
Abstract

The General theory of Relativity (GR), which is widely considered as the standard

theory of gravity, has gracefully passed all the experimental tests of gravity conducted

till now without a single adjustable parameter.

GR has been tested and confirmed mainly in the weak field regime, the theory

remains essentially untested not only in the strong-field regime but also in the inter-

mediate field strength domain. The effect of spin of a massive object on space time

curvature has also not been confirmed experimentally. Some well-motivated alterna-

tive theories of gravity, such as the scalar-tensor theories, are also compatible with

all the weak field tests but differ from GR at higher parameterized post-Newtonian

(PPN) orders and in strong field regime. There is also issue of physical reality of

naked singularity solutions of the theory. Thus exploring the higher order effects of

gravitational theories including the strong field effect, both theoretically as well as

experimentally, are of prime importance in the present day gravitational research.

More importantly GR cannot explain the recent observations on large astronom-

ical/cosmological scales unless an exotic nearly homogeneous energy density with

negative pressure, the so called dark energy and also a non-luminous unseen matter,

the so called dark matter are invoked as dominant components of the matter content

of the Universe. In fact a variety of cosmological observations suggest that dark en-

ergy is the dominating component of the Universe contributing about 72% of the total

energy density, whereas about 23% contribution comes from dark matter and only

the remaining 5% is made of by the normal matter. Because of their unconventional

characteristics, it is imperative to look for other independent observational effects of

cosmological constant and dark matter.

In this thesis, we study gravitational time delay of particles with non-zero mass
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and explore how the phenomenon can be exploit to probe higher order effects of

gravity as well as effects of dark matter/energy.

From detail theoretical investigation, we also look for observational effects of

GR in the moderately strong and strong field regime. We mainly explore effects

of spin, cosmological constant and naked singularity solutions on accretion phenom-

ena. The study of accreting BH systems involves solving general relativistic (GR)

hydrodynamic/ magnetohydrodynamic (MHD) equations in a strong gravitational

field regime. Owing to the complex and nonlinear character of the underlying equa-

tions in GR regime, analytical/quasi numerical treatment of the problem is virtu-

ally discarded. Even numerical simulation is complicated by several issues such as

different characteristic time scales for propagating modes of general relativity and

relativistic hydrodynamics. A useful and clever technique to treat accretion and its

related processes around BHs using hydrodynamical/MHD equations in the Newto-

nian framework by using some pseudo-Newtonian potentials (PNPs) which are essen-

tially modification of Newtonian gravitational potential developed with the objective

to reproduce (certain) features of relativistic gravitation. Adopting PNPs, one can

comprehensively construct more realistic accretion flow models in simple Newtonian

paradigm, while the corresponding PNP would capture the essential GR effects in

the vicinity of the compact objects. The prevailing PNPs can reproduce marginally

stable and marginally bound orbits with reasonable accuracies but in general, are

unable to reproduce observationally verified weak field tests in general relativity. In

this thesis work we first derived PNPs corresponding to different well known space

time metrics those can reproduce almost all of the corresponding GR features with
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good accuracy. Subsequently we would studied effects of the concerned space time

geometries on the accretion phenomena.

Besides, we analyze the x-ray astronomical data obtained with the Rossi X-ray

Timing Explorer (RXTE) and XMM Newton to extract information regarding nature

of compact objects (black hole etc) and emission processes which may give some

confirmation of the gravitational theories.

• In chapter 1 of the thesis after giving an introduction on the subject matter of

the thesis, we reviewed the current status of the observational effects of GR.

We also outlined the objective of the thesis in the same chapter.

• In chapter 2 the effects of several dark energy models on gravitational time de-

lay of particles with non-zero mass are investigated and analytical expressions

for the same are obtained at the first order accuracy. Also, the expression for

gravitational time delay under the influence of conformal gravity potential that

well describes the flat rotation curve of spiral galaxies is derived. The findings

suggest that i) the conformal gravity description of dark matter reduces the

net time delay in contrast to the effect of normal dark matter and therefore in

principle the models can be discriminated using gravitational time delay obser-

vations and ii) the effect of dark energy/flat rotation curve may be revealed from

high precision measurements of gravitational time delay of particles involving

megaparsec and beyond distance-scale.

• In chapter 3, we study the effect of cosmological constant on accretion. From

the principle of conserved Hamiltonian of the test particle motion, we first
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obtain a three dimensional analogous Newtonian like potential in spherical ge-

ometry corresponding to Schwarzschild-de Sitter (SDS)/Schwarzschild-anti-de

Sitter (SADS) space time, that reproduces almost all of the GR features in its

entirety with remarkable accuracy unlike the prevailing pseudo-Newtonian po-

tential (PNP) for the SDS space time that only reproduces one or two specific

features of SDS geometry. The derived potential contains an explicit veloc-

ity dependent term of the test particle that renders an approximate relativis-

tic modification of Newtonian like potential. The complete orbital dynamics

around SDS geometry and the epicyclic frequency corresponding to SDS metric

have been extensively studied in the Newtonian framework using the derived

potential. Applying the derived analogous potential, it is found that the current

accepted value of Λ ∼ 10−56cm−2 influences both sonic radius as well as Bondi

accretion rate, specially for spherical accretion with lower adiabatic constant

and temperature, which might have interesting consequences on the stability of

accretion disk in AGNs/radio galaxies.

• In chapter 4, we address the effects of naked singularity spacetime on accretion

phenomena. One of the outstanding debatable issues relating to gravity, is to

ascertain whether the end state of gravitational collapse in our physical Universe

renders black hole (BH) or naked singularity. If the end state of gravitational

collapse may eventually lead to the existence of naked singularities in the nature,

a significant departure from BH solutions may occur mostly through a permeat-

ing scalar field or even through a strong electromagnetic field. In event of this,

Janis-Newman-Winicour (JNW) and Reissner-Nordstrom (RN) solutions, both
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exhibiting naked singularities hold especial importance as are the minimalist de-

partures from the unique spherically symmetric Schwarzschild BH solution, in

the presence of either minimally coupled massless scalar field or electromagnetic

field, respectively. Here, we have formulated a generic Newtonian like analo-

gous potential correspond to any static general relativistic (GR) spacetime, and

subsequently derived proper Newtonian like analogous potential correspond to

JNW and RN spacetimes to circumvent complex GR framework for the study of

accretion phenomena around a naked singularity. The derived potentials found

to reproduce the entire GR features with precise accuracy. Exploiting the de-

rived potentials, we have investigated the complete orbital dynamics of the test

particle motion for both these spacetime geometries including the detailed study

of the orbital trajectories. The nature of the particle orbital dynamics including

their trajectory profiles in JNW and RN geometries show altogether different

behaviour with distinctive traits as compared to the nature of particle dynam-

ics in Schwarzschild geometry. Using the Newtonian like analogous potentials,

we also found that the radiative efficiency of a geometrically thin and optically

thick Keplerian accretion disk around naked singularities correspond to both

JNW and RN geometries, in general, is always higher than that correspond to

Keplerian disk around Schwarzschild geometry.

• In chapter 5, we formulated PNP for the Kerr space time in low energy limit.

The derived PNP reproduces general relativistic results with remarkable accu-

racy unlike any other existing PNPs. The derived PNP contains the explicit

information of frame dragging effect. The particle dynamics with this potential
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precisely reproduce the GR results within a maximum limit of 10% error cor-

responding to energy for a particle in circular orbit, in the innermost region of

a rapidly corotating black hole. The derived potential also reproduces epicyclic

frequency unlike other PNPs, however with a higher percentage error in the

innermost region of a maximally corotating black hole. We predict from our

derivation that the Kerr-Newtonian potential could reproduce perihelion ad-

vancement and bending of light or gravitational lensing with precise accuracy

with that in exact Kerr geometry. The generalized Kerr-Newtonian potential

can be effectively used to study complex accreting plasma dynamics and we ap-

ply it to estimate the effect of spin on the radiation flux in case of a stationary

accretion disk.

• In chapter 6, we construct a self-consistent and an exact relativistic Newtonian

analogue corresponding to a general class of gravitational static spherically sym-

metric metric staring directly from a generalized scalar relativistic gravitational

action in Newtonian framework, that gives geodesic equations of motion iden-

tical to those of the parent metric. Consequently, the corresponding velocity

dependent relativistic scalar potential which is the correct relativistic general-

ization of Newtonian gravitational potential, exactly reproduces the relativistic

gravitational features of a general class of static space-time geometry in its

entirety, including all the experimentally tested gravitational effects till date.

This relativistic analogous potential is expected to be quite useful in studying

wide range of astrophysical phenomena in strong field gravity, like black hole

(BH) accretion, tidal disruption of a star by a supermassive BH (SMBH), or in
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binary mergers, or analyzing galactic dynamics around SMBH, and can even be

tested in other applications of gravity as well. The relativistic analogous poten-

tials also should be useful to test theory of relativistic gravitation in the strong

field regime and hence to discriminate alternative theories of gravity among

themselves and from general theory of relativity, observationally, in strong field

regime.

• In chapter 7, we report the first detection of (negative) spectral lags in the X-ray

emission below 10 keV from the gamma ray binary LSI + 61o 303 during large

flaring episodes using the Rossi X-ray Timing Explorer (RXTE) observations.

It is found from the RXTE data that during the flares, low energy (3-5 KeV)

variations lead the higher energy (8-10 keV) variations by few tens of seconds

whereas no significant time lag is observed during the non-flaring states. The

observed spectral lag features for flaring events suggest that inverse Compton

scattering may be operative, at least in some part of the system. Another pos-

sibility is that the sites of particle acceleration may be different for flaring and

non-flaring events such as in the microquasar model the flaring radiation may

come from hot spots sitting above the black hole while steady state emissions

are due to the jets.

• We finally conclude our results in 8.
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