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A field theoretical study of hadron structure

THESIS SUPERVISOR : Professor Niranjan Barik, Mayurbhanj Professor of Physics,
Physics Department, Utkal University, Bhubaneswar- 751 004, India.

AREA OF RESEARCH :

Non-perturbative variational methods in quantum field theory, in particular Vacuum structure
in QCD, QCD at finite temperatures and/or baryon densities in the context of Quark gluon
plasma and neutron and/or quark stars, Chiral symmetry breaking, Color superconductivity,
Super fluidity in ultra cold atoms, Ground and Excited states of Nuclear matter, Dense matter
equation of state and neutron star properties, Magnetic field structure in rotating compact
objects, Properties of Mesons in hot hadronic matter and their effects on observables of ultra-
relativistic heavy ion collision experiments.

COMPUTATIONAL EXPERIENCE :

Familiarity with programming in Fortran and Mathematica as a user.
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Future Accelerators, jointly held by IUAC and I.I.T.,Delhi on the 13th of March, 2006.
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1. Gave a series of lectures (three) on Chiral effective Theories on an workshop on Chiral
Field Theory held at Saha Institute of Nuclear Physics, Kolkata (Feb-March, 2005) to
Ph.D. students and post doctoral fellows.

2. Gave a set of lectures (four) on "Hadron spectroscopy’ in the 3rd DST-SERC school
on Nuclear Physics organised at Institute of Physics during the period from 18th De-
cember, 2006 to 6th January, 2007.
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1. Visited FIAS, University of Frankfurt, Germany for a month in June, 2005 with Alexander
von Humboldt follow-up program.
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3. Visited Frankfurt Institute of Advanced Studies (FIAS), University of Frankfurt, Germany,
under Alexander von Humboldt Fellow follow-up program from 1st June to 30th June, 20009.
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o “D-mesons in asymmetric nuclear matter”, Invited talk given in “the Workshop in heavy
Quarkonia”, held during 24-29 May, 2009, at ECT, Trento, Italy.

e “D-mesons in asymmetric nuclear matter”, Invited talk given at Quark Gluon Plasma
(QGP) meet, 2008, during 25-27 November, 2008 at VECC, Kolkata, India.

e Delivered a talk on “Kaons and antikaons in asymmetric nuclear matter” in Workshop in
High Energy Physics Phenomenology (WHEPP) held at Insititute of Mathematical Sciences
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e Delivered four lectures on “Hadron spectroscopy” in the 3rd DST-SERC school on Nuclear
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e “Kaons and antikaons in dense hadronic matter”, Invited talk given at DAE-BRNS work-
shop on physics and astrophysics of hadrons and hadronic matter, Visva Bharati University,
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e “Hadrons in hot and dense hadronic matter”, Talk given at Institute of Physics, Bhubaneswar,
June 2006.
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“Kaons and antikaons in hot hadronic matter”, invited talk in QGP meet,06 at VECC,
Kolkata, 5-7 Feb., 2006.

"Mesons in hot hadronic matter’, colloquium at the Frankfurt Institute of Advanced
Studies (FIAS), University of Frankfurt, Germany, June, 2005.

“Chiral effective theories”, Three lectures given in the workshop on chiral field theory,
Saha Institute of Nuclear Physics, Kolkata, India, Feb-March 2005.

“ Medium modifications of meson properties and their effects on experimental observ-
ables”, Invited talk given at DAE symposium on Nuclear Physics, Banaras Hindu Unver-
sity,Banaras, India, Dec 2004.

“ Meson properties in hot and dense matter”, invited talk given at workshop on QGP,
QGP04 at Institute of Physics, Bhubaneswar, India, October 2004.

“Chiral symmetry breaking, Color superconductivity and gapless modes in color neutral
matter, Talk given at International winter meeting on Nuclear Physics, Bormio, Italy, Jan
26-31, 2004.

“ Mass modification of D mesons in hot and dense matter”, Talk given at International
winter meeting on Nuclear Physics, Bormio, Italy, Jan 26-31, 2004.

“In-medium vector meson properties and low mass dilepton production from hot hadronic
matter” Invited talk QGP meet’03, held at VECC, Kolkata, India, 5 May - 7 May, 2003

“In-medium vector meson properties and low mass dilepton production from hot hadronic
matter”, invited talk in workshop on “Mesons and Quarks”, held at BARC, Mumbai,
India, 28 Jan- 1 Feb, 2003.

Quark Matter 2002, held at Nantes, France, 18-24 July, 2002 (presented posters on “Vertex
corrections and color superconducting gap” and “In-medium vector meson properties and
low mass dilepton production from hot hadronic matter”).
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buddha Sanyal in 2007-2008.

7. M.Sc.project (title “Dilepton emission rates from hot hadronic matter”) of Mr. Apurva
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8. M.Sc.project (title “K-mesons in hot and dense matter”) of Mr. Mukul Kumar Dubey in
2005-2006.

9. M.Sc.project (title “Equation of state and dense matter properties of neutron stars”) of
Mr. Ujjwal Sinha in 2005-2006.

B. Tech. Projects supervised:

1. Mini project on ‘Superfluidity in ultra cold atoms’, by Mr. S. Bhuvanesh and Ms. Abha
Rajan during II Semester, 2008-20009.

Ph. D. supervision:

1. Supervising a Ph.D. student (Mr. Arvind Kumar) since July, 2007.

2. Supervising a Ph.D. student (Mr. Sushil Kumar) since January, 2009.

Research Associate supervision:

1. A research associate (Ms. Raje Bhagirathee) working with me under the women scientist
project of DST.

Other Institute responsibilities undertaken

1. A member of the Departmental Research Committee (DRC) from Aug,2005- Septem-
ber,2007.

2. IIT representative for DRDO,2004, JEE screening test, 2005, JEE, 2006, JMET, 2007; and,
Confidential operations for DRDO, 2004, GATE, 2005, JAM, 2005, GATE, 2007.



RESEARCH WORK: A SYNOPSIS

‘Strongly interacting matter’ has been broadly the area of my research. We had been studying
strongly interacting systems in quantum field theory in a nonperturbative manner, since the
perturbative techniques become invalid due to the large value of the coupling constant. This
has been done using equal time algebra and then minimising the energy density, free energy or
thermodynamic potential, as the case may be, with a variational ansatz for the determination of
the ground state as a quantum realignment of the perturbative vacuum.

The techniques have been applied to phase transitions, equations of state in Quantum Chro-
modynamics (QCD) with and without quarks, equation of state of nuclear matter, structure of
neutron and hybrid stars including rotating stars with magnetic field. We give below a short
description of the same.

(a) Work during Ph.D. (1987-1993):

The method was first applied to the Gross-Neveu model in 141 dimension as a test case [1].
It was shown that the usual nonperturbative vacuum emerges as a solution corresponding to
the solution considered earlier, here without resorting to a sum over infinite number of Feynman
diagrams. Phase transition here was also generalised to the corresponding 1+1 dimensional
supersymmetric model as test case at zero temperature as well as at finite temperature [3], with
supersymmetry breaking or restoration.

The ansatz functions considered here were rather similar to the construction of coherent states
in field theory. Thus it was thought that it may be possible to simulate some of the classical
mean field results of Walecka. To verify this we applied the method to symmetric nuclear matter
[2], where it was seen that the scalar isoscalar pion condensate can simulate the o-meson of
Walecka. This analysis has been further continued by our group to consider hot nuclear matter
as well as neutron matter and hybrid stars.

Consideration of phase transitions as vacuum destabilisation was also applied for Salam Wein-
berg symmetry breaking [4]. At finite temperatures, the Higgs potential was obtained in a self-
consistent manner with the temperature dependent Higgs mass being constrained so that the
same as a parameter of the Bose distribution function becomes equal to the double derivative at
the minimum of the potential. The potential here did not involve any high temperature expansion
or perturbation expansion. There appears to be some evidence that a few peculiar cosmic ray
events like chiron events or halo events might arise as a signature of local vacuum destabilisation
in high energy cosmic ray collisions. The vacuum realignment occurs here below the critical
temperature for a phase transition, like change in Fermi surface of a metal with temperature
without a phase transition.

Chiral symmetry breaking is an important concept in strong interaction physics. For this pur-
pose we first examined if this symmetry breaking for quarks can arise [7] from the phenomenolog-
ical quark anti-quark potentials of hadron spectroscopy. Our consideration of symmetry breaking
as explicit vacuum realignment yielded that the pion wave function gets determined in terms of
the ansatz function describing the vacuum structure. It was seen that the potentials do give
rise to chiral symmetry breaking, but that the vacuum structure as arising from the same is
inconsistent with the experimentally measured value of the the charge radius of the pion.



We then considered [8] chiral symmetry breaking with a phenomenological ansatz as a Gaus-
stan distribution in the nonperturbative vacuum, with a single parameter, which could be deter-
mined from pion decay constant. This then yielded some low energy hadronic properties, with
the relativistic corrections for the quarks being determined from the vacuum structure itself.

The method has been used to tackle various problems in QCD in a series of papers [5, 6, 9,
10, 12]. First, the nontrivial vacuum structure here was attempted with a variational ansatz, as
earlier using only equal time algebra, similar to that of Gross-Neveu model, at zero temperature
with only gluon condensates [5]. Minimisation of the energy density yielded that for a coupling
g*/4m greater than a critical value of 0.39, there is a phase transition and the QCD vacuum
becomes nontrivial. The condensate scale was determined by identifying < GG > with the
numerical value of the SVZ parameter. This was next extended to finite temperature [6] using
thermo field dynamics where the expectation value of the free energy density was minimised,
and, to the case of finite baryon density at finite temperature [9] by minimising the expectation
value of the thermodynamic potential. The results in all these cases were similar to those of
lattice calculations, showing the continued existence of nonperturbative effects.

(b) Post-doctoral work at PRL and MRI, Allahabad (1993-1996):

Earlier, we had considered vacuum realignment with only quark condensates for chiral sym-
metry breaking, and with only gluon condensates in QCD, which we extended to include both
condensates [12]. This yielded a bag constant generally in the same range as the experimental
value of the same, and the correct charge radius of the pion.

These techniques were then generalised to consider some problems in astrophysics using
Tolman-Oppenheimer-Volkoff equations [10], and equation of state of quark matter and neu-
tron matter as derived by us. This gave rise to hybrid stars with a neutron crust, with quark
matter inside being in equilibrium with neutron matter, where the density of neutron matter at
the phase boundary is only about three times the nuclear density.

We also derived quark matter equation of state taking explicitly confinement into account
in a relativistic harmonic oscillator model [11]. Using a phenomenological equation of state for
neutron matter a phase transition is obtained for density around 4 to 5 times the nuclear density.

(c) Post-doctoral work at Frankfurt as Humboldt Fellow (1996-1997):

We calculated the effective potential for scalar theory at finite temperature with a squeezed
coherent state construction for the ground state [13]. This method essentially consists of optimis-
ing the field operator basis at zero and finite temperatures. The resulting gap equation becomes
identical to summing an infinite series of daisy and super daisy graphs of conventional pertur-
bation theory and the effective potential includes multi-loop effects agreeing with that obtained
through composite operator formalism at finite temperature. This work started in India and was
completed at Frankfurt.

The idea of condensates was also used to consider vacuum polarisation effects in nuclear
matter [14]. The contribution arising from a ground state structure with baryon anti-baryon
condensates yields the results of relativistic Hartree approximation of summing tadpole diagrams
for the baryon propagator. Such a vacuum is then generalised to include quantum effects from
meson fields through scalar-meson condensates. This leads to a softer equation of state giving a



lower value of the incompressibility than would be reached without quantum effects.

Nuclear matter was considered at finite temperature with a direct quark meson coupling as a
phenomenological model [15], similar to Walecka model incorporating quark degrees of freedom,
where the equation of state and effective masses of the hadrons were calculated. Here apparently
nucleon mass increased with temperature.

(d) Work at PRL (1997-1998):

Rotating neutron as well as hybrid stars endowed with magnetic fields were considered [16]
with Hartle-Thorn equations as possible phenomenological models of pulsars along with the
structure of magnetic fields in the interior of the same.

(e) Work at IPR (1998-2001):

The work described so far had been dealing with static problems. Our research interests at
IPR had been to study the strongly interacting dynamical systems, e.g., dusty plasmas, quark
gluon plasmas (QGP). For studying the dynamical evolution of QGP formed in relativistic heavy
ion collisions, an attempt was made to develop a relativistic generalisation of the viscoelastic
formalism, a framework for studying strongly coupled plasmas. The numerical calculations for
the problem, however, remains to be done.

Dusty plasmas are of great current research interest because of their possible applications to
a variety of fields such as plasma astrophysics of interplanetary and interstellar matter, fusion
research etc. The strong Coulomb coupling in the dusty plasma leads to many novel physical
effects such as formation of dust plasma crystals, modified dispersion of the compressional waves
and the existence of transverse shear waves. We have investigated the instability of the low
frequency shear mode in a strongly coupled dusty plasma. This instability is related to the
charging of the dust particles by the inflow of plasma currents in an inhomogeneous plasma
sheath and the finite charging time of the dust grains. The calculations, carried out in the
generalised hydrodynamic viscoelastic formalism, also bring out important modifications to the
dispersion relations arising due to the coupling of the shear mode to the compressional mode
[17].

The nonperturbative method of Ref.[14] for nuclear matter is generalised to study the vacuum
polarisation effects in hyperon rich dense matter. The equation of state (EOS) for electrically
charge neutral dense matter is derived. The effect of such an EOS on the structure of neutron
stars is also studied [19].

(f) Work at ITP, University of Frankfurt (2001-2004) and at IIT, Delhi (2004
onwards):

The effect of temperature on the EOS within the nonperturbative framework including quan-
tum correction effects has also been attempted in a variational manner using Walecka model.
The temperature- and density- dependent nucleon and scalar meson masses are obtained in a
self-consistent manner. We then study the liquid gas phase transition as well as examine for
a possible chiral symmetry restoration at high temperatures [18]. The effect of such quantum
corrections on the vector meson masses [20] has been studied. The effect of such quantum cor-
rections on dilepton production in relativistic heavy ion collisions [21] is investigated which is
seen to lead to appreciable broadening of the resonant peaks in the dilepton spectrum. The
dynamical evolution of fireball resulting from a nuclear collision is modeled [27] and the space
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time integrated dilepton emission rates are calculated. The results are compared to those from
other hadronic scenarios as well as the CERES data. The related problem of computing photon
emission rates resulting from heavy ion collisions as modified due to quantum effects, is also
being pursued.

The density dependence of the dilepton spectra are also studied [21] which may be relevant
for highly compressed matter at the early stage of a heavy ion collision. These calculations are
particularly important for heavy ion collision experiments which look for medium properties at
high densities and temperatures that are being planned at GSI, Darmstadt, Germany and is
complimentary to the experiments at RHIC, Brookheaven.

The medium modifications of hadronic properties have been studied using a chiral SU(3)
model [24,25]. Their effects on experimental observables like dilepton rate and particle multi-
plicities are presently under investigation.

The chiral SU(3) model has been generalised to chiral SU(4) to study the medium modification
of the D-meson mass [26] in hot and dense matter. This can have important phenomenological
consequences for the production of open charm and the suppression of J/psi in heavy ion collision
experiments and, can be explored in experiments, e.g., in the future accelerator facility at GSI.
The in-medium properties of kaons and antikaons in hot hadronic matter in different hadronic
scenarios and their effects on their production and flow pattern observed in the heavy ion collision
experiments are also investigated [28]. These can be used to determine the medium modification
of kaons and antikaons in the hot and dense hadronic matter from the experimental side in the
near future at GSI.

The spectral properties of D-mesons in the nuclear medium have also been studied recently
using a self-consistent coupled channel calculation [29]. The DN interaction is seen to generate
the resonance A, (2593) dynamically, which is the charm counterpart of the resonance A (1405)
arising from KN interaction in the I=0 channel.

This apart, I am also looking at matter at high density in terms of quark and gluon degrees
of freedom. It appears strongly interacting matter in terms of these degrees of freedom can have
a very interesting and rich phase structure at high baryon densities like color superconducting
phase [22,30], chiral crystallization. We have looked into the case of color superconductivity that
could be possible for the matter in the neutron star interiors. The conditions of electrical as well
as color charge neutrality leads to cooper paring of quarks which under certain conditions can
lead to gapless super conductivity- namely a nonzero gap but with gapless quasi particle modes
for certain momenta. Such an interesting phenomenon of gapless modes can also be there due
to mismatch of fermi momenta for systems that can be realised in laboratory- namely for cold
atoms. We have suggested such ’'breached pairing’ and its detection for ultracold atoms [23].

I have also been looking within perturbative QCD the effect of vertex corrections on the color
superconducting gap in a resummed dense loop approximation scheme. Further, I plan to look
into color superconducting gap equation in Coulomb gauge QCD including also the possibility
of having quark—antiquark condensates. These phenomena can have interesting consequences
in extreme astrophysical situations like neutron star interior, neutron star collisions, core of
collapsing stars. This can also give an insight to nuclear physics coming down from the high
density side. The above stated problems constitute my current and future research interests.
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RESEARCH WORK DURING LAST FIVE YEARS: A SYNOPSIS

‘Strongly interacting matter’ has been broadly the area of my research. We had been studying
strongly interacting systems in quantum field theory in a nonperturbative manner. During the
last five years, I have mostly been working on properties of hadrons in hot and dense matter,
which is of great relevance for the present as well as upcoming relativistic heavy ion collision
experiments, e.g., at SIS, GSI, Germany; at AGS, Brookhaven National laboratory, U.S.A.,
SPS, CERN, Switzerland, RHIC at Brookhaven National Lab. (U.S.A); CBM experiment at
FAIR project at the future facility at GSI (Germany), as well as the upcoming Large Hadron
Collider at CERN, Switzerland.

The medium modifications of hadronic properties have been studied using a chiral SU(3) model
as well as other hadronic models like Walecka model and Quark meson coupling model. Their
effects on experimental observables like dilepton rate and yield and propagation of the particles,
like kaons, D-mesons in the hot and dense matter resulting from heavy ion collision experiments
have been some topics of my research interest. This apart, I am also looking at matter at high
density in terms of quark and gluon degrees of freedom. It appears that the strongly interacting
matter in terms of these degrees of freedom can have a very interesting and rich phase structure
at high baryon densities like various exotic phases of color superconductivity, which could be
present in the interior of neutron stars, arising from the various degrees of freedom (color,
flavor,spin) available for the quarks. These exotic phases can be realised in laboratory- namely
for ultracold atoms. We have suggested such a phase ("breached pairing’) for ultracold atoms.
FUTURE RESEARCH PLAN

Matter under extreme conditions of density and temperature has been my area of
specialization. The future work that I intend to do will be in the context of (A) the properties
of hadrons in matter that is relevant for the upcoming heavy ion collision experiments and (B)
astrophysical implications of new phases of matter from neutron star interior. Below, I give in
some detail the planned proposal to study these.

(A) Hadrons in hot and dense matter

The study of properties of hadrons in extreme conditions of temperature and density is an
important and challenging topic of the present strong interaction physics research. In the
recent past, substantial experimental and theoretical efforts have been undertaken in this topic.
Through heavy ion collision experiments, the strongly interaction matter is created in the
laboratory, and the varying experimental conditions like the collision energy, impact parameter
and the colliding ions give a broad regime in the temperature and density of this excited
nuclear matter. Experiments have been performed at Schwer-Ionen-Sunchrotron (SIS) at
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Gesellschaft fiir Schwerionenforschung(GSI) in Darmstadt, Germany, Alternating Gradient
Synchrotron (AGS) in Brookhaven National Laboratory (BNL) in U.S.A., at
Super-proton-Synchrotron (SPS) at CERN, Geneva, at the Relativistic Heavy Ion Collider
(RHIC) at BNL, and the forthcoming experiments at Large Hadron Collider (LHC) at CERN,
and at the future Facility for Antiproton and Ion Research (FAIR) at GSI, Germany, which will
be operational in the near future. The study of the properties of the hadrons as modified in the
hot and dense matter, which have direct implications on the experimental observables in these
heavy ion collision experiments, is the purpose of the present proposal.

The properties of hadrons in hot and dense hadronic matter is a topic of intense research in
strong interaction physics, both theoretically and experimentally. The medium modifications of
hadrons are directly linked to the experimental observables in the high energy heavy ion
collision experiments. The study of the vector meson masses in hot and dense matter [1, 2, 3],
has been an active field of research interest, because of its relevance in heavy ion collision
experiments, where the dilepton and photon production rates from the highly compressed
strongly interacting matter (fireball) are affected by the in-medium vector meson properties.
An enhancement of the dilepton production at SPS, CERN by the CERES collaboration [4] is
attributed to the medium modification of the p and w vector mesons. The dilepton spectra
have been studied [5, 6] taking into account effects from the in-medium properties of vector
mesons within the Walecka model [7, 8] as well as using a chiral SU(3) model [9, 10]. As a
future plan, the dilepton emission rates will be studied relevant for various experimental
conditions relevant for SIS at GSI, Germany, SPS at CERN, RHIC at BNL, USA, as well as
the forthcoming experiments LHC at CERN and FAIR at GSI.

The chiral SU(3) model has been used to study the properties of kaons (antikaons) in the
medium, which have direct implications on their production and flow pattern observed in the
heavy ion collision experiments [11]. The particle spectra as well as the collective flow of kaons
(antikaons) have been studied for low energies relevant for SIS energies (around few AGeV)
[12]. However, the kaon and antikaons were assumed to be at rest, which may not be so in the
high energy heavy ion collision experiment. Using a chiral SU(3) model, we have studied the
dispersion relations for the kaons and antikaons at finite momentum. The effect of isospin
asymmetry on the optical potentials of the kaons and antikaons has also be investigated at
finite densities and zero temperatures [13, 14]. The generalizations to finite temperature of the
optical potentials of kaons and antikaons, as well as to include the effects of coupled channels
are amongst the topics to be investigated in the future. These will be of importance in isospin
asymmetric nuclear collisions, e.g., at the forthcoming experiments at the new international
accelerator facility to study compressed baryonic matter at FAIR (Facility for Antiproton and
Ion Research) at Gessellschaft fiir Schwerionenforschung (GSI, Germany), where more neutron
rich beams are planned to be adopted.

The modification of the D-mesons in the medium have been a topic of great interest since the
K¥* in the strange sector shows close analogy to the open charm sector (D¥) resulting from
exchanging strange/antistrange quarks by the anticharm/charm quarks. The D-meson mass
modifications have been earlier studied using QCD sum rule calculations. It was found that due
to the presence of the light quark in the D-meson, the D-mass has a large contribution from the
light quark condensates. To investigate the D-meson mass modification, we generalized the
chiral SU(3) model to chiral SU(4) to derive the interaction of D-mesons to the light hadron
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sector, and the mass modifications of the D-mesons have been studied within the chiral effective
theory as well as using the interaction Lagrangian of the chiral perturbation theory [15]. In the
proposed research project, we plan to generalize the earlier work [15] where the D-meson was
assumed to be at rest, to derive the spectral functions of the D-mesons in different hadronic
models, like the chiral effective model as well as the chiral perturbation theory. The spectral
functions have also been studied for the isospin asymmetric nuclear matter at zero temperatures
[16]. The production and the collective flow of the D-mesons are important observables related
to the medium modification of the D-mesons. The density as well as temperature effects on the
D-meson will be particularly looked into in the Compressed baryonic matter (CBM)
experiment of the proposed project FAIR at GSI, Germany, as well as the temperature effects
can be compared with the existing and future experimental data at RHIC and LHC.

The spectral properties of the D-mesons in a nuclear medium have also been studied using a
self-consistent coupled channel approach [17] which generates the resonance A.(2593)
dynamically due to the attractive DN interaction, analogous to the dynamical generation of the
A(1405) due to the KN interaction. The separable potential for the DN interaction as used here
can be improved by using relativistic potentials as well as by incorporating chiral constraints on
the bare hadronic interactions, which we plan to do in the future.

To summarize, the future research plan to study broadly the following aspects of hot and dense
matter—

(i) to study the dilepton emission rates from heavy ion collision experiments, using chiral SU(3)
model;

(i) the derive the optical potentials the K (K) relevant for various experimental conditions in
heavy ion collision experiments and the effects on their production and flow, using various
hadronic models,

(ii) the study of the D-meson spectral function, calculated in a coupled channel approach with
improved baryon meson potentials, as well as their effect on their production and propagation
in heavy ion collision experiments.
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(B) Dense hadronic matter — some astrophysical implications

The understanding of dense hadronic matter is important to study compact stellar objects such
as neutron stars. The equation of state of the neutron star matter determines the gross
properties of the neutron star [18]. The compact star with high central energy densities could
have a quark core with a neutron matter crust, and with still higher central energy densities
could even be a quark star [19].

In the presence of a quark core, the charge neutral quark matter in the compact star could also
exhibit different possible color superconducting phases. Color superconductivity, i.e. Cooper
pairing of quarks at high density has become a fascinating topic of research during last few
years. At sufficiently high baryon densities, when nucleons get converted to quark matter, the
resulting quark matter is expected to be in one kind or the other of the many different possible
color superconducting phases at low enough temperatures [20]. The rich phase structure is
essentially due to the fact that the quark—quark interaction is not only strong and attractive in
many channels, but also many degrees of freedom become possible for quarks like color, flavor
and spin. Studying the properties of color superconducting phases in heavy ion collision
experiments seems unlikely in the present accelerators as one cannot avoid producing large
entropy per baryon in heavy ion collisions and hence cannot produce the dense and cold
environment that is needed to support the formation of superconducting phases. However, in
the future accelerator facility planned at GSI for compressed baryonic matter experiments, one
possibly can hope for observing fluctuations signifying precursory phenomena of color
superconducting phase [21].

On the other hand, it is natural to expect some color superconducting phases to exist in the
core of compact stars where the densities are above nuclear matter densities and temperatures
are of the order of tens of KeV. However, to consider quark matter for neutron stars, color and
electrical charge neutrality conditions need to be imposed for the bulk quark matter. This leads
to various scenarios for the phase structure for dense quark matter.

Such an attempt has been made in Ref.[22] as well as in Ref. [23], where the lighter up and
down quarks form the two flavor color superconducting (2SC) matter while the strange quarks
do not participate in pairing. A model independent analysis was done in Ref. [22] that is valid
in the limit m, << p and A ~ m?/u, where, A is the pairing gap and p is the quark chemical
potential. It has been shown, based upon the comparison of free energies that such a two flavor
color superconducting phase would be absent in the core of neutron stars [22]. Within Nambu
Jona-Lasinio (NJL) model in Ref. [23] it has been argued that such conclusions are consistent
except for a small window in density range where superconducting phase is possible. It was
further observed that the imposition of neutrality conditions lead to pairing of quarks with
different Fermi momenta giving rise to gapless modes [24, 25]. Within a Nambu Jona Lasinio
model, the two flavor superconducting quark matter (25C) was shown to exhibit gapless modes
(g2SC) arising due to the difference in the Fermi momenta of the pairing quarks, when charge
and color neutrality conditions are imposed. Superconducting quark matter with unpaired
strange quarks (2SC+s) was shown to exhibit gapless superconductivity (g2SC+s) within a
window of about 80 MeV in baryon chemical potential [25, 26].

A variational approach was used to study the chiral symmetry breaking as well as color
superconductivity for the quark matter [25, 26, 27]. The calculations were carried out for the
NJL model with the minimisation of the free energy density to study which condensate will
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exist at what density. Charge neutrality conditions were introduced through the introduction of
appropriate chemical potentials. Further, it was shown by us that the determinant interaction
for the quarks play an important role enhancing the importance of light flavor condensates.
Within this scenario it is important to investigate the kind of signatures that one can expect to
get from observations from neutron stars to rule out the possibilty of non hadronic matter in
the core of the neutron stars.

In this context I would like to consider the mass radius relationship for the neutron stars using
the superconducting quark matter equation of state for the quark matter core and a suitable
hadronic matter equation of state for the neutron matter crust. A mixed phase construction for
the quark matter and hadronic matter shall be used to get the equation of state at all densities
and it will be used to calculate the mass radius relations.

Cooper pairing of quarks having different fermi momenta (which is expected to be the case for
neutron star matter which is both electrically and color charge neutral) leads to various
interesting phases like the gapless phase. In this phase while the superconducting gap is
nonzero, their excitation energy vanishes at certain momenta. Therefore these modes will be
the dominant modes regarding the transport properties of such superconducting matter. The
other possible manifestation of quark matter at intermediate densities when the strange quark
mass is large, is a crystalline color superconductor in which quark with different Fermi surface
pair with nonzero momentum, resulting in an inhomogeneous but spatially periodic order
parameter. This leads to characteristic dispersion relations. The effect of these dispersion
relations can be reflected the cooling behavior of neutron stars which is also an observable. The
cooling rate depends both on the neutrino emissivity as well as on the specific heat of the quark
phase. These quantities depends sensitively on the dispersion relations of the quarks and the
dominant contribution will come from the modes where the dispersion vanishes leading to
characteristic behavior regarding cooling rates of the neutron stars. A detailed calculations
regarding cooling rate of neutron stars with a quark core shall be attempted.

Neutron stars are also endowed with strong magnetic fields. The effect of these magnetic fields
on the pairing of colored quarks is an interesting theoretical problem which can have
phenomenological consequences. Some recent calculations indicate that the magnetic fields
favor color superconductivity with a larger gap. We would like to investigate the effect of
magnetic field on superconductivity within the variational ansatz that has been developed for
color superconductivity.

To summarise, part of the future research plans will focus on the following astrophysical
aspects of color superconductivity phase of dense matter —

(i) to study the mass radius relationship of neutron stars with a color superconducting quark
matter core.

(ii) Cooling rates of neutron stars with a superconducting quark matter core.

(iii) Effect of magnetic field on Cooper pairing of colored quarks.
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