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Research

Heavy ion collisions from low Fermi energy domain to ultra-relativistic energies provide an unique op-
portunity to study the properties of novel states of matter away from normal conditions. The research
program concentrate on the development of fundamental models of nuclear physics with an emphasis

to study:

I. The structure and dynamics of neutron-rich asymmetric nuclear systems and the density dependence

of nuclear symmetry energy in intermediate energy heavy ion collisions;

II. The signatures and properties of the quark-gluon plasma formed in ultra-relativistic energy heavy

ion collisions.

e Intermediate Energy Heavy Ion Collisions

Heavy ion collisions at intermediate energies result in a hot and compressed nuclear matter that ex-
pands, enters mechanical and chemical instability regions of the nuclear phase diagram, and sponta-
neously disassembles into several nuclei and nucleons. This nuclear multifragmentation phenomenon,
interpreted as liquid-gas phase transition, posses theoretical challenges to understand (i) properties
of hot and dense matter formed and (ii) the poorly known density dependence of nuclear symmetry

energy, Egm(p), that determines the structure and dynamics of stable neutron-rich and exotic nuclei.

An isospin dependent transport model

For a reliable investigation of the fragmentation dynamics and Egym(p), we have formulated an isospin
dependent transport model (AIRT) by explicit inclusion of isospin dependence in both the mean-field
and two-body baryon-baryon, baryon-meson and meson-meson collisions with isospin dependent Pauli
blocking. Population of high-spin nuclear isomeric states produced in projectile fragmentation reactions

was studied in ATRT model to understand the neutron-proton isospin dynamics.

Relativistic mean-field model

Developed a relativistic mean-field (RMF) model where the interaction between the nucleons is me-
diated by the exchange of o-w-p mesons with an additional isoscalar-isovector term ~ A,w?p?. The
density dependence of Egyn,(p) was explored by simultaneously varying the couplings (A, g,n) with
the constraint that the well-estimated FEgym(p = po) ~ 32 MeV is unaltered. Predicted a rather soft
density dependence of Egym(p) from the model comparison with the measured neutron skin thickness
of several finite nuclei. The effects of the constrained Egym(p) (within a narrow range) on the liquid-gas

phase transition in hot n-p asymmetric nuclear matter and supernova was explored in the model.

Statistical multifrgamentation models

Developed statistical models of prompt multifragmentation and sequential binary decay to investigate
the break-up mechanism, thermodynamic properties of the system and the effects Egym(p). Demon-
strated that the transport properties in nuclear multifragmentation, viz. the shear viscosity to entropy
density ratio n/s for a system of fragments and nucleons behaves similar to that for water especially in

the vicinity of critical temperature T, for liquid-gas phase transition.

The main motivation is to formulate comprehensive theory/model to constrain the poorly known density
dependence of nuclear asymmetry energy, which is important for understanding the nuclear structure

at low densities, and crucial for heavy ion physics and astrophysics at high densities.



e Ultra-Relativistic Energy Heavy Ion Collisions

In ultra-relativistic energy heavy ion collisions (as in RHIC, LHC), much higher temperatures and
densities are reached. The quarks and gluons confined with the hadrons are then liberated leading to
a quark-gluon plasma (QGP) formation. To search for novel QCD effects and to recognize new physics

due to QGP formation, sophisticated transport and statistical models have been formulated.

A multiphase transport model

Developed A MultiPhase Transport (AMPT) model that encompasses the entire evolution stage — ini-
tial parton production, subsequent parton transport, hadronization, and further hadron rescattering till
freeze-out. To study rare particle production processes, the AMPT model was extended by embedding
additional hard jets obtained from leading order pQCD calculation for p+p collision. These jets loose
energy dominantly via soft gluon radiation during their passage in the QGP medium. Incorporated
center-of-mass energy dependence in both the cross-sections for jet and soft hadron productions in

initial N-NN collisions. The model could be reliably extended for studies at LHC and higher energies.
Demonstrated within the AMPT model that the measured elliptic flow, HBT radii, dihadron correla-

tions at RHIC are quite sensitive to the initial parton density and the parton scattering cross section.
Presented the first clear evidence of Mach cones from the energy lost by the jet in the partonic medium
which lead to the observed dihadron angular correlation. Demonstrated in the AMPT model, that n/s
of the QGP at RHIC is remarkably similar to the lower bound 7/s = 1/47 obtained in the AdS/CFT

conjecture that indicates the formation of a nearly perfect plasma at RHIC.

Employed a new procedure to studied correlation between event planes for different harmonics in heavy
ion collisions at LHC to gather crucial information of the matter formed. The AMPT model described
the LHC data remarkably, and new correlators was predicted which could be tested in experiments and

in different models within the new method.

Proposed a new method, viz the principal component analysis (PCA), to study anisotropic flow and
flow fluctuations in relativistic heavy ion collisions. In this method, all informations in two-particle
correlations can be understood in a physically transparent way. Used the AMPT model and showed
within PCA the usual flow harmonics v,, higher modes of flow, and their fluctuations which could

provide additional information on QGP properties.

Hagedorn resonance gas model

Developed a statistical for hadron production where an initial massive Hagedorn States (HS) (m > 2
GeV) decayed via sequential binary emission to lighter Hagedorn states and/or low-lying measured
hadrons. The decay chain continued till all stable hadrons were produced. The model was found to be
in good agreement with SPS/CERN and RHIC heavy ion collision data for the yield ratios and spectra
of stable hadrons at a Hagedorn temperature of Ty ~ 170 MeV. The n/s for the Hagedorn resonance
gas (calculated from Kubo formalism) showed a minimum of about 0.3 near T,.. This suggests that as
the QGP will cool, the /s in the deconfined phase near T., will make a relatively smooth transition
(or crossover) without any discontinuity into the confined phase of hadrons. Within this model the
abundance of multi-hypernuclei exhibited a maximum at FAIR energy regime. Further at RHIC energy,
the low-mass dilepton yield was found to be somewhat enhanced due to contributions from the massive

Hagedorn states.

Relativistic dissipative hydrodynamic model

The correct formulation of the relativistic dissipative hydrodynamics, widely applied in heavy ion



collision studies, is far from settled. Starting with the relativistic Boltzmann equation, the collision
term was generalized to include nonlocal effects. The resulting equations for dissipative quantities, viz,
the bulk viscous pressure, shear stress tensor and particle diffusion current could generate all second-
order terms that are allowed by symmetry. Some of these terms have been missed in the traditional
Israel-Stewart and other approaches. The importance of these terms was demonstrated numerically

within a one-dimensional scaling expansion of matter in relativistic heavy-ion collisions.

Proposed an alternate theory of relativistic fluid dynamics where the dissipative equations were obtained
by invoking second law of thermodynamics from entropy four-current. The derivation removed the long-
standing ambiguity in the relaxation time for bulk viscosity which showed critical slowing down near

transition temperature and does not lead to cavitation.

Derived a new expression for the nonequilibrium phase-space distribution function f(z,p) (up to sec-
ond order), based on Chapman-Enskog-like (CE) iterative solution of the Boltzmann equation in the
relaxation-time approximation. While the widely used Grad’s method lead to violation of the experi-
mentally observed 1/,/m7 scaling of the Hanbury Brown-Twiss longitudinal radii R;, the alternative

CE method was analytically shown to be devoid of such an unphysical behavior.

Calculated the entropy four-current up to third order in gradient expansion by employing the Chapman-
Enskog-like (CE) approach. Unlike the second- and third-order entropy four-current obtained in the
Grads 14-moment approximation method, the entropy flux in the third-order CE expression was found
non-vanishing and also showed better agreement with the exact solution of the Boltzmann equation as

well as with the parton cascade BAMPS code.

A coupled parton transport plus relativistic viscous hydrodynamic model

Developed a coupled Boltzmann and relativistic viscous hydrodynamics model. Used the AMPT model
for the initial nonequilibrium evolution phase with nucleons and partons, and modeled the ensuing near-
equilibrium evolution of the QGP /hadronic matter within (2+1)-dimensional viscous hydrodynamics
code VISH2+1. The anisotropic flow harmonics v, (pr) (for n = 2 — 6) were found insensitive to the
changes in switch-over time from AMPT to hydrodynamic evolution, and also to the use of Grad’s or
Chapman-Enskog-like single-particle distribution functions. The model described remarkably well the

RHIC and LHC v, (pr) data at various centralities with a constant n/s = 0.08 and 0.12, respectively.

Hydrodynamic fluctuations in relativistic heavy ion collisions

Formulated hydrodynamic fluctuations within causal second-order viscous hydrodynamic evolution.
Developed a simulation model for (1+1) non-boost-invariant expansion of matter which was tested
against analytic solutions for Riemann and Landau-Khalatnikov wave propagation. Phenomenological
effects of thermal fluctuations was studied for two-particle rapidity correlations with conformal and
lattice QCD equations of state. Ridge-like two-pion correlations were found at small rapidity-width
which persisted at large rapidities. The early freeze-out at large rapidities in (1+1)-dim resulted in

more enhanced correlation as compared to the boost-invariant expansion.

The main plan was to make a systematic effort to explore key observables so that certain observables may
provide unambiguous information towards understanding the properties of the quark-gluon plasma and

therefrom the underlying fundamental theory of strong interactions — the quantum choromodynamics.
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