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Abstract

Advancements in the eld of cosmology over the past decades have dramatically in-
creased our knowledge of the origin and evolution of the Universe, with increasing precision
on measured cosmological parameters. The best model describing the evolution of our Uni-
verse is the Lambda Cold Dark Matter ( CDM) model. While this model ts numerous
observations, some tensions with respect to it have been highlighted. One of the most
intriguing is the Hubble tension: a disagreement of 5 between the Hp values measured
at early- and late-time Universe. It is yet unclear whether this tension arises from sub-
tle systematic uncertainties, or we are observing interesting new physics. Furthermore,
the force behind the accelerated expansion of the Universe, called as Dark energy (DE),
remains almost a mystery with little to no understanding about its nature and evolution.

This thesis aims at using di erent types of astrophysical transients as cosmological
probes. | work on advancing the standardization techniques of three types of transients
currently detectable at di erent redshift scales { supernovae Type la (SNe la, z . 1:2),
superluminous supernovae (SLSN, z . 4), and kilonovae (KNe, z - 0:1). | use these
transients to estimate the Hubble constant and investigate the possibility to standardise
their luminosities. The new methodologies developed here are particularly promising to
address the Hubble tension problem and to constrain the DE evolution in the next decade
with the advent of new instruments, such as the Vera Rubin Observatory, Roman Space
Telescope, and the James Webb Space Telescope.

For SNe la, | develop an innovative method to calibrate their distance scale based
on the surface brightness uctuations (SBF) distances of their host galaxies. | calibrate
SN luminosity using a sample of 24 anchor SNe la hosted in galaxies with SBF distance
measurements. With a Hubble ow sample of 100 SNe la, I estimate Hy = 70:50
2:37(stat)  3:38(sys) kms *Mpc 1. This value sits midway in the range de ned by the
Hubble tension, and is consistent with early and the late Universe Hy measurements
within the errors. This work also examines the dependence of SNe la luminosity on its
host galaxy properties in a comparative study involving di erent types of host galaxies.
Our results point to possible intrinsic di erences among the luminosity of SNe hosted in
distinct types of environments. This dependence is particularly interesting for estimating
the cosmological parameters, and to unveil the nature and environment of SN la explosion,
which remains largely unknown.

Additionally, | explore the use of SLSNe type | as a cosmological probe for the very high
redshift Universe. These sources can be detected in their rest frame ultraviolet (UV) up to



Vi

z 7 using optical and infrared telescopes. | evaluate their peak magnitude correlations
with the light curve properties in the rest frame UV using a sample of 22 high redshift
(1 - z . 3:2) SLSNe-I observed to date. I nd a linear correlation between the UV peak
absolute magnitudes and rise time, having an intrinsic scatter ( in¢) of 0.29. Interestingly,
this correlation is further tightened ( int  0:2) eliminating those SLSNe which show a
pre-peak bump. This result hints at the possibility that the \Bumpy" SLSNe could belong
to a di erent population. | also observe weak correlations between the peak luminosity
and color indices of SLSNe light curves. No relationship is found between peak magnitudes
in the UV band and the decline rate ( M3s) of the light curves in contrast to what is
typically found in optical band. The correlations found here are promising and encourage
further exploration into the use of SLSNe as high redshift cosmological probes.

Finally, | contribute to the investigation of the use of Kilonovae as distance indicators in
the local Universe. KNe enable to make an independent measurement of the Hy. | apply
techniques similar to SNe la standardisation with two di erent sets of KNe properties;
measured quantities (decline rate and color) and inferred ejecta quantities (mass, velocity
and composition). Considering the only con rmed kilonova, AT2017gfo, associated with
GW170817, | standardize it correlating its luminosity with the measured and the inferred
quantities. We evaluate Ho = 10932 kms 1 Mpc ? for the measured analysis, and Ho =
85"22kms 1Mpc ! and Hp = 79*23kms 1 Mpc ! for the two inferred analyses. While
waiting for larger samples, this work provides a proof-of-concept for a valuable method to
obtain an independent constraint on Hp.

In summary, my work gives new methodologies to constrain the cosmological param-
eters and understand astrophysical systematics using di erent types of transients. The
analysis of multi- Iter observations at di erent redshift scales enable us to evaluate the
Ho with a complementary set of astrophysical transients. For SN la, | demonstrate the
potential of the use of SBF measurements to calibrate SN luminosity relations. My results
point to an interesting astrophysical di erence among SN la in di erent type of galaxies,
which could reduce the Hg tension and give information about the progenitor/environment
of SN la. For SLSNe and KNe, my work inserts in the pioneering works exploring these
sources as possible standard candles, with the former at high redshift to constrain dark
energy evolution, and the latter as a new independent local probe for Hp. The transients
explored here have the potential to probe local to z & 10 Universe, back to rst gener-
ations of stars and well into the deceleration epoch. This work lays the framework for
powerful cosmological tools in the upcoming years when larger data samples and larger
distances will be accessible with the advent of new instruments.
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Introduction

\When you walk to the edge of all the light you have and take that rst step
into the darkness of the unknown, you must believe that one of two things will
happen: There will be something solid for you to stand upon, or you will be
taught to y."

| Patrick Overton, Faith, The Leaning Tree

The in ationary CDM model, also known as the Standard Cosmological Model, has
currently become the most accepted scenario to describe the evolution of our Universe. It
elegantly explains most of the available cosmological observations (e.g., Eisenstein, 2005;
Hinshaw et al., 2013; Blake et al., 2011; Planck Collaboration et al., 2018) using only
six parameters that account for both the background Universe and its uctuations. This
model has been formalised based on the theory of General Relativity (GR) formulated by
Albert Einstein (Einstein, 1916). Our predictions about the Universe are based on the
fundamental assumption that the laws of physics apply consistently to all parts of it. This
is called the Cosmological Principle.

Visibly, the Universe consists of baryons (protons, neutrons, electrons), radiation (pho-
tons), and neutrinos, collectively termed \Baryonic matter". These comprise all the gas,
dust, galaxies, stars, people, etc. we can see. Until few decades ago, it was believed
that the Universe is composed almost entirely of baryonic matter, however, more re-
cent observations revealed that baryonic matter constitutes a meagre 5% of the total
mass{energy budget. Approximately another 25% on Universe's mass-energy budget is
something which has not yet been observed directly, calledlark matter. Unlike normal
matter, dark matter does not interact with the electromagnetic force, and its in uence is
only observed gravitationally. Galaxies and galaxy clusters gravitate more strongly than
their baryonic mass can account for (Rubin & Ford, 1970; Persic et al., 1996), implying

1



2 Chapter 1. Introduction

that there is more matter but is simply not visible or is “dark' (Zwicky, 1937). It has
mass and is able to cluster therefore aiding in the formation of structure in the universe.
Dark matter is dubbed “cold’' because it is thought to be non-relativistic (small thermal
velocities) during the era of structure formation (Lynden-Bell, 1967; Planck Collaboration
et al., 2014). Furthermore, at the end of the last century, observations of nearby galaxies
presented the surprising result of accelerated expansion of the Universe (Perlmutter et al.,
1999a; Riess et al., 1998). The mysterious source of this phenomena is termedrk energy
and accounts for the remaining 70% of the Universe mass{energy budget (Caldwell &
Kamionkowski, 2004; Martin, 2012). Dark energy has a gravitationally repulsive e ect,
and is postulated in the CDM model as the cosmological constant . These largely
unknown components make up the Universe as we know it.

Therefore, even though the CDM model can explain a bulk of observed data, it is
primarily dominated by dark components with still uncertain physics. Furthermore, with
increase in precision measurements in cosmology in past two decades, inconsistencies be-
tween fundamental parameters of the model have come to the surface (Raveri & Hu, 2019).
The most notable is the "Hubble Tension' with 4 to 6 disagreement between the early-
and late-time values of the present expansion rate of the Universe, given by the Hubble
constant (Bernal et al., 2016; Freedman, 2017; Evslin et al., 2018). Similarly, predictions
based on Cosmic Microwave Background (CMB, Penzias & Wilson, 1965) for the matter
density  and the amplitude of matter uctuations g in linear theory overshoot the
locally-measured values (Battye et al., 2015; Planck Collaboration et al., 2014; Abbott
et al., 2019; Lemos et al., 2021). These discordances have persisted and become more
signi cant over the years, putting the standard cosmological model paradigm to test. Al-
though these discrepancies show gaps in our model, they also provide an opportunity to
reach a deeper understanding of our Universe.

This PhD dissertation will explore the use of di erent transient astrophysical events
to measure the Hubble constant and other cosmological parameters at di erent redshift
scales. We exploit innovative techniques with the goal of better understanding the Hubble
tension, identifying unknown systematic errors in the measurements and open up new
possibilities to constrain the expansion and geometry of the Universe.

The dissertation is structured in six chapters. In this introductory chapter 1, we out-
line the main topics underlying the motivation and the contents of this research work.
We introduce the basic cosmological concepts, mathematical and astrophysical tools, and
notations which will be used throughout this thesis. In particular, we focus on the stan-
dard cosmological model along with a brief account of the dynamics of the Universe, and
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explain redshift and distance measurements. We also review the Hubble law and describe
the existing \Hubble Tension" which is one of the major motivations of this research work.
Finally we discuss the role of astrophysical transients in cosmology and motivate the re-
search undertaken in this thesis.

In Chapter 2 we describe the astrophysical transients (SN Type la, super-luminous super-
novae and Kilonovae) used in the present study as cosmological probes.

Chapter 3 presents a new method developed to calibrate SN type la using precise measure-
ment of their host galaxy distances by the surface brightness uctuations. The method-
ology and our Hubble constant estimate are presented and compared with the classical
Cepheid calibration results.

Chapter 4 describes a study exploring the possibility of standardising super-luminous su-
pernovae to be used as high redshift cosmological probes. We present various correlations
between peak luminosities and light curve properties in the rest frame ultraviolet bands.

In Chapter 5 we presents a proof-of-concept work to standardize kilonovae and use them
as distance indicators in the local Universe.

Chapter 6 discusses conclusion and future prospects.

1.1 A Brief History of the Universe

Within the CDM model, the Universe is speculated to have begun with the Big Bang
roughly 13.8 Gyrs ago (Lematre, 1931) as an extremely hot and dense plasma, that
subsequently cooled down during the expansion. In the very early phases of this expansion,
the Universe possibly underwent a briefin ationary period where its volume increased
by a factor of 10?6, Ination is a theory (Guth, 1981; Linde, 1982; Starobinsky, 1982;
Hawking, 1982; Albrecht & Steinhardt, 1982; Lucchin & Matarrese, 1985; Mukhanov et al.,
1992) that predicts a rapid exponential expansion of the Universe that lasted from around
10 36 seconds to 10 32 seconds after the Big Bang. During the in ation period, the
guantum uctuations in the plasma magni ed to form perturbations in the dark matter
eld (Brandenberger, 1984), and became the seeds for the formation of the large-scale
structures that we observe today, such as galaxies, galaxy clusters, laments and walls.
Following the in ationary period, the Universe continued to expand, but at a slower
rate, and the Universe temperature further decreased. The kinematics of the hot plasma
started to change along with spontaneous breaking of symmetries which imparted mass
to the bosons and most of the fermions. Since they are still very energetic, each of them
behave as relativistic particles until the temperature falls below its mass. With further
cooling down, kinetic energies of the quarks decreased and they could be conned in
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hadrons, leading to the hadron epoch which started 20 microseconds after the Big Bang.
This was followed by the lepton epoch starting at around 1 second mark when majority
of the hadrons and anti-hadrons were annihilated and the Universe was dominated by
photons, neutrinos and electron-positron pairs. Gradually, at around 10 second mark and
temperature of around 1 MeV, the equilibrium of neutrino-electron interactions broke and
the neutrinos decoupled from the rest of the plasma with the relic neutrinos giving rise to
the Cosmic Neutrino Background (CNB).

Shortly after neutrino decoupling, electrons also start to decouple and their energy is
transferred to photons through the electron-positron annihilation process, thus leading to
the photon epoch. In the rst few minutes of the photon epoch (until around 20 minute
mark), nucleosynthesis of light nuclei such as deuterium, Helium and Lithium occurred
via the fusion process, and this is termed as theBig Bang Nucleosynthesis(BBN). The
universe was very close to homogeneity at this time, strongly radiation-dominated, with
ionized matter and photons coupled together.

Gradually, the composition of the universe changed; radiation density decreased more
rapidly due to expansion, and at a point, the matter density became larger, thus paving
way to a \matter-dominated" era of the Universe that lasted roughly between 47,000 yrs
to 9.8 billion years after the Big Bang. The photons continued to cool down and roughy
370,000 years after the Big Bang, the temperature of the Universe fell to the point where
nuclei could combine with electrons to create neutral atoms, at about 3000 K. At this
moment, for the rst time photons and matter were de-coupled and the Universe became
transparent to photons; this is referred to as the recombination era. The photons which
were emitted during this period escaped interaction with matter, and have traveled to
reach us. These photons, over cosmic time, cooled and red-shifted by a factor of more
than 1,000 due to the expansion of the universe, and are consequently observed today in
the microwave band as Cosmic Microwave Background (CMB, Penzias & Wilson, 1965;
Dicke et al., 1965).

The CMB is observed to be isotropic and nearly homogeneous with the average tem-
perature of 2.73K (Fixsen, 2009). However, small anisotropies of the order of 18K are
observed in the CMB (e.g., Smoot et al., 1992) that correspond to density uctuations in
the early Universe, and give us a glimpse of the Universe as it was at the time of recom-
bination. Similarly, if mankind could ever detect the CNB anisotropies, they would take
us further back in the time to the moment of neutrino decoupling (about 1 second after
the Big Bang) and enable us to understand the very early Universe.

As the rst stars emerged, their energy heated the surrounding medium, once again
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ionizing the hydrogen in the universe. At rst, these areas were like small bubbles of
ionized gas surrounding bright energy sources. As these bubbles grew and punched ever-
larger holes into the neutral universe, they eventually began to overlap, enabling ionizing
radiation to travel farther and farther through space.

After the CMB, the cosmos became opaque at shorter wavelengths due to the absorbing
e ects of atomic hydrogen. This began a long period known as théDark Ages so-called
because of the absence of stars and the extremely dense intervening neutral hydrogen gas.
Over time, matter perturbations evolved under the e ect of gravity, the neutral matter
began to clump together, and Dark matter (DM) haloes grew bigger accreting fresh gas,
eventually leading to the formation of rst stars, galaxies and other large scale structures.
This hierarchical clustering scenario was rst proposed by Peebles (1969). As the rst stars
emerged, their ultraviolet energy heated the surrounding medium, once again ionizing the
hydrogen in the universe. This is called there-ionization and it occurred between 150
million and one billion years after the Big Bang (at a redshift 6 < z < 20). The large
scale structures evolve over time, and still do, representing the building blocks of the well-
known \cosmic web". Clusters of galaxies, like Virgo, Coma, Laniakea, etc. are indeed
the laments and nodes of this dynamic cosmic web.

The last phase of the Universe evolution started when it was about 9.8 billion years old.
At that time the Universe appeared quite similar to what it looks today with all the large
scale structures already formed. During its matter-dominated phase, the expansion of the
Universe has begun to slow down as the gravitational force reined in the initial expansion.
However, a surprising discovery was made observing supernovae la. It showed for the
rst time that the Universe is currently accelerating! (Schmidt et al., 1998; Perlmutter
et al., 1999a; Riess et al., 1998). Within the framework of CDM model, this accelerated
expansion is explained by a mysterious form of energy called \Dark Energy" (DE). It is
called \Dark" because it cannot be directly observed, but is thought to constitute the
largest fraction ( 70%) of the entire mass-energy budget of the physical universe. It is
accounted for in the Einstein eld equations by adding an extra constant term as the
cosmological constant " '. Hence, the present epoch is called the dark energy dominated
era. Figure 1.1 shows a pictorial representation of the evolution history of the Universe
until the present time, and shows the various epochs since the Big Bang.

Looking further ahead, the future of our Universe will be shaped by the interplay
between its momentum of expansion and the resistance of gravity. Uncertainties in our
knowledge about the dynamics and geometry of Universe restricts our ability to predict
the fate of the Universe. Understanding nature and density of dark energy will unveil the
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evolution and future of the Universe.

Figure 1.1 An artistic representation of the evolution of our Universe from the Big Bang
till today over 13.77 billion years. Credit: NASA/WMAP Science Team

1.2 The expanding Universe

The fundamental element of our cosmological model is theosmological principle which
states that the Universe is spatially homogeneous and isotropic on the largest scales.
Homogeneity means invariance of the system under translations, and isotropic means in-
variance under rotations. This implies that the Universe looks statistically the same from
all the possible points of view, in all the possible directions. Observations of matter distri-
bution in the Universe by galaxy redshift surveys (e.g. CfA redshift survey, Sloan Digital
Sky Survey-SDSS, 6dF Galaxy Survey, etc.) combined with the impressive uniformity of
the CMB (as measured by COBE, WMAP and Planck satellites) provide a rm obser-
vational agreement to the Cosmological Principle at scales larger than 100 Mpc. It is
interesting to note here that although the Universe is homogeneous and isotropic at large
scales, these principles do not hold true at small scales, where the Universe is actually
inhomogeneous. The background evolution gives the general behavior of the Universe at
large scales, however, all the structures can be formed only by introducing small pertur-
bations. This section presents a simplied and condensed overview of fundamentals of
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cosmology relevant to the thesis. Further readings like Dodelson (2003) and Weinberg
(2008) are suggested for a more detailed mathematical review.

A Prelude to Expanding geometry

The expanding behavior of the Universe is described using a scale facter = a(t), and
the value of the scale factor today isag = a(tg) =11 and a(t <t o) < 1. The scale factor
is used to de ne the comoving distanceas a function of the physical distance. It can be
written as dp(t) = a(t)r with r as the comoving distance. In an expanding Universe, if
two points are at rest, the comoving distance between them stays constant during the
Universe evolution. On the contrary, the physical distance evolves with time, since it is
proportional to the scale factor.

There are three possibilities for the geometry of space-time: the Universe can bat,
open or closed The at Universe is an Euclidean Universe while a open/closed Universe
has positive/negative curvature. In GR, the geometrical properties of the space-time are
related to energy density of the Universe: when the energy density is equal to the critical
density, the Universe is at at and its curvature is zero. Observations suggest that we live
in a at Universe.

In context of GR, the expansion history of the Universe can be described by the time
evolution of the scale factora(t). The Hubble Parameter H(t) is used to encode this
dependency on time and is de ned as:

H (t) 38 (1.1)

where the dot denotes the derivative with respect to time. The present value of the
Hubble Parameter Hg is called Hubble constantand is one of main quantities measured in
this work. We will discuss the Hubble constant in more detail in Section 1.2.4.

1.2.1 Friedmann-Lematre-Robertson-Walker metric

The homogeneity and isotropy of the Universe imply a coordinate system where the metric
of space-time is independent of the spatial coordinates. In the space-time reference frame
described by the coordinatesx = (x% x')2, where x° = t is the time coordinate and x'
are the three space indices, we can write a line elemeuls, using the covariant formalism,
as:

1The subscript 0 is used to refer to the today values of the related quantities
2We use the convention that greek letter indices span the space-time coordinates (0......, 3) and Latin
letter indices span the space coordinates (1,....., 3).
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ds?= g dx dx (1.2)

where g is a tensor that identi es the metric describing the geometric properties
of the space-time. The metric for a homogeneous and isotropic Universe is known as the
Friedmann-Lema'tre-Robertson-Walker (FLRW) metric. By virtue of these two properties,
o -diagonal terms, i.e. g with 6 are zero in the FLRW metric, and hence it can be
written as:

0 1
1 O 0 0

0 aXt) O 0

= 1.3
0 0 a%t) O (13)
0 0 0 a’(t)
So, equation 1.2 for FLRW metric becomes:
ds? = dt?+ a?(t) j dx'dx! (1.4)

where a(t) is the scale factor that describes the dynamics of the Universe on the large
scales t is the proper time measured by an observer in the comoving reference frame, i.e.,
in polar coordinates, r; ; = constants, and j = diag(+1, +1, +1) is the Kronecker
delta in the Euclidean space.

Spherical coordinates are often used to describe an open or a closed Universe, along
with a new parameter to encode the curvature of the space-time. The line elemends?
then is:

dr?

T r2(d 2+sin? d ?) (1.5)

ds? =  dt?+ a’(t)

where the parameterk is the curvature parameter and its sign de nes the sign of the
spatial curvature. The three possibilities are:

" k =+1 is positive curvature denoting a spherical or closed Universe
" k= 1is negative curvature denoting a hyperbolic or open Universe
" k =0 is no curvature implying a spatially at Universe

Figure 1.2 shows a illustration of the three possible scenarios for the curvature of the

Universe.
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Figure 1.2 lllustration of the geometry of the Universe for di erent values of the curvature
parameter k. Credit: NASA/WMAP Science Team

Given the metric g , it is possible to study the free motion of a particle in the space-
time. Here, it is necessary to introduce theChristo el symbols

= g7(@9 + @g @g ) (1.6)

where the notation @g = @g =@x. The Christo el symbols appear in the geodesic
equation which de nes the trajectory of a particle in the space-time. To compute the
geodesics, one should calculate the components of the Christo el symbols from the metric
g asgivenin Equation 1.6. For a at Universe with the FLRW metric written in cartesian
coordinates as in equation 1.3, most of the derivatives off vanish, so Christo el symbols
are given like:

0 _ 0 _
o = 0=0
0 _
j = qjaa
i 0 — a 1.7)
0 — jo~— a
I =0 otherwise.

Christo el symbols are needed to de ne the Ricci tensor which is the measurement
of how the space deforms as one particle moves along geodesics and will also be used to
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write the Einstein equations. Symmetric in the indices and , it is de ned as:

R @ @ + (1.8)

The trace of the Ricci tensor is called theRicci scalar written as:

R R =g R (1.9)

whereg is the inverse of the metricg and is given asgy =diag( 1;a ;a ';a 1.
For the at ( k = 0) FLRW space, the Ricci tensor is diagonal and its non-zero com-
ponents are given as

a
Roo = 3—
a (1.10)
Rj = j(2a°+ ae)
and the Ricci scalar is simply the trace of the Ricci tensor:
2
a a
R=6 —+= : 111
2t 2 (1.11)

1.2.2 Dynamics of the Universe
Einstein Field Equations

In GR, Einstein equations relate the geometry of space-time to the distribution of matter
within it and can be written in the form:

G =8GT + g (1.12)

where G is the Einstein tensor which contains the information about the geometry
of the Universe, and is de ned as

1
G =R éRg ; (2.13)
is the cosmological constant and G = 6:67 10 ' m3s 2kg ! is Newton's Grav-
itational constant. The symmetric tensor T is the stress-energy, tensor that contains
all the information about the energy and momentum of the Universe. For a perfect uid

that satis es the cosmological principle, T has a speci ¢ form owing to the homogeneity,
isotropy and the absence of viscosity. It is written as:
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T = diag(;p;p;p) (1.14)

where is the energy density andp is the pressure of the uid. Due to conservation
laws, the covariant derivatives of the stress-energy tensor must vanish (equivalent to the

continuity equation). The =0 component is then given as:
0=D T,
=@To+ oo of (1.15)
a
= +3=( +
_+3( +p)

Now we need to adopt a form forEquation of state a relationship between and p.
Essentially all of the perfect uids relevant to cosmology obey the simple equation of state

p=w (1.16)

Using the above equation of state, the conservation of energy equation (Equation 1.15)
becomes
a
== 301+ W)a_ (2.17)
This equation can be rearranged to obtain relationship between density and the scale
factor a for di erent types of cosmological uids, i.e. for di erent values of w. Integrating

the above equation, we get

[ a 31w (1.18)

The two most common examples of cosmological uids are radiation and matter. Ra-
diation is used to indicate any relativistic uid; either actual electromagnetic radiation,
or massive particles moving at relative velocities. For relativistic uids, the equation of
state parameterw = 1=3, hence the energy density in radiation falls 0 as:

~ Radiation-dominated Universe : w =

[N
~
~
Q
N

Ordinary matter is collisionless, non-relativistic and obeysw = 0, such as ordinary
ordinary stars and galaxies for which the pressure is negligible compared to the energy
density. Thus for a \matter-dominated Universe, the energy density is given as:
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~ Matter-dominated Universe : w=0 ) / a?d

Our Universe is not made of a single perfect uid, but rather is a mixture of di erent
constituents holding di erent properties. As we saw above, energy densities of di erent
uids evolve dierently, so this implies the possibility of having di erent phases in the
history of the Universe. The Big Bang model predicts an initial radiation dominated phase,
when all species were relativistic. This is naturally followed, given that the radiation goes
as a 4 and matter as a 3, by a matter dominated phase, when most of the species become
non-relativistic and their total energy density diminishes more slowly than the radiation
energy density.

Observations have shown that in the recent history, expansion of the Universe is accel-
erated (Schmidt et al., 1998; Perlmutter et al., 1999a; Riess et al., 1998), thus indicating a
novel phase in the evolution. This current phase cannot be radiation- or matter-dominated
because these components do not give an accelerated expansion. Therefore, it is needed
to introduce something that has a negative pressure. This form of energy is termed the
vacuum energy which is equivalent to introducing a cosmological constant, also known as
Dark energy. Note that a cosmological constant in the stress-energy tensor is equivalent to
theterm g in Einstein's equations 1.12 with a constant. The corresponding equation
of state parameter for vacuum energy isw = 1, and  is constant over time, i.e. it is
independent ofa. So we can write it as,

" Cosmological Constantw =1 ) / constant

Since the energy density in matter and radiation decreases as the universe expands, if
there is a nonzero vacuum energy it tends to dominate over the long term (as long as the
universe does not start contracting). If this happens, we say that the universe becomes
vacuum-dominated. Figure 1.3 shows the time evolution of energy densities of three main
cosmological components depicting the epochs where the Universe is dominated by one of
the three.

The Friedmann Equations

Inserting in the Einstein equation 1.12 the stress-energy tensor as in equation 1.14, and
the Einstein tensor as in equation 1.13, with Ricci tensor and the Ricci Scalar given
in equation 1.10 and 1.11, two di erent independent di erential equations are obtained.
These equations correspond to the = 00 and the = ii component of the tensor
equation, and are called as the Friedmann equations:
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