full
5-year Dataset.
It constructed the Hubble-diagram with sample includes 1635 supernovae, of which
1499 have a machine-learning probability of being a Type Ia greater than 50%.

2401.02929

http://arxiv.org/abs/2401.02929


The Dark Energy Survey



The Dark Energy Survey



The Dark Energy Survey



The Dark Energy Survey



DESI 2025 DR2

Present baryon acoustic oscillation (BAO) measurements from more
than 14 million galaxies and quasars drawn from the Dark Energy
Spectroscopic Instrument (DESI) Data Release 2 (DR2), based on

three years of operation.

2503.14738

http://arxiv.org/abs/2503.14738
















Phantom Barrier Crossing

Phantom Barrier

Quintessence

Phantom



Is phantom barrier crossing an artifact of the
parametrization or a real physical phenomenon?

The community is devided. 



A  No-Go Theorem

At the phantom barrier crossing  w=-1 , the dark energy perturbation diverge. With a
single degree of freedoom phantom barrier crossing is prohibited.



Hubble Tension Revisited
Kamionkowski, Marc, and Adam G. Riess. "The Hubble tension and early dark energy." Annual Review of Nuclear and Particle Science 73.1 (2023): 153-180.



Early Time or Late Time Modification



Early time solution

Late time
solution



Early Time Solution
Annu. Rev. Nucl. Part. Sci. 2023. 73:153–80



Di Valentino, Eleonora, Olga Mena, Supriya Pan, Luca Visinelli, Weiqiang Yang, Alessandro Melchiorri, David F. Mota, Adam G. Riess, and Joseph Silk. "In the realm of the Hubble
tension—a review of solutions." Classical and Quantum Gravity 38, no. 15 (2021): 153001.





Schöneberg, N., Abellán, G. F., Sánchez, A. P., Witte, S. J., Poulin, V., & Lesgourgues, J. (2022). The H0 Olympics: A fair ranking of proposed models. Physics Reports, 984, 1-55.

1.Gaussian Tension (GT)

3. Akaike Information Criterium (AIC)

     2.          difference 





Modified Gravity Models

 f(R) gravity: 

 Scalar-tensor theories:

 Gauss–Bonnet dark energy models: 





Current Status




