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Current and Recently Completed Research projects:

e Hydrodynamical evolution of rotating relativistic stars:

Currently | am involved in numerical evolution of a rapidly rotating general relativistic star.
We are studying 1. Quasi-radial modes of a rapidly rotating neutron star and 2. pulsation
modes of a differentially rotating, hot proto-neutron star.

These studies incorporate non-linear effects which are very important in finding out the
maximum amplitude of an unstable r-mode limited by nonlinear saturation, transfer of
energy to other stable or unstable modes via nonlinear coupling, possible transition of a
uniformly rotating star to differentially rotating star due to r-mode evolution etc. To carry
out these studies, we are using an axisymmetric, non-linear, general relativistic hydrody-
namical code, under Cowling approximation (i.e., assuming spacetime static). This code
has been well tested and uses High Resolution Shock Capturing (HRSC) finite differencing
schemes to describe the general relativistic hydrodynamic equations written in a first order
flux conservative form.

The matter distribution inside the star is described by a polytropic equation of state (EOS)
and the initial models are exact numerical solutions of rapidly rotating relativistic stars,
having uniform velocity between zero and the mass shedding limit. These initial models
are appropriately perturbed using even and odd parity eigenfunctions and are evolved nu-
merically. Through Fourier transforms of the time evolution of fluid’s density and velocity
functions, we have computed the axisymmetric modes (I = 0,1,2 and 3). The frequencies
for these modes are affected significantly due to rotation when the rotation rate exceeds

. about 50% of the maximum allowed. For large rotation rates, apparent mode crossings are
also noticed, consistent with previously obtained results through perturbative calculations.
In addition to that we also could extract several inertial modes.

e Evolution of General relativistic, truncated post-Newtonian Taylor and
Padé neutron star models:

Given a Taylor series (Sy,) of order n in an expansion parameter, its Padé approximant is
written as the ratio of rational functions such that the sum of the order of these polynomials
is n (order of Taylor series) and Taylor expansion of this Padé form to the order n is
equivalent to the corresponding Taylor series (Sy) itself. In the context of some recent
studies to estimate the relevant functions in the gravitational wave data analysis applications
and to analyze the transition from the inspiral to the plunge in binary black hole coalescence,
faster convergence properties of Padé approximants are observed.

Keeping this in view, we have constructed Padé approximants to the truncated post-
Newtonian (Taylor) neutron star models and have investigated their performance with
Taylor truncated models and exact general relativistic neutron star models. The purpose of
this study was to explore the possibility of having an improved post-Newtonian method to
provide more accurate initial data for the final merger and coalescing phase of inspiralling
binary neutron stars and black holes. Recently, Shinkai constructed a single neutron star
model using post-Newtonian approach as a preliminary step towards this and showed that
the second order 'post-Newtonian Taylor series” approximation is close enough to describe
a general relativistic single star.




We have shown that the second order Padé solution for a single neutron star equilibrium
configuration converges to the exact GR solution much faster as compared to the second
order as well as the third order Taylor truncated models. Evolution of Padé initial data also
confirm this. Even for the models quite close (approx. 5 % away) to maximum mass limit
Padé data evolves much longer than the corresponding Taylor models. The Hamiltonian
constraint remains less than 102 of 167p throughout the Padé evolutions of various order.

Despite the fact that these studies were done for a single star as one dimensional system,
similar behaviour of Padé approximants could be expected for binary systems or a rotating
neutron star/black hole. The behavior of Padé approximants for such systems is under
investigation.

Effects of rotation and equations of state on the structure of magnetic field
for compact objects:

We have studied the effects of rotation under slow rotation approximation using Hartle-
Thorne (HT) metric which treats rotation as the perturbation on a spherical symmetric
non-rotating star, keeping the corrections up to second order in angular velocity. The
considered models are described by pure quark matter (MIT Bag model), neutron rich
matter (Wiringa, Walecka, Bethe-Johnson, Pandharipande and Sahu et al. equations of
state) and as a hybrid star (quark core + neutron rich crust).

External fields are derived analytically using an ansatz (taking the magnetic field to be a
dipole and electric field as a quadrupole), whereas the fields inside the stars.are obtained by
integrating the equations from boundary to center. We have developed a code which inte-
grates a non-rotating model, computes perturbed metric coefficients and solves Maxwell's
“equations for a given equation of state.

We find that the magnetic field line density increases for the stiffer equations of state,
which seems to indicate the necessity of higher fields to bind the matter configuration. The
increase in the field strength from the star’s surface to a distance of 0.1 km from the center
is almost of six orders which are quite consistent with the order of calculations by Shapiro
and Lai for neutron star models. This is further enhanced due to rotation — ~ 30% near
the center and 10% near the surface for stiffer EOS — as compared to the corresponding
non-rotating models.




